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PREFACE

PREFACE

Why investigating sulfate-reducing prokaryotes?

Sulfur has always been considered a mythic and miraculous substance. Paracelsus described this element
besides “sal” (representing solidity) and “mercurius’ (representing volatility) as the third principal of
existence, with sulfur representing the combustible (anima) aspect (Biedermann 1991). In our mythology and
literature sulfur is often cited as the element of evil. The devil’s stench is described as sulfurous, yellowish,
“malodor”. On the other hand the burning of sulfur was used to turn away foul creatures, pest or, in case of
Odysseus in Homers Odyssey, bad spirits (Homer's Odyssey, Book 22). Both descriptions point at hidden
powers of this yellow element that have to be revealed. On earth, mighty deposits of elemental sulfur have
been found in Italy, North-, Middle and South America and Japan, but nevertheless sulfur occurs on our
planet predominately as inorganic sulfites or sulfates (Wiberg 1985). Adding to the picture of sulfur, as an
element of fire and heat are the extreme environments were significant amounts of these sulfite and sulfate
can be found. Here land and submarine volcanoes, as well as black - or white smokers, hot springs, arctic
habitats, deep marine methane seeps and aguifers, halophilic cyanobacterial mats, and all kinds of

contaminated sites have to be mentioned.

At these sites, organisms that thrive in the presence of various sulfur compounds have to cope with extreme
conditions like high or low temperatures (ranging from below 0 C° up to and above 100 C°), extreme pH
values (ranging form 0.5 to 9), the toxicity of some sulfur compounds like hydrogen sulfide (Hausmann
1995), or high salts concentrations (e.g. Tardy-Jacquenod 1998). Nature has developed possibilities for
microorganisms not only to survive in these environments, but to gain energy by the transformation of sulfur

compounds.

One group of microorganisms that is able to live from the reduction of the chemically quite inert sulfate by
producing aggressive hydrogen sulfideisthe guild of sulfate reducing prokaryotes.

In this context it is appropriate to use the term prokaryotes, since sulfate-reducers are found in the domain
Bacteria, aswell as within the domain Archaea.

The history of microbial sulfate reduction is quite long. There is good isotopic (Shen 2001) and molecular
(Wagner 1998) evidence that microbial dissimilatory sulfate reduction is a very ancient process, at least in
our perception. It is most likely older than 3.47 billion years. This makes sulfate-respiration an evolutionary
very successful metabolic pathway, a pathway that enables the sulfate reducer to gain energy in environments
where the redox potential is low, energy conservation is hard and growth is slow. This successful reduction
of the highest oxidized state of sulfur in nature and the participation in the last steps of microbial
decomposition near the endpoint of possible energy conservation is a reason for the widespread distribution

of sulfate-reducersin various environments on planet earth.

In essence, the investigation of the evolutionary history and environmental distribution patterns of sulfate

reducing prokaryotes in various and extreme environments was the main research focus of my Ph.D. thesis.
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A INTRODUCTION

A Introduction

A.1 The global sulfur cycle

Life on earth is only possible through tightly interwoven material transformations in various
cycles. Carbon, nitrogen, phosphorus and sulfur are essential components of al living organisms
and thus represent the most important elements circulating within the biosphere. During this
circulation sulfur can be found in various oxidation states and transformations occur both,

biologicaly and chemically. Figure 1 display the biological sulfur cycle.

Sulfur oxidation

Aerobic sulfur Sulfur

) S0 < chemolithotrophs or
chemolithotrophs spontanous
in presence of
oxigen
Various Prokaryotes
Assimilatory SH groups ___ Desulfurylation
sulfatereduction "~ of proteins
- SOZ HS
I i)
Dissimilatory sulfate reduction
viaSO,
by sulfate-reducing prokaryotes
Dissimilatory S reduction
Anoxigenic
Anoxigenic i . phototrophs
phototrophs S and some
cyanobacteria

Sulfur oxidation

Figurel Simplified biological sulfur cycle.

Sulfur is present in nature predominately as sulfates and sulfites (Wiberg 1985). Plants and
microorganisms take up sulfate via aerobic and anaerobic assimilatory sulfate reduction, while
animals are only able to take up reduced sulfur compounds with their diet. Sulfur is present in
living cells mostly as integral part of amino acids (e.g. methionine, cysteine). Cysteine, which is
the only amino acid that carries a highly reactive sulfhydryl-group (R-SH), can be found
frequently in reaction centers of enzymes (Miserta 2000 and citations within). It is further
involved in formation of three-dimensional structures of proteins through intra- and inter-chain

disulfide links (Noiva 1994; Raina 1997). During the decomposition of sulfur containing
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A INTRODUCTION

proteins by desulfurylation, carried out by a huge variety of fungi and prokaryotes (Lengeler
1999), sulfide is produced and released into the environment. Sulfide can be transformed either
biologically or chemically in the presence of oxygen or, biologicaly in the absence of oxygen.
Under oxygenic conditions, sulfide can be used by e.g. Beggiatoa, Thiothrix and Thiobacilli as
electron donor and it is oxidized to sulfur. The same transformation of sulfide to elemental sulfur
can occur spontaneously and abiotically (Widdel 1988; Brock 1994). The generated sulfur can
further be oxidized to sulfate by colorless sulfur bacteria (see above) as well as by members of
the archaeal genus Sulfolobus Under oxygen depleted conditiors sulfide can be oxidized to
sulfur (e.g. by Chlorobium) and even to sulfate (e.g. by Chromatium) by phototrophic purple and
green sulfur bacteria. Under anaerobic conditions sulfur can aternatively be reduced to
hydrogen sulfide by the activity of dissimilatory sulfur reducers, for example by members of the
bacterial genus Desulfuromonas or the archaeal genera Desulfurococcus and Thermoproteus
(Widdel 1988).

This thesis deals with sulfate reducing prokaryotes which close the sulfur cycle by using sulfate
(sulfite, thiosulfate) as electron acceptor, thereby gaining energy under anaerobic conditions
from the dissimilatory reduction of sulfate to sulfide. In addition to this general life style, a set of
metabolic features, described in more detail below, allows the sulfate-reducing prokaryotes to

play an essential role in the anaerobic mineralization of organic compounds.

A.2 Physiological traits of sulfate reducing prokaryotes

Anaerobic sulfate respiration represents a very old, thus evolutionary successful metabolic
lifestyle of prokaryotes. Molecular evidence has suggested that dissimilatory sulfate reduction is
ancient (Wagner 1998) and geo-chemical data indicate the occurrence of microbial sulfate
reduction 3.47 billion years ago (Shen 2001). Despite its long evolutionary history, the anaerobic
sulfate respiration pathway seems to be restricted to a rather small group of very specialized
microbes, summarized as the sulfate reducing prokaryotes (SRP). With the exception of
Archaeoglobus and some Syntrophobacter species, the names of most SRP have the prefix
“Desulfo-* or “Thermodesulfo-“ as tribute to their sulfate reducing activity. SRP thrive mostly in
anaerobic or microaerophilic habitats (e.g. see Widdel 1988; Widdel 1992a; Widdel 1992b;
Widdel 1992c; Widdel 1994). They perform one of the last steps of anaerobic decomposition of
organic compounds within the carbon cycle and reintroduce sulfate (via hydrogen sulfide) back

into the sulfur cycle. SRP posses a chemo-organo-heterotrophic, or in some cases even a chemo-
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A INTRODUCTION

litho-autotrophic lifestyle. Sulfates are thermodynamically very stable and thus comprise the
most abundant sulfur compound in rocks and sediments. Sulfates play an important role as sulfur
reservoir in aquatic, and especially in marine ecosystems. The sulfate concentrations range from
27 — 28 mM/I ( 2.7 g/l) in sea water and, depending of the depth, up to 30 mM/Il in marine
sediment (Widdel 1988; Jannasch 1995; see also Brock 1994). In freshwater, the sulfate
concentration is much lower, ranging from 0.01 to 0.2 mM/I (Widdel 1988).

Because of the inertness toward transformations, sulfate has to be activated to adenosine—5'-

phosphosulfate as first step in the assimilatory or dissimilatory reduction process (see Figure 2).

Dissimilatory Assimilatory
sulfate sulfate
reduction reduction
ATP-sulfurylase APS-kinase
SO ——» APS ———— > PAPS
adenosine-5'- phosphoadenosine-5'-
phosphosulfate phosphosulfate
| |
SO, SOz
dissimilatory assimilatory
sulfite- sulfite-
reductase reductase
H,S HS
Excretion Organic sulfur compounds

Figure 2 Dissimilatory and assimilatory sulfate reduction (simplified), according to Lengeler 1999 and Brock
1994.

The assimilatory sulfate reduction, which requires a second activation step catalyzed by APS-
kinase, leads to incorporation of sulfur into the organism at the expense of energy under both,
oxic and anoxic conditions. In case of the dissimilatory pathway, the energy conserving six-
electron reduction is carried out only under anoxic conditions by the enzymes dissimilatory or
(bi-) sulfite reductase (DSR). In this catabolic reaction sulfate serves as termina electron
acceptor. Hydrogen, carbonic acids (e.g. lactate, pyruvate, acetate), aromatic compounds (e.g.
benzoate, indole), or other organic substances (e.g. ethanol, fatty acids) can serve as electron
donors (Widdel 1981; Widdel 1992b; Widdel 1992c; Brock 1994; Widdel 1994). Additional
metabolic features of sulfate reducers are the ability (i) to gain energy by fermentation (e.g. Lie
1999; Sonne-Hansen 1999), (ii) to fix nitrogen (e.g. Nazina 1979) and (iii) to fix carbon dioxide
(e.g. Brysch 1987; Daumas 1988; Kuever 1993). Other conspicuous traits of SRP are the ability
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(i) of reducing nitrate to nitrite by some Desulfotomaculum, Desulfobulbus, and Desulfovibrio
strains (Mitchell 1986; Moura 1997; Pereira 1996b; Barton 1983), (ii) of anaerobic reductive
dehalogenation of chlorinated aromatic or aliphatic substances by e.g. Desulfomonile (DeWeerd
1990) and (iii) of the extraordinary coupling of phosphite oxidation to phosphate with
simultaneous reduction of sulfate to hydrogen sulfide under anaerobic conditions by an
deltaproteobacterial sulfate reducing strain (Schink 2000). SRP have also been reported to livein
symbiosis or, at least, in close association with Eukarya. They have been identified and isolated
from the hindguts of termites (e.g. Breznak 1994), the digestion tracts of ruminants (e.g.
Coleman 1960) and, as epibionts of the deep-sea marine worm Alvinella pompejana (Cottrell
1999). Beside free living and symbiotic lifestyles some SRP have the ability of syntrophic
growth with other microorganisms. Prominent examples for this lifestyle are the interactions
between green sulfur bacteria (Biebl 1978), Marinobacter species (Sigalevich 2000a; Sigalevich
2000b; Sigalevich 2000c), Methanococcus maripaludis (Pak 1998a; Pak 1998b), and various
sulfate reducing partners. The latter syntrophic partnership is very interesting since an archaea
methanogene and a deltaproteobacterial microorganism share the same habitat and have

interwoven substrate pathways.

A.3 Habitats of sulfate reducing prokaryotes

SRP can be found frequently in high numbers in and below the oxic/anoxic interfaces in marine-
(e.g. Taylor 1985; Devereux 1994; Bale 1997; Finster 1997; Ravenschlag 1999), brackish (e.g.
Widdel 1981; Boschker 2001) and freshwater sediments (e.g. Drzyzga 1994; Sass 1998; Li
1999; Miskin 1999), within microbial mats (Caumette 1991; Krekeler 1997; Teske 1998), (Minz
1999a; Minz 1999b), in soils (e.g. Sexstone 1977; Grolkopf 1998; Henckel 1999; Ouattara
1999; Wind 1999; Hristova 2000; Stubner 2000), and also free living in water columns (e.g.
Tonolla 2000; Ramsing 1996; Teske 1996). The dogma that SRP are restricted to anaerobic
habitats due to the toxicity of oxygen has been challenged recently by different studies. SRP
have been reported to evade high oxygen pressure by formation of aggregates (Eschemann
1999), migration in response to oxygenstress (Krekeler 1998; Minz 1999b) and some fast
growing stains are even able to detoxify oxygen by respiration, forming ATP, but did not show
growth (Dilling 1990; Cypionka 2000; Hansen 1994). Furthermore, SRP have also been detected
in wastewater treatment plants within activated sludge (Schramm 1999; Manz 1998), but
commonly growth in presence of too high oxygen concentrations does not take place (Gall 1996;

Johnson 1997; Cypionka 2000). SRP seem to retreat into micro niches were oxygen
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concentration is lower and, by producing hydrogen sulfide via dissmilatory sulfate reduction.
This induces a chemical detoxification process of oxygen by reconstitution of the reduced
sulfate (Widdel 1988).

SRP have also been isolated from human digestion tracts (Gibson 1991), from periodontal tooth
pockets (Langendijk 2001), and from pyogenic liver abscesses (Schoenborn 2001). Thus, at least
some SRP species might be opportunistic pathogens for humans. Further, sulfate reducing
microbes posses economical relevance due to their ability to cause corrosion of metal built
structures like oil production sites (e.g. Beeder 1995; Beeder 1996; Nilsen 1996b), tanks
(Hagenauer 1997) or water tubes (e.g. Pereira 1996aand citations within).

It should be noted that no single strain of SRP is able to perform all the described anabolic and

catabolic processes and that different types of SRP occur in different ecosystems.

A.4 Phylogeny of sulfate reducing prokaryotes

Comparative sequence anaysis of ribosomal RNA genes comprises the gold standard for
inference of phylogeny. A short summary of the current knowledge on 16S ribosomal RNA gene
based SRP phylogeny is given in the section below.

The majority of SRP is affiliated with the Deltaproteobacteria (e.g. Woese 1987; Widdel 1992c)
as depicted in Figure 3.

Archaea Bacteria

Euryarchaeota Deltaproteobacteria Desulfobacterium

Desulfosarcina et al.
Desulfococcus/ Desulfonema
Desulfonema ishimotonii
Desulfobacterium oleovorans
Desulfostipes sapovorans
Desulfofaba/ Desulfofrigus
Desulfobotulus sapovorans

Desulfotignum balticum
Desulfospira joergensenii
Desulfobacula
Desulfobacter

Desulfonatronovibrio hydrogenovorans
Desulfohalobium .
Desulfonatronum lacustre Desulfomonile
Desulfoarculus .
sulfate-reducing bacterium mXyS1
Desulfobacterium anilini
Desulfobulbus/ Desulfocapsa/
Desulfotalea/ Desulforhopalus
Desulfobacca acetoxidans
Desulfovirga adipica
Desulforhabdus amnigena
Syntrophobacter wolinii
Thermodesulforhabdus

1
Desulfacinum infernum

Desulfovibrio/ Desulfomicrobium/ Bilophila

Archaeoglobus

Thermodesulfovibrio
Ni tI'OS)i ra division Thermodesulfobacterium

Thermodesulfobacterium Desulfitobacterium

Desulfosporosinus Desulfocella halophila

Low G+C Gram pog'tives Desulfotomaculum

Figure 3 16S rRNA gene based neighbor joining tree containing all recognized phyla of sulfate-reducing
prokaryotes. Different phyla are color coded. Length bar indicates 10 % estimated sequence
divergence.

According to the taxonomy browser of the NCBI (http://www.ncbi.nim.nih.gov) at least 35
different lineages of SRP within the class of Deltaproteobacteria are described (date: September
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2004). With exception of the thermophilic genera Thermodesulforhabdus and Desulfacinum all
deltaproteobacterial SRP are mesophilic or in some cases psychrophilic (Knoblauch 1999).

The second largest group of described SRP belongs to the spore forming, Gram positive genera
Desulfotomaculum, and Desulfosporosinus within the Peptococcaceae in the phylum
Firmicutes. Based on 16S rRNA gene anayses these SRP were assigned into three major
clusters (Stackebrandt 1997b). The composition and substructure of these clusters are depicted
in Figure 4. Additiona strains have been placed into this classification system (Kuever 1999;
Pikuta 2000) and the supplementary subgroup If has been proposed by Kluever et a. (Kuever
1999).

Gram positive SRP cluster

Desulfotomaculum guttoideum Cluster 111

«—] Cluster 11
+ Desulfosporosinus orientis

Desulfotomaculum auripigmentum
Desulfitobacterium dehalogenans
Desulfitobacterium chlororespirans Sulfite reducer
Desulfitobacterium hafniense
Desulfitobacterium frappieci
Desulfotomaculum geothermicum
Desulfotomaculum gibsoniae
Desulfotomaculum sapomandens Cluster Ib
Desulfotomaculum thermoacidovorans
Desulfotomaculum thermosapovorans
Desulfotomaculum thermobenzoicum
Desulfotomaculum thermoacetoxidans
Desulfotomaculum thermocisternum
Desulfotomaculum australicum Cluster Ic
Desulfotomaculum kuznetsovii
Desulfotomaculum luciae
Desulfotomaculum halophilum Cluster I
Desulfotomaculum alkaliphilum
Desulfotomaculum acetoxidans Cluster le
Desulfotomaculum nigrificans
Desulfotomaculum putei
Desulfotomaculum aeronauticum Clugter 1a
Desulfotomaculum ruminis
Desulfotomaculum reducens

outgroups

Cluster Id

Figure 4 16S rRNA gene based neighbor joining tree containing Gram positive SRB as clustered by
Stackebrandt et al. updated with newly described species and clusters (e.g. Cluster if by Kuever et
al. 1999). Length bar indicates 10 % estimated sequence diver gence

Cluster | contains most of the described Desulfotomaculum species. Their number and names are
given in Figure 4. Cluster 1l contains Desulfosporosinus orientis, formaly called
Desulfotomaculum orientis, which was reclassified lately (Stackebrandt 1997a). Recently,
second specie, Desulfosporosinus meridiel of the same genus has been described (Robertson

2001). However, up to now the sequence of its 16S rRNA gene has not been published. In
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addition, “ Desulfotomaculum auripigmentum” should also be aso included in this group and
possibly reclassified (Kuever 1999) as Desulfosporosinus auripigmentum. Cluster [11 contains
Desulfotomaculum guttoideum, a possibly misclassify member of the Clostridiaceae
(Stackebrandt 1997b).

Within the domain Bacteria two other phyla contain sulfate reducers. Within the Nitrospira
phylum, the genus Thermodesulfovibrio and within the deep branching Thermosdesulfobacteria
phylum the genus Thermodesulfobacterium are as well gaining energy by dissmilatory sulfate

reduction.

In addition to the bacterial SRP lineages mentioned above, dissimilatory sulfate reduction is also
found within the domain of Archaea. The euryarchaeotal order Archaeoglobales comprise, at
present, the only recognized members of the archaeal domain which use the dissimilatory sulfate

reduction pathway for energy conservation.

In conclusion, the ability to respire sulfate under anaerobic conditions via the dissimilatory
sulfate reduction pathway has been observed in five different phyla within the bacterial and
archaeal domains. Thus, the guild (guild - a collection of species that perform the same

ecological function) of SRP represent a phylogenetically very inhomogeneous group.

A.5 Detection of SRP using 16S rRNA as marker

Since sulfate reducing prokaryotes comprise a group of microorganisms with economical,
ecological and even medical significance (see above, and Widdel 1992b) it is important to
establish a reliable system for their detection and identification. The classical approach for the
identification of microorganisms was, and still is, the time consuming isolation of strains from
the environment with selective cultivation media and subsequent characterization of the isolates
based on their morphological, biochemical, and physiological traits. The major disadvantage of
this approach has been summarized as the “great plate count anomaly” (Staley 1985). This term
was coined to describe the huge deviation of cell numbers within environmental samples

determined by cultivation (plate counts or MPN), and direct microscopic cell counts, whereby
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the microscopic method yields cell numbers several magnitudes higher then the cultivation
dependent methods. The expression of the “plate count anomaly” simply compiles all difficulties
involved in cultivation of characterized and yet uncharacterized prokaryotes from complex
samples. Missing data on cultivation conditions like nutrient requirements, optimal pH, toxicity
of media or atmospheric compounds, and even essentia interactions with other organisms (e.g.
syntrophism) allows only cultivation of a rather small proportion of the naturally occurring
microbial diversity (Staley 1985; Wagner 1993; Amann 1995b). In order to circumvent this
problem, the application of culture independent molecular methods for SRP detection in
environmental samplesis necessary. The use of the full cycle 16S rRNA gene approach (Amann
1995b) allows the identification of the vast majority of prokaryotes including the SRP occurring

in a complex environmental matrix (Juretschko 1998).

The 16S rRNA gene sequences of al described SRP strains have been deposited in public
databases (see ARB, www.arb-homede or RDP, www.rdp.cmemsu.edd) and provide a
phylogenetic framework for the assignment of 16S rRNA gene sequences retrieved from new
SRP isolates or directly obtained from environmental samples (Devereux 1994; Voordouw
1996; Leu 1998; Stubner 2000).

Beside comparative sequence analysis, the collected 16S rRNA gene data can be used for the
design of specific oligonucleotide probes, which can be applied in different hybridization
formats for the identification of SRP (DelLong 1989; Amann 1995b). Probes, targeting the 16S
rRNA of known sulfate reducing prokaryotes have been used in eg. dot blot (Sahm 1999b;
Minz 1999b) and fluorescence in hybridization situ (FISH) experiments (e.g. Amann 1995z,
Ramsing 1996; Manz 1998) to detect sulfate reducers in the environment. Recently, the
application of DNA arrays, especially designed to detect 16S rRNA and 16S rRNA gene
sequences of sulfate reducers has been introduced in microbia ecology (Loy 2002). With this

approach the presence of different sulfate reduces of al known lineages can be detected
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simultaneously by hybridization with over 130 genus, group, or even specie specific
oligonucleotide probes (Loy 2002).

However, the maor problem of 16S rRNA sequence based identification of SRP in the
environment is still unsolved. The retrieved 16S rRNA sequences do not contain information on
the physiology of the respective organisms. SRP are widespread in the phylogenetic tree, in both
the domain Archaea and Bacteria. They are members of lineages which also contain organisms
with other modes of energy conservation. Thus, unambiguous identification of an organism as
SRP by its 16S rRNA sequence is only possible if it is very closely related to a recognized SRP
which 16S rRNA sequence has already been deposited. Therefore, completely novel lineages of
sulfate reducers in the environment would not even been recognized as SRP by the rRNA-
approach.

Due to close relationship of SRP with other bacteria 16S rRNA targeted probes are frequently
inefficient to discriminate between SRP and nonSRP. Additionally, the phylogenetic
inhomogeneity of the guild of SRP does not alow the application of simple sets of
oligonucleotide probes or primers for the hybridization/PCR-amplification of al SRP 16S rRNA
genes (Devereux 1992; Castro 2000; Daly 2000; Manz 1998). Consequently, it is necessary to
identify and exploit additional phylogenetically informative marker genes which allow one to

specifically detect and identify SRP.

A.6 The dissimilatory sulfite reductase — an alternative
marker molecule for sulfate reducing prokaryotes

In the dissimilatory sulfate reduction pathway there are three key enzymes that could possibly
serve as marker molecules for SRP (see Figure 2). Since the ATP- sulfurylase, responsible for
the activation of sulfate to APS (Figure 2), is aso present in assimilatory sulfate reducers
(Lengeler 1999) the genes coding for this enzyme are not suitable as marker molecule for sulfate
reduction. The APS reductase on the other hand has also been discovered in chemotrophic and
phototrophic strains (Hipp 1997 and citations within). Recently, more sequence data of APS
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genes have become available (Speich 1994; Hipp 1997; Deplancke 2000; Dahl 2001; Friedrich
2002). However, the rather short length of the APS genes (approx. 900 bp) limits the
phylogenetic information content of these molecules. Further, the APS genes seem to be prone
to lateral gene transfer events (Friedrich 2002).

The genes coding for the dissimilatory (bi -) sulfite reductase (DSR) [E.C. number: 1.8.99.3] can
be considered as potentially suitable phylogenetic markers for SRP. The DSR is present in all
dissimilatory sulfate-reducing prokaryotes investigated so far. Based on spectrophotometric
measurements of oxidized and reduced forms of the DSR, four different types, desulfoviridin
(e.g. Seki 1985), desulforubidin (e.g. Lee 1973), desulfofuscidin (e.g. Fauque 1990) and P-582
(Akagi 1973), have been identified. These enzymes consist of two different polypeptides in a
a»b structure and contain sirohaem, non-haem iron and acid-labile sulfite (Fauque 1990; LeGall
1988). Recently a third subunit has been discovered and a ab,@ structure of the DSR has been
proposed for Desulfovibrio (Pierik 1992; Karkhoff-Schweizer 1993). The genes coding for the
alpha and beta subunit of the dissimilatory sulfite reductase (DsrA and DsrB) are exclusively
organized in a single operon. The coding sequences of the apha subunit (dsrA) always precede
the sequences coding for the beta subunit (dsrB) (Dahl 1993; Karkhoff-Schweizer 1995; Wagner
1998; Larsen 1999; Larsen 2000; Laue 2001). Based on dsrAB sequences from Desulfovibrio
vulgaris and Archaeoglobus fulgidus published in earlier studies (Karkhoff-Schweizer 1995;
Dahl 1993), the primer pair DSR1F and DSR4R targeting conserved regions within these genes
has been constructed and has been confirmed to amplify a 1.9 kb large fragment, encompassing
most of the dsrA and dsrB subunit genes of all tested SRP (Wagner 1998).

However, these conserved sequence motives, targeted by this primer pair might also be present
in other commonly found sulfite reductase related gene sequences. For example, the archaeum
Pyrobaculum islandicum does expresses a sulfite reductase type protein containing siroheam,
but is lacking the ability to reduce sulfate. Its sulfite reductase belongs to a different enzyme
family (Imhoff 1998; Pott 1998), only distantly related to the DSR. Phototrophic
Allochromatium vinosum (Imhoff 1998; Pott 1998) and Thiobacillus species (Schedel 1979)
express enzymes which share al'so sequence motives with the DSR of sulfate reducers. They are
using a “reverse” reductase for the oxidation of sulfite and sulfur, respectively, and not for
dissmilatory sulfate reduction. As further structural relatives have to be mentioned the

assimilatory sulfite reductase of Escherichia coli and Salmonella typhimurium (Murphy 1973a;
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Murphy 1973b), as well as the lowspin sulfite reductase of Desulfovibrio vulgaris (Huynh
1984), Desulfuromonsa acetoxidans, and Methanosar cina barkeri (Moura 1986) .

However, experimental evaluation of the specificity of the above mentioned primer pair showed
that the dissimilatory sulfite reductase can be specifically amplified with this primer pair and
that amplification of the above mentioned non target sequences does not occur (Wagner 1998).

Since the amplified dsrAB gene fragments (i) carry conserved as well as variable regions, (ii)
code for an essential enzyme of the dissimilatory sulfate reduction pathway, and (iii) are present
in all sulfate reducers examined so far, the DSR is a well-suited phylogenetic marker molecule
for dissimilatory sulfate reducing microorganisms. The comparison of results from phylogenetic
analyses of 16S rRNA genes and DsrAB databases yielded similar trees topologies (see Figure
5) and thus, it was suggested that comparative DsrAB sequence analysis allows specific culture
independent detection and identification of SRP (Wagner 1998).

Desulfovibrio sp. PT-2
Desuffovibrio wilgaris Desuifovibrio oxyclinae DarAR

Desuifotomactfim niminis Desuffobacter latus _—

Desulfobotuls sapovorans .
Desuifococcus multivorans

Desuifovibrio sp. PT-2
Desuifovibrio oxyclinae
Desulfococc s multivorans

Desuifovibrio
vidfgaris

Archraeogliobus filgidus

Desuffob otulii s sap ovorans

Desyifotomaculim riinis Desuifobacter latus

Archaeoglobus filgidus

165 TRNA

Figure 5 Comparison of 16S rRNA gene and dissimilatory sulfite reductase amino acid sequence based
phylogenetic trees (according to Wagner 1998). Dendrograms have been calculated using distance
methods. Barsindicate 10 % estimated sequence diver gence.

A.7 Extension of the DsrAB data base

The main hindrance of using the DSR as phylogenetic marker for SRP diversity studies in

environmental surveys was the lack of an exhaustive data base. At the beginning of this Ph.D.
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thesis only dsr sequences from 9 SRP had been published (see Figure 4, (Karkhoff-Schweizer
1995; Wagner 1998; Dahl 1993). Consequently, SRP from the environment could only be
identified based on their dsr AB sequences if they were closely related to SRP aready present in
the dsrAB data bank. Other dsrAB sequences retrieved from the environment could either
originate from novel SRP lineages or represent known SRP not yet sequenced on the dsrAB
level.

Recent studies using the dsr approach in various environments suffered from this problem by
retrieving deep-branching dsr sequences from a deep-sea marine worm (Cottrell 1999), a
cyanobacterial mat (Minz 1999b), a consortia able to degrade hydrocarbons (PérezJiménez
2001) and marine sediment (Thomsen 2001) which were not closdly related to any so far
recognized dsrAB reference sequence. Additionally, phylogenetic analyses conducted in these
studies were further complicated by the use of very short dsr sequence stretches with very

limited phylogenetic information.

A.8 The aims of this Ph.D. thesis

The presented Ph.D. thesis had tree mgjor goals. Firstly, the dsr data bank had to be extended
significantly. The second part of the work was dedicated to the thorough comparison of the 16S-
rRNA gene based SRP phylogeny with the SRP phylogeny based on the Dsr sequences. This
analysis should reveal possible lateral gene transfer events affecting the dsrAB genes and the
implications for the evolutionary history of the dissimilatory sulfite reduction pathway. The third
part of the work was the application of the dsrAB approach for SRP diversity surveys in several
ecosystems. The presence and distribution of SRP was investigated in the water columns of
Mariager Hord (Denmark) and the hypersaline Solar Lake (Egypt). Furthermore, the sulfate
reducing symbionts and their role in a complex symbiosis within a gutless marine worm were
also successfully investigated with the help of dsrAB approach.

The following chapters give an overview on the materials and methods used and the results
obtained. Further, a discussion of the most important results is presented. Detailed information
on the conducted investigations can be obtained from the published or submitted manuscripts in

the appendix.
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B Material and Methods

The following chapter gives a short overview about the materials and methods used during my

Ph.D. thesis. More details can be found in the respective sections of the manuscripts provided in

the appendix.

B.1 Reference strains, and clone maintenance

Table 1 contains the sulfate reducing pure cultures from which the dsrAB genes were retrieved

and used to build up the reference data bank.

Table 1 Sequenced reference strains with DSM numbers, lengths of the determined dsrAB fragments, Gene

Bank accession number s of fragments as

determined by Klein.

Species Nucleotides | Accession number of Strain
dsrAB
Archaeoglobus veneficus 1862 AFA482452 DSM 11195
Thermodesulfovibrio islandicus 1806 AF334599 DSM 12570
Thermodesulfobacterium mobile 2040 AF334598 DSM1276
Desulfotomaculum acetoxidans 1956 AF271768 DSM771
Desulfotomacul um thermosapovorans 1934 AF271769 DSM 6562
Desulfotomacul um ther moacetoxidans 1940 AF271770 DSM5813
Desulfotomacul um ther moci sternum 1925 AF074396 DSM 10259
Desulfotomaculum nigrificans 1807 AF482466 DSM574
Desulfotomaculum guttoideum (reclassified as No dsrAB segquence could be DSM4024
Clostridium guttoideum Stackebrandt 1997h) obtained
Desulfoacinum infernum 1862 AFA482454 DSM9756
Desulfoarculus baarsii 1899 AF3345600 DSM2075
Desulfobacterium oleovorans 1931 AF482464 DSM 6200
Desulfobacula phenolica 1950 AF551758 DSM 3384
Desulfobacula toluolica 1930 AF271773* DSM7467
Desulfobul bus propionicus 1929 AF218452 DSM 2032
Desulfofaba gelida 1941 AF334593 DSM 12344
Desulfofustis glycolicus 1912 AF482457 DSM9705
Desulfohal obium retbaense 1944 AFA482458 DSM5692
Desulfomi cr obium apsheronum 1902 AF482459 DSM5918
Desulfomonas pigra 1902 AF482462 DSM749
Desulfomonile tiedjei 1908 AF334595 DSM 6799
Desulforhopal us vacuol atus 1971 AF334594 DSM9700
Desulfosarcina variabilis 1925 AF191907 DSM 2060
Desulfospira joergensenii 1719 AF482467 DSM 10085
Desulfotignum balticum 1946 AF482463 DSM7044
Desulfovibrio africanus 1980 AF271772 DSM 2603
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Species Nucleotides | Accession number of Strain
dsrAB

Desulfovibrio desulfuricans El Agheila Z 1967 AF334592 DSM 1926

Desulfovibrio halophilus 1941 AF482461 DSM5663

Desulfovirga adipica 1880 AF334591 DSM 12016

sulfate-reducing strain oXyS1 1916 AF482465 DSM 13228

Ther modesulfor habdus norvegica 1946 AF334597 DSM9990

* Desulfobacula toluolica was re-sequenced by Zverlov et al. 2004 see below.

Pure cultures were obtained from the German Type Culture Collection (DSMZ), either as
lyophilized cells, or as actively growing cultures. If necessary, the reference strains were
cultured according to the recommendations of the DSMZ (Braunschweig, Germany) using the
anaerobic cultivation techniques described by Widdel and Bak (Widdel 1992b).

TOP10 competent Escherichia coli cells (TA/TOPO TA Cloning Kits, Invitrogen GmbH,
Karlsruhe, Germany) hosting plasmids (pCR2.1-TOPO or pCR-XL-TOPO vectors, Invitrogen)
which carry the dsrAB genes were stored in glycerin stocks (1 part 50 % glycerin and 2 parts
overnight culture) at -80°C. LB-medium (5g NaCl, 5g yeast extract, and 10g casein per | HO,
pH 7.0) containing 100 pg/l Kanamycin or Ampicillin, was used for overnight cultures,

incubation was carried out at 37°C.

The dsrAB clones listed in Table 2, originaly cloned by Michael Wagner (Technical University
of Munich, Germany), Nicole Dubilier (MPI Bremen, Germany), and Ronen Nahary / Y ehuda
Cohen (Hebrew University of Jerusalem, Isragl), were also sequenced during my Ph.D. thesis.

Additionally, environmental dsrAB sequences from Mariager Fjord were also sequenced:

Table 2 Additional dsrAB gene fragments sequenced.

dsrAB source Autor Accession number

Desulfovibrio sp. strain PT-2 Wagner et al. [11] Partial sequence U58114, U58115

completed

Desulfovibrio oxyclinae Wagner et al. [11] Partial sequence U58116, U58117

completed

Desulfobotulus sapovorans Wagner et al. [11] Partial sequence U58120, U58121

completed

Desulfococcus multivorans Wagner et al. [11] Partial sequence U58126, U58127

completed
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dsrAB source Autor Accession number
Desulfotomaculum ruminis Wagner et al. Partial sequence U58118, U58119
(Wagner 1998) completed
29 Solar Lake water column|Ronen Nahary, Yehuda| Recloned and completely
clones Cohen, Hebrew | sequenced by Michael Klein
University of
Jerusalem
Thermodesulfovibrio yellowstonii | Wagner et al. Partial sequence U58122, U58123
(Wagner 1998) completed
27 Mariager Fjord water column |see  Results  and|14 completely sequenced
clones Discussion and 13 partia  sequences
Michael Klein (approx. 1600 bp)
Natuschka Lee,
Technische Universitéat
Mnchen
Olavius algarvensis| Dubilier et al. Completely sequenced by M ichael
deltaproteobacterial (Dubilier 2001) Klein
symbiont

B.2 DNA extraction from pure cultures and environmental

samples

Cels from actively growing cultures or

environmental samples were harvested by

centrifugation. The pellet was resuspended and adjusted to a final volume of 200ul. Lyophilized

cells were resuspended in lysis buffer. The actual cell lysis was done (i) mechanically by bead
beating (FastPrep FP120 bead beater and the FastDNA™ Kit MH, BIO101, CA), or (ii)
chemically by alkaine/lysozyme lysis (e.g. DNeasy, Quiagene, Hilden, Germany). Extracted

DNA was anayzed qualitatively by horizontal agarose gel electrophoresis (1.5 % agarose) and
quantitatively by OD measurement at 260 nm (Sambrook 1989). Aliquots of DNA were stored

at —20°C until needed.
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B.3 Polymerase chain reaction amplification of dsrAB genes

An approx. 1.9 kb dsrAB segment was PCR amplified as described (Wagner 1998). Additional
degeneracies inferred from recently published (Larsen 1999; Larsen 2000; Morse 2000; Larsen
2001) dsrAB operon sequence data were introduced into the previously published primers
(Wagner 1998) DSR1F and DSR4R (see results). PCR reactions were carried out using 20 to
100 ng DNA, 15 to 50 pM of each primer, 200 uM deoxynucleoside- triposphates each, 20 mM
MgCh, and 2U of Tag Polymerease (Promega). Oligonucleotide primers were obtained from
MWG-Biotech AG (Munich, Germany) or INTERACTIVA, The Virtual Laboratory (Ulm,
Germany). Amplification started with aninitial denaturation at 94°C for 5 minutes, followed by
30 cycles of denaturation at 94°C for 15s, primer annealing at 54°C for 20s, and elongation at
72°C for 2 min. The reaction was completed by a final elongation step at 72°C for 10 min. The
successful PCR amplification of the dsrAB fragment was checked by running amplificates on
horizontal agarose gel electrophoresis (1 % agarose, staining after gel run in ethidium bromide
as described (Sambrook 1989).

B.4 Molecular cloning of dsrAB genes into pCRTM2.1 or
pCR-XL-TOPO vectors and identification of dsrAB
carrying clones

In addition PCR products were screened on low melting Agarose gels (2% NuSieve 3:1, FMC
Bioproducts), stained with SYBRgreen®I nucleic acid stain (Hanse Anaytik GmbH, Bremen,
Germany), and bands with the size of 1.9 kb were punched out of the gel with glass capillaries.
Subsequently, the gel was removed form the capillaries and dissolved in 50 pl steril deionized
water a 80 °C for 10 minutes. 4 ul of this solution were taken for cloning. Ligation,
transformation and cultivation of clones were carried out according to the manufacturer
instructions (invitrogen, TOPO-TA or TOPO-XL cloning kit). Recombinant clones were
cultured over night in LB media in the presence of the respective antibiotic (ampicillin,
kanamycin, see above) to prevent cells from loosing the plasmids. 4 m overnight cultures were
harvested by centrifugation. Pellet was used for plasmid extraction by QIAprep spin Plasmid
Isolation Kit (Quiagen, Hilden, Germany). Correct size of inserted dsrAB gene fragment was
verified by restriction digestion of the plasmid and subsequent horizontal Agarose (1.5 %
Agarose) gel electrophoresis as described (Sambrook 1989).
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B.5 Sequencing of cloned dsrAB gene fragments

Purified plasmid DNA was sequenced with a 4200L automated Li-Cor Long Reader DNA
Sequencer (MWG, Ebersberg, Germany) according to the manufacturer instructions. I1f needed,

internal primers were designed to completely sequence the dsr AB fragments.

B.6 Gelretardation

The method of gelretardation was optimized to separate equal sized DNA fragments with
different sequence composition. Gelretardation is a specia horizontal Agarose gd
electrophoresis. A DNA binding dye is added to the molten Agarose (1 ppm dye) prior casting
of the gel. Two different types of dye are available which preferential binding to A+T% (HA
Yellow, Hanse Analytik, Bremen, Germany) or G+C% (HA Red, Hanse Analytik, Bremen,
Germany) rich sequence motives of the DNA fragments. These dyes are coupled with
polyethylene glycol (PEG). The additional molecular weight (PEG) bound sequence specifically
to the DNA affects the gel migration quality of the DNA and alows the discrimination of
sequences with 3 1% G+C content variation (Wawer 1995b; Schmid 2000); and see Results and

Discussion, and Appendix).

B.7 Phylogenetic Analysis

Comparative sequence analyses were carried out on alignments of (i) the 16S rRNA genes and
(i) the amino acid sequences inferred from the dsr AB gene sequences. All investigations were
carried out using the programs implemented into the phylogenetic inference package ARB
(www.arb-home.de, Ludwig 2004). For comparative analysis of 16S rRNA gene based with

DsrAB amino acid based dendrograms identical data sets were used to avoid sampling artifacts.

B.7.1 Pure culture databank

Pure culture dendrograms are based on 82 reference strains with more then 1400 nucleic acid

residues of the dsrAB genes in good sequence quality (less then 3.5 % ambiguous sites).
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B.7.2 Environmental databank

A data bank including dsr AB sequences of more then 424 amino acid residues, and 1400 nucleic
acid residues, respectively, of good quality (Iess then 3.5 % ambiguous sites) has been prepared.
This data set contained 86 described SRP species and 73 environmental clone sequences. Other
sequences present in the data set originated from not described isolates or represented strains
that have been sequenced more then once. The last sequences were included in order to make
sure that al sequences from one organism yield the same dsrAB sequence. A table containing

the examined sequences and Gene-Bank accession numbers are given in the appendix.

B.7.3 Alignment and phylogenetic analysis of 16rRNA gene data

16S rRNA gene sequences were aligned into the existing alignment using the ARB software
package. The adignment was manually refined. Dendrograms were constructed using the
implemented treeing tools in ARB. For all reconstruction methods filters were used to remove
positions with less then 50% eubacterial sequence homology in order to minimize biases from
highly variable regions of the 16S rRNA gene sequences. For constructing evolutionary distance
(ED) trees Neighbor Joining (Saitou 1987) was used with the Jukes-Cantor correction (Jukes
1969). Further, Maximum Parsimony (MP) trees were reconstructed using the PHY LIP program
package (Felsenstein 1993). Bootstrap resamplings of the MP trees were performed with 100
replicates. Maximum Likelihood (ML) dendrograms were caculated with help of the
fastDNAmI program (Olsen 1994) from the PHYLIP (Felsenstein 1993) software package. For
ML analysis a representative collection of species was chosen and trees were calculated with
smaller data sets in order to meet the high computing expense of the calculation. Tree topologies
resulting from the different calculation methods were compared and consensus trees were
constructed by introducing multifurcations into trees where the branching order was not
confirmed by all methods. Partial sequences were added into trees calculated exclusively with
complete reference sequences. Integration of the partial sequences in the tree was done with the

Parsimony Interactive tool implemented in ARB.
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B.7.4 Alignment and phylogenetic analysis of DsrAB data (amino acid
based analysis)

For Dsr based phylogeny dsrAB gene sequences were imported into ARB and translated into
amino acids. Novel sequences were manualy aligned into the existing alignment by using
conserved sequence motives as guidelines. Dendrograms were reconstructed using 543 amino
acid residues (327 apha subunit, 216 beta subunit) excluding regions with major insertions or
deletions (indel). Additional filters were used to calculate separate DsrA or DB trees. ED
amino acid trees were calculated using FITCH (Felsenstein 1993) with global rearrangement and
the Dayhoff PAM matrix as the amino acid replacement model. Protein MP treeing was
performed with the program Protpars (PHYLIP, Felsenstein 1993). ML amino acid trees were
calculated with a reduced data set (as described above) with the PROTML v2.3b3 program
(MOLPHY, Adachi 1996) with the JTT amino acid replacement model.

In order to compile as much information in a single dendrogram as possible consensus tress
were reconstructed:

Consensus trees were constructed for both molecular marker molecules by comparing tree
topologies of Distance Method based and Maximum Parsimony (100 bootstrap resamplings)
based dendrograms. Multifurcations were added into the Distance tree manualy where the

branching order of the species did not correspond in both trees.

B.7.5 Calculation of Distance matrices
Distance matrices for 16S rRNA gene and DsrAB sequences were calculated with the Neighbor

joining method (Saitou 1987). The same filters as for the tree reconstructions were used in order

to gain comparable results and cut out unaligned sequence stretches between DsrA and DsrB.
B.7.6 Analysis of short environmental DsrAB sequence fragments
Definition of phylogenetic units based on DsrAB sequences

39 phylogenetic units were defined as (i) monophyletic groups or lineages (ii) with the identical

phylogenetic branching order obtained with both treeing methods (ED and MP) and (iii) intra
group sequence identities of 77% on DsrAB amino acid level as calculated by the program
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Matrix (H. Daims, Technical University of Munich, Department of Microbiology, 2001). The
identity value of 77% indicates in this context that each sequences in this group shares 77 %
sequence dentity at least with one other sequence within the this group. The value of 77%
amino acid identity value has been observed to reflect phylogenetic relationships determined by

comparative DsrAB sequence analysis in good accordance.

The evaluation of the exact phylogenetic position of partial DsrAB sequences can not as easily
been carried out as with partial 16S rRNA gene sequence. No Parsimony method is available for
the addition of partial DsrfAB protein sequences to existing trees which were build from
complete sequences without changing the overall tree topology.

In order to affiliate environmental dsrAB sequences to these groups, each short sequence was
processed individually. The Parsimony interactive option implemented in ARB was used to add
the single sequence into the parsmony tree, which was used for building up the consensus tree.
Nucleic acid sequences were added by the Parsimony Interactive algorithm since amino acid
sequences can not be processed.

Further, a Neighbor Joining tree was reconstructed based on the amino acid sequences of the
single environmental sequence and al sequences present in the consensus tree. For the
calculation the INDEL filter and the Kimura correction were used.

The phylogenetic position of the environmental sequence within the Parsimony tree and the
Neighbor Joining tree was compared.

If the phylogenetic position in both trees matched, the environmental sequence was affiliated
with the respective lineage. If no close relative of the sequence could be detected the result was
interpreted as "could not be affiliated due to missing neighbor”. If the phylogenetic position did
not match in both trees, the result was interpreted as "sequence could not affiliate due to

incoherent results of phylogenetic analyses'.

B.7.7 Alignment of DsrA to DsrB and phylogenetic analysis of this
databank

In a separated data set DsrA was manually aligned to DsrB to infer the root of the DsrA and
DsrB sub trees (for details see appendix). All tree calculation methods were applied as described
above.
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B.7.8 Phylogenetic analysis of dsrAB gene sequences fucleic acid
based analysis)

Phylogenetic calculations were also carried out with dsrAB gene sequences. Filters were
generated for omitting the third codon position and indel regions from the calculation This
analysis was performed on both, the dsr AB data set and on separate dsrA or dsrB data sets using
suitable filters. ED, MP, and ML methods were used as for the 16S rRNA tree reconstructions.

B.8 Preparation of tissue of the oligochaet Olavius
algarvensis for fluorescence in situ hybridization (FISH)

As part of my Ph.D. thesis sulfate-reducing symbionts of Olavius algarvensis were studied using
the dsrAB approach. Additionally, FISH was used in order to confirm the results. Paraffin
imbedded cryosections of Olavius algarvensis were sent by Nicole Dubilier (see publication in
appendix).

All following steps were carried out a RT if not mentioned otherwise. First step of the
preparation of the tissue for FISH was the paraffin remova from the dlides by incubating the
dides three times in 100 % xylol for 10 min. The sample was rehydrated by an ethanol series
with 95%, 80% and, 70 % ethanol for 10 min each. Subsequently, incubation of the dides were
carried out for 12 min with 0.2 M HCI, 10 min with 20 mM Tri/HCI, 5 min with Proteinase K
(0.5 pg/ml in 20 mM Tris/HCI, pH 8) at 37 °C to remove part of the tissue to alow better probe
access during the hybridization. After a washing step for 10 min with 20 mM TrigHCI, the
tissue was further fixated 5 min with 4 % formain (in 20 mM Tri/HCI, pH 8), and finaly
washed again for 10 min with 20 mM Tris/HCI. The dides were air dried and dehydrated with
an ethanol series (50, 80, and 96 %) 1 min each.

B.9 Fluorescence in situ hybridization

FISH was carried out as described (Amann 1995a; Manz 1998; Wagner 1993). Fixed cells were
gpotted on dlides, dried, and subsequently dehydrated in 50%, 80% and 98% ethanol for 5
minutes each.

All hybridizations were carried out at 46 °C for 90 min, followed by a stringent wash step at 48
°C for 10 min. The 23S rRNA and 16S rRNA targeted oligonucleotide probes were used at a
concentration of 30 ng/ul. Probes labeled in Cy3, Cy5 and Fluos were ordered from MWG-
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Biotech AG (Munich, Germany) or INTERACTIVA, The Virtual Laboratory (Ulm, Germany).
In some experiments, the DNA-binding dye 4’ ,6-diamino-2-phenylindole (DAPI; Sigma, Buchs,
Switzerland) was used for the visualization all nucleic acids containing cells. In order to prevent
bleaching effects during the microscopic examination cells and tissue was covered with
Citifluor-AF1 (Citifluor Ltd, London) (10 min) prior to detection. The signals were recorded
with a confocal laser-scanning microscope CLSM LSM510 (Zeiss, Germany). An Argon laser
(430-514 nm), two Helium laser (543 nm and 633 nm), and an UV laser (351-364 nm) were
used. Digita images were processed with the Zeiss CLSM software (Version 2.01 SP2).

-22-



C RESULTS AND DISCUSSION

C Results and Discussion

C.1 Establishment of reference strain DsrAB databank

The backbone of every environmental SRP diversity survey employing the Dsr-approach is the
reference data bank containing the dsr AB sequences of SRP pure cultures. Only if all recognized
SRP lineages are represented in this data base it is possible to decide whether a novel dsrAB
sequence obtained from an environmental sample indeed indicates the existence of a novel SRP
lineage. In 1998 only 9 pure culture dsrAB (partial) sequences were published. In order to
providing a suitable sequence background for further environmental studies the existing data
base was extended by 34 novel dsrAB sequences from members of various sulfate reducing
lineages in this study.

Today, at least 91 dsrAB sequences from pure culture SRP and two dsrAB sequences of sulfite
reducing bacteria, al with a minimum length of 1700 base pairs are publicly available. Seven

entire dsr operon sequences are available at present (see Table 3 and publications cited within).

C.1.1 Reevaluation of PCR primers for amplification of dsrAB gene
fragments

Since the primer pair DSR1F and DSR4R was designed only on an alignment of the dsr
sequences of Archaeoglobus fulgidus and Desulfovibrio vulgaris (Karkhoff-Schweizer 1995;
Wagner 1998) reevaluation of the specificity and target range of this primer pair became
possible and necessary with the publication of additional dsr operon sequences (Larsen 1999;
Larsen 2000; Larsen 2001). Inspection of the primer target sites in the different operon
sequences revealed that additiorel degeneracies (DSR1Fa and DSR1Fb, DSR4Ra to DSR4Rc)
had to be introduced in the origina primer sequences to achieve full match between the primers
and the novel sequences (this thesis). The mixture of al these primer variations does fully match
the dsr operon sequences of Archaeoglobus fulgidus, Archaeoglobus profundus,
Desulfotomaculum thermocisternum, Desulfobacter vibrioformis, Desulfobulbus rhabdoformis,
Thermodesulforhabdus norvegica, Desulfovibrio wulgaris and the dsrAB sequence of

Desulfovibrio desulfuricans (Table 3).
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Table 3 Modifications of DSR1F and DSR4R primersbased on dsr operons/dsrAB sequences published after
1997.

Forward Primer  Sequence5' - 3 Comment

DSR1F AC(GC) CAC TGG AAG CAC G (Wagner 1998) targeting Archaeoglobus
fulgidus, Desulfovibrio vulgaris and

Archaeoglobus profundus (L arsen 1999)

DSR1F a ACC CA(CT) TGG AAA CAC G DSR1F modified according to (Larsen
1999; Larsen 2000) targeting
Desulfobacter vibrioformis, Desulfobulbus
rhabdofor mis and Desulfotomaculum
ther mocisternum and Desulfovibrio

desulfuricans (Morse 2000)

DSR1Fb GGC CAC TGG AAG CAC G DSR1F modified according to operon
sequence of Thermodesulforhabdus
norvegica (AJ277293)(Larsen 2001)

DSR1Fconsensus  ( AG) ( CG) ( GC) CA( CT) TGGAA( AG) CACG  all published dsr operons

Reverse Primer Sequence5' > 3 Comment

DSR4R GIG TAG CAG TTA CCG CA (Wagner 1998) targeting Archaeoglobus
fulgidus, Desulfovibrio vulgaris and
Desulfobul bus rhabdofor mis(L arsen 2000)

DSR4R a GIG TAA CAG TTT CCA CA DSR4R modified according to
Archaeoglobus profundus
(Larsen 1999)

DSR4R b GTG TAA CAG TTA CCG CA DSR4R modified according to operon
sequence of Desulfobacter vibrioformis
(Larsen 2000)

DSR4R c GTG TAG CAG TTT CCG CA DSR4R modified according to operon
sequence of Desulfotomaculum
thermocisternum (Larsen 1999), the operon
sequence of Thermodesulforhabdus
norvegica (AJ277293) (Larsen 2001) and
the dsr AB sequences of Desulfovibrio

desulfuricans (M orse 2000)

DSR4Rconsensus GTGTA( GA) CAGTT( AT) CC( AG) CA All published dsr operons
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In order to retrieve dsrAB gene sequences from novel reference strains the above listed primers
were used in a hierarchical approach, beginning with DSR1F/DSR4R. If amplification failed, an
equimolar mixture of the seven primer variations described above was applied. With this primer
combination, dsrAB gene fragments of all reference strains could be amplified. The only
exception was Desulfotomaculum guttoideum. No dsrAB amplificat could be obtained for this
microorganism. Desulfotomaculum guttoideum is, according to recent published data,
misclassified and should be reclassified as Clostridium specie (Stackebrandt 1997b). Thus, the
primer combinations can be regarded as applicable. Full length sequences of the amplified
approx. 1.9-kb gene fragments were determined with help of species or group specific interna

sequencing primers, or by restriction digestion and subcloning of the dsr AB gene fragments.

Table 4 Sulfate reducing reference strains within the dsrAB data set, species printed in bold were sequenced
by M .Klein

Archaea

Euryarchaeota, Archaeoglobi, Archaeoglobales, Archaeoglobaceae

Archaeoglobus veneficus
Bacteria

Nitrospira division
Thermodesulfovibrio islandicus

Thermodesulfobacterium division
Thermodesulfobacterium mobile

Firmicutes, Bacillug/Clostridium group (Gram-positives)
Desulfotomaculum acetoxidans
Desulfotomacul um ther mosapovor ans
Desulfotomaculum ther moacetoxidans
Desulfotomacul um ther moci sternum
Desulfotomaculum nigrificans

Proteobacteria, delta subdivision
Desulfoacinuminfernum
Desulfoarculus baarsii
Desulfobacca acetoxidans
Desulfobacterium oleovorans
Desulfobacula phenolica
Desulfobacula toluolica
Desulfobul bus propionicus
Desulfofaba gelida
Desulfofustis glycolicus
Desulfohal obium retbaense
Desulfomicrobium apsheronum
Desulfomonas pigra
Desulfomoniletiedjei
Desulforhopalus vacuolatus
Desulfosarcina variabilis
Desulfospira joergensenii
Desulfotignum balticum
Desulfovibrio africanus
Desulfovibrio desulfuricans El AgheilaZ
Desulfovibrio halophilus
Desulfovirga adipica
Sulfate-reducing strain oXyS1
Thermodesulforhabdus norvegica
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Resulting dsr AB sequences were aligned manually into the existing alignment and trandated into

DsrAB sequerces for further analysis.

C.1.2 Inconsistencies between Edman degradation/ inference from
nucleotide sequencing

For some reference species Edman degradation had been carried out to infer partial DsrA and
DsrB protein sequences (Hatchikian 1983; Fauque 1990; Steuber 1995; Morse 2000). The
deduced amino acid sequences of the PCR amplified dsr genes were compared to the respective

resulting amino acid sequence fragments predicted by Edman degradation (Figure 6).

Ther modesulfobacterium commune strain Y SRA-1 (according to this study and (Hatchikian

1983):

N-terminus of DsrB deduced from nucleotide sequencing G |EKFKELDP
N-terminus of DsrB deduced from Edman degradation T/SIEKFKELDP
Thermodesulfobacterium mobile DSM 1276 (according to this study and (Fauque 1990):
N-terminus of DsrB deduced from nucleotide sequencing G IEKFK
N-terminus of DsrB deduced from Edman degradation G IEKFK

Desulfovibrio desulfuricans strain Essex 6 (according (Steuber 1995) and (Morse 2000):

N-terminus of DsrB deduced from nucleotide sequencing A FISSGYNP
N-terminus of DsrB deduced from Edman degradation A FIPTGYNP

Figure 6 Nterminal sequences from the dissimilatory sulfite reductase beta subunit as determined by
nucleotide sequencing and Edman degradation, respectively.

For Thermodesulfobacterium commune and Desulfovibrio desulfuricans (Morse 2000), the
sequence determined by Edman degradation did not fully match the respective DsrB sequence
fragment inferred from gene sequencing. This inconsistency can either be explained by Taq
polymerase induced nucleotide sequence errors (two nucleotide changes in close neighborhood)
or erroneous results from Edman degradation. Another theoretical and very unlikely explanation
could be that in the respective organisms' changes in the genetic code occurred. It is known that
some organisms like Candida albicans or Mycoplasma genitatlium have atered genetic codes
(O'sullivan 2001 and citations within).
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However, sense to sense changes in the genetic code are very rare (O'Sullivan 2001) and only
one well-established example is known. In asoporogenic yeast Candida cylindracea (Kawaguchi
1989) CUG codes for serine instead of leucin. Most cases of codon reassignment in bacteria lead
to formation of additional stop codons as shown for Micrococcus spp. and Mycoplasma
spp.(O'Sullivan 2001) and citations within), where in Micrococcus AGA functions as stop codon
and does not code for arginine and CGG functions as stop codon and does not code for arginine
in Mycoplasma.

Additionally, in case of Thermodesulfobacterium mobile, the amino acid sequences inferred
from the nucleic acid sequence and by Edman degradation, respectively, match completely.
These findings lead to the conclusion that codon reassignment is not the cause for the
inconsi stencies between the sequences found.

Another possible explanation would be the presence of multiple dsrAB operons within these
organisms. If the dsrAB sequences had been derived from the less expressed operon and the
Edman degradations were carried out on proteins synthesized from the higher expressed operon
the predicted amino acid sequence form transation could not match the amino acid sequence by

Edman degradation.

C.1.3 DsrAB sequence alignment and characteristic motives

The present data set, including also sequences from other authors, covers now al known SRP
containing divisons and even the magjority of sulfate reducing lineages within the
Deltaproteobacteria. All inferred DsrAB sequences contained the complete [FesS4]-sirohaem
binding site motif (Cys-Xs-Cys)-Xp-(Cys-X3-Cys) (Crane 1995), as well as the Cys-Pro and
Cys-X2-Cys- X2-Cys motif required for linking [FesS4] clusters (Dahl 1993) in the alpha subunit
(see dso Klein 2001). The sirohaem-binding motif is truncated in the beta subunit as it is aso
known for other dissimilatory sulfite reductases (Hipp 1997) while the [FesSs] linking clusters of
the beta subunits are not amplified with the applied primer pairs.

Sequence insertions and deletions can be identified in the alignment as additional /missing bases
or sequence stretches restricted to certain lineages. The insertion/deletion (indel) events should
be considered as a single mutation event and not as a number of independent mutations events
corresponding to the number of bases (Gupta 1998). Thus, the regions of insertions and deletion
events were removed prior to phylogenetic analyses leaving 543 amino acid residues out of
approx. 625 for calculation.
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The difficulties observed during the inference of phylogeny (Ludwig 1998) of partia
environmental sequences (see below) led to the conclusion that it is essential to determine at
least the complete sequences of one representative of each environmental SRP lineage. Only this
approach allows to unequivocaly determining the phylogenetic position of the environmental

sequence cluster.

C.1.4 Conservation profile of DsrAB

The first investigation was carried out to gain knowledge on the global conservation of the
DsrAB sequence. Conservation values were calculated in ARB and exported to Excel. Vaues
were blotted for each amino acid residue on the y-axis (Figure 7). This figure is based on a data
set of 86 reference strains on the xaxis (see Table in gppendix) which were aso used for the

calculation of the environmental consensus dendrogram (see below).

100

90 ‘
80

70 I _ _
60 . L—L i

I ]

|
|

Figure 7 Conservation blot of DsrA and DsrB sequence, x axis amino acid residues, y axis % conservation as

calculated in ARB, arrows indicate Dsr subunits, hatched part of DsrA which was used for
phylogenetic analysis by Cottrell et al.1999.

The level of conservation was calculated with the tool implemented in ARB
(ARB_NT/SAI/Functions: Create SAI from Sequence/Filter by base frequency). The non-coding
sequence region between dsrA and dsrB was removed from the alignment prior to calculation.

Only conservation values above 60 were considered. In the alignment four different character
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states have to be distinguished. The character states can be (i) a known amino acid, (ii) an
unknown amino acid, or (iii) an insertion, or (iv) no information is available on this alignment
position. State (i) contains al amino acids, including stop codons. The second dtate is
represented by an X since the coding region of this amino acid is ambiguous and a correct
trandation is not possible. Concerning character state (jii), the insertions were treated as other
bases, since insertions do contain phylogenetic information as it they are aso subjects of
evolutionary changes (Gupta 1998). The last character state, alignment positions of unknown

character state were ignored for the calculation of the conservation profile.

In the case of the DsrAB sequences 59 out of 654 considered sites were 100% conserved. This
equals 9% of all sites examined. Cottrell et al. only used the hatched sequence part of DsrA for
phylogenetic analyses (Cottrell 1999). Within the hatched part even 16% of the amino acid
positions were 100% conserved, and 40 % were conserved in more than 90% of the sequences,
limiting the phylogenetic information content significantly. Thus, phylogenetic analysis should
be carried out at least with the entire DsrA fragment (see adso Chapter Analysis of short
environmental sequences) but most reliable data will be obtained by analyzing the entire DsrAB
fragment.

C.2 Comparison of 16S rRNA and DsrAB-based phylogeny
for SRP reference strains

C.2.1 Comparative analysis of 16S rRNA gene and DsrAB sequence
based phylogeny

Comparative phylogenetic analyses were carried out on 16S rRNA gene and DsrAB databases.
In total 91 SRP pure culture sequences of good sequence quality, being present in both
databases, were used to calculate Distance method based and Parsimony method based
dendrograms on 16S rRNA / DsrtAB gene sequences, respectively. The deduced consensus
dendrograms are presented in Figure 8. Comparison of the resulting dendrograms revealed

consistent, as well as inconsistent branching orders.

Figure 8 on the following pages. Deduced consensus tree based on comparative 16S rRNA gene sequence and
DsrAB sequence analysis. Bar indicates 10 percent estimated sequence deviation. phylogenetic
groups are color coded: Thermodesulfovibrio red, Archaeoglobus magenta, Thermodesulfobacterium
yellow, Gram-Positives (Desulfotomaculum, Desulfitobacterium, Desulfosporosinus) green, and
Deltaproteobacteria blue; parsimony bootstrap support of the respective branch is indicated by open
cyclesfor bootstrap support above 75, closed above 90, and cross 100.
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Archaeoglobus profundus
Archaeoglobus fulgidus
Archaeoglobus veneficus

Thermodesulfovibrio islandicus
Thermodesulfowbno yellowstonii

Desulfosporosinus orientis
Desulfitobacterium dehalogenans
Desulfitobacterium hafniense
Desulfotomaculum geothermicum
Desulfotomaculum thermosapovorans
Desulfotomaculum kuznetsovii
Desulfotomaculum thermocisternum
Desulfotomaculum thermoacetoxidans
Desulfotomaculum thermobenzoicum
Desulfotomaculum acetoxidans
Desulfotomaculum alkaliphilum
Desulfotomaculum halophilum

P h?

|

Desulfotomaculum aeronauticum
Desulfotomaculum ruminis
Desulfotomaculum nigrificans
_. Desulfotomaculum putei
Desulfohalobium retbaense
Desulfonatronovibrio hydrogenovorans
Desulfomicrobium orale
Desulfomicrobium escambiense
Desulfomicrobium baculatum
Desulfobacterium macestii
Desulfomicrobium apsheronum
— Desulfomicrobium norvegicum
Desulfonatronum lacustre
—L Desulfovibrio burkinensis
Desulfovibrio fructosivorans
Desulfovibrio desulfuricans El Agheila Z
Desulfovibrio africanus
Desulfovibrio longus

Desulfovibrio aespoeensis
Desulfovibrio halophilus

ng

Desulfovibrio oxyclinae
Desulfovibrio gigas
Desulfovibrio cuneatus

r'__q Desulfovibrio vulgaris
Desulfovibrio sp. Pt-2
Desulfovibrio termitidis

Bilophila wadsworthii
Desulfovibrio piger
Desulfovibrio desulfuricans Essex 6

-0 Desulfovibrio intestinalis
Desulfacinum infernum
Thermodesulforhabdus norvegica
Syntrophobacter wolinii
Desulforhabdus amnigena
Desulfovirga adipica
Syntrophobacter fumaroxidans

Desulfobulbus sp. 3pr10, DSM2058
Desulfobulbus rhabdoformis
Desulfobulbus elongatus
Desulfobulbus propionicus
Desulfotalea psychrophila
—a

Desulforhopalus vacuolatus
Desulfofustis glycolicus
Desulforhopalus singaporensis
Desulfobacca acetoxidans
Desulfoarculus baarsii
Desulfomonile tiedjei
Desulfobacterium anilini
sulfate-reducing bacterium mXyS1

Desulfobacterium oleovorans
Sulfate reduducing bacterium Hxd3
Sulfate-reducing bacterium AK-01
Desulfococcus multivorans
Desulfonema limicola
Desulfobacterium cetonicum
Desulfosarcina variabilis

Su\fale reducing strain oXyS1
Desulfocella halophila
Desulfobotulus sapovorans
Desulfofaba gelida
Desulfomusa hansenii
Desulfobacterium autotrophicum
Desulfobacterium vacuolatum
Desulfotignum balticum
Desulfotignum phosphitoxidans
Desulfospira joergensenii
Desulfobacula phenolica
Desulfobacula toluolica
Desulfobacter postgatei

Desulfobacter curvatus
16S rRNA gene
Desulfobacter vibrioformis
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Thermodesulfovibrio yellowstonii
Thermodesulfovibrio islandicus
Archaeoglobus profundus
Archaeoglobus fulgidus
Archaeoglobus veneficus
Desulfosporosinus orientis
Desulfitobacterium dehalogenans
Desulfitobacterium halfniense
Desulfotomaculum alkaliphilum
Desulfotomaculum halophilum
Desulfotomaculum nigrificans
Desulfotomaculum putei
Desulfotomaculum ruminis
Desulfotomaculum aeronauticum
Desulfobacca acetoxidar
Thermodesulforhabdus norvegica
Desulfacinum infernum
Syntrophobacter wolinii
Desulfovirga adipica

Syntrophobacter fumaroxidans
Desulforhabdus amnigena

Desulfoarculus baarsii

2

Desulforhopalus vacuolatus — ———e—————

Desulfofustis glycolicus ———
Desulfotalea psychrophila

Desulforhopalus singaporensis ——————

Desulfobulbussp. DSM2058
Desulfobulbus rhabdoformis
Desulfobulbus propionicus
Desulfobulbus elongatus
sulfate reducing strain mXyS1

Desulfobacterium anilini
Desulfotomaculum acetoxidans
Desulfotomaculum geothermicum
Desulfotomaculum thermosapovorans
Desulfotomaculum thermoacetoxidans
Desulfotomaculum thermobenzoicum
Desulfotomaculum kuznetsovii
Desulfotomaculum thermocisternum
Desulfomonile tiedjei
Desulfonatronum lacustre t—h__l_
Desulfovibrio desulfuricans EIAgheila 7  ee———
Desulfovibrio burkinensis 1
Desulfovibrio fructosovorans 3—
Desulfovibrio afficanus  se—
Desulfovibrio gigas ———
Desulfovibrio CUNeatus  e————
Desulfovibrio vulgaris —
Desulfovibrio sp. PT-2
Desulfovibrio termitidis j_
Bilophila wadsworthia
Desulfomonas pigra
Desulfovibrio desulfuricans Essex 6
Desulfovibrio intestinalis
Desulfohalobium rethaense  m————
Desulfovibrio longus
Desulfovibrio aespoeensis
Desulfovibrio halophilus
Desulfovibrio oxyclinae
Desulfonatronovibrio hydrogenovorans ————
Desulfomicrobium orale
Desulfomicrobium escambiense
Desulfomicrobium apsheronum
Desulfobacterium macestii
Desulfomicrobium norvegicum
Desulfomicrobium baculatum
Desulfococcus multivorans
Desulfonema limicola
sulfate-reducing bacterium AK-01
sulfate-reducing bacterium Hxd3
Desulfobacterium oleovorans
Desulfobacterium cetonicum
sulfate-reducing strain oXyS1
Desulfosarcina variabilis
Desulfobotulus sapovorans

Desulfocella halophila
Desulfofaba gelida

Desulfomusa hansenii
Desulfobacterium vacuolatum
Desulfobacterium autotrophicum
Desulfobacter vibrioformis
Desulfobacter latus
Desulfobacter postgatei
Desulfobacter curvatus
Desulfobacula phenolica
Desulfobacula toluolica
Desulfospira joergensenii
Desulfotignum phosphitoxidans
Desulfotignum balticum

O —

DsrAB
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In general, recognized families of SRP formed distinct lineages in both consensus trees.
Exceptions of this finding were observed for the genus Desulfovibrionaceae and
Desulfotomaculum.

Furthermore, different branching orders were observed for the genera Archaeoglobus

Thermodesulfovibrio, and Ther modesul fobacterium.

The exact branching order within the Desulfovibrionaceae is not clearly resolved, neither by 16S
rRNA gene based, nor by DsrAB sequence based phylogeny. The formation of the lineage
containing the genera Desulfovibrio and Bilophila is only very weakly supported by bootstrap
values on 16S RNA gene sequence level and is even less supported when examining DsrAB
based dendrograms. The branching order within this family is also dependent on the tree
calculation method applied.

In contradiction to the 16S rRNA gene sequence based dendrogram the genus
Desulfotomaculum formed two polyphyletic groupings within the DsrAB based dendrograms.
For the following discussion the nomenclature, as described recently by Stackebrandt et al.
(Stackebrandt 1997a), is used. Stackebrandt et al. defined several subgroups within the
Desulfotomaculum family based on 16S rRNA gene sequence data. Recently, more sequences
have been added to this classification system (Kuever 1999; Pikuta 2000). Accordingly, cluster
la contains Desulfotomaculum nigrificans, Desulfotomaculum putei, Desulfotomaculum
aeronauticum, and Desulfotomaculum ruminis. Cluster Ib consists of Desulfotomaculum
thermosapovorans and Desulfotomaculum geothermicum, cluster Ic Desulfotomaculum
thermocisternum, Desulfotomaculum kuznetsovii, and Desulfotomaculum luciae (specie not in
tree, short sequence). Cluster Id contains Desulfotomaculum thermoacetoxidans and
Desulfotomaculum thermobenzoicum. Desulfotomaculum acetoxidans is the only recognized
member of cluster le. Additionally, a novel cluster If was defined containing Desulfotomaculum
alkaliphilum and Desulfotomaculum halophilum (Kuever 1999; Pikuta 2000).

Subcluster laand If showed consistent phylogenetic positioning in both dendrograms. Subcluster
la and If were monophyletic with the other Gram-Positive sulfate and sulfite reducers
Desulfosporosinus and Desulfitobacterium, respectively. This branching was supported with a
strong bootstrap value above 90% within the 16S rRNA gene based dendrogram, and a bootstrap
value above 75% within the DsrAB sequence based dendrogram. In contrast subclustersIb to Id
were monophyletic with the other Desulfotomaculum species when analyzing 16S rRNA data,

but formed a monophyletic cluster within the Deltaproteobacteria when analyzing DsrAB
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sequence data. The DsrAB sequences of this cluster branched robustly with the
deltaproteobacterial DsrAB sequences of Desulfobacterium anilini and strain mXyS1. Amino
acid sequence identities of DsrAB between members of the Desulfotomaculum cluster 1b to Id
and Desulfobacterium aniling/strain mXyS1 ranged between 73% and 83%. In comparison to

this Desulfobacterium anilini and strain mXyS1 share an amino acid identity of 87%.

As member of the domain Archaea the genus Archaeoglobus represents the deepest branching
lineage within the 16S rRNA gene based dendrogram. Within the DsrAB based dendrogram the
genus Thermodesulfovibrio showed the longest branch and should therefore be considered the
deepest branching lineage. This finding is aso supported by paralogous rooting (Klein 2001).
The alignment of DsrA to DsrB is possible since both subunits originate from a common
ancestor. The resulting dendrogram presented Thermodesulfovibrio as the deepest branching

lineages in both subunit dendrograms.

Thermodesulfobacterium commune and Ther modesulfobacterium mobile did not branch deeply
within the DsrAB based dendrogram, as it would be expected from 16S rRNA phylogeny. Their

branching within the Deltaproteobacteria was clearly confirmed by al phylogenetic analyses.

These inconsistencies could theoretically result from (i) lateral gene transfer of 16S rRNA genes,
(i) or lateral gene transfer of dsrAB genes. Although the existence of lateral gene transfer of
rRNA genes is very contentious, a few lateral gene transfer events of 16S rRNA gene genes
have been described (Stratz 1996; Yap 1999). Since the ribosoma RNA operon is an integrd
component of the information system of cells, i.e. tightly interwoven into transcription and
trandation processes, the complexity theory suggest a low likelihood of lateral exchange of 16S
rRNA gene operons (Jain 1999).

Lateral transfer of genes involved in energy generation is more likely and has been observed in
various studies (among many others: Herrick 1997; Jain 1999; Nelson 1999; Garcia-Vallve
2000; Nesbg 2001). Therefore, the deviation between the 16S rRNA gene and DsrAB sequence
based phylogeny of the branching orders of (i) Archaeoglobus and Thermodesulfovibrio, (ii)
Thermodesulfobacterium, and (ii) members of the Desulfotomaculum can most parsimoniously
be explained by such an inter-species/ inter-domain lateral transfer of dsr genes and/or dsr

operons, respectively.
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The three cases of potential lateral gene transfer are considered separately. Two cases share
certain DsrAB sequence characteristics, which support the lateral gene transfer from a
deltaproteobacterial  donor to  GramPositive  Desulfotomaculum  strains,  and
Thermodesulfobacterium as acceptors. The most important means of detecting lateral gene
transfer is comparative sequence anaysis of several marker molecules. For the SRP the
deviating phylogenetic position determined by DsrAB sequence comparison of the strains
described above from their 16S rRNA phylogenetic positioning hints at lateral gene transfer.

Insertions and deletions within the DsrAB amino acid sequences (excluded in the phylogenetic
analyses) were investigated as additional signposts of lateral gene transfer everts (Gupta 1998).
In total, three insertions were unique to the Deltaproteobacteria: one in the apha subunit and
two in the beta subunit (Fig. 3, Klein 2001). These insertions were aso found in the
Deltaproteobacterium:like DsrAB sequences of the seven Desulfotomaculum species, and two
Thermodesulfobacterium species, thus supporting the suggested lateral transfers. These
insertions were missing in Archaeoglobus, supporting that its dsrAB genes were not acquired
from deltaproteobacterial SRP.

It appears likely that the dissimilatory sulfite reductases of the Archaeoglobales originate from a
bacterial donor, because the evolutionary distance between Archaeoglobus species and the
bacterial sulfate reducers is much shorter in the DSrAB tree than in the 16S rRNA tree.
Consistent with this hypothesis, the sulfate-reducing phenotype is currently restricted to the
genus Archaeoglobus within the archaeal domain. Further support for a lateral transfer of
bacterial dsrAB genes to the Archaeoglobales was obtained by phylogenetic analysis of an
alignment of DsrA against the DsrB amino acid sequences. Such analysis can be used to root the
Dsr subunit trees (Gogarten 1989; Iwabe 1989, and see Fig. 2 in reference Klein 2001 for
details), since the subunits are paralogs that arose from ancestral dsr gene duplication (Dahl
1993). Independent of the treeing method used the root of the Dsr trees was consistently
indicated between Thermodesulfovibrio species and al other analyzed SRP, including the
Archaeoglobales.
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C.2.2 Further analysis on dsrAB originating from Desulfobacula
toluolica

After the detection of multiple lateral transfers affecting the dsrAB genes (Klein 2001) we
decided to examine the most recent transfer event in more detail. According to our data
Desulfobacula toluolica received its dsr operon during the latest transfer event so far detected
(Klein 2001).

Remark:

In respect of the results presented below, the position of Desulfobacula toluolica DsrAB
sequence, as determined by Klein et al. 2001, between Desulfobacterium anilini and strain
mXyS1, is not shown in the dendrograms presented above. The aleged Desulfobacula toluolica
DsrAB sequence has been removed and replaced by a novel, confirmed sequence next to

Desulfobacula phenolica (see below).

Genetic traces of transfer mechanisms, if existing, should be present upstream or downstream of

the xenologous dsr operon acquired during the latest transfer event.

Details on work performed by M. Klein for the section C.2.2 see appendix. For methodotical
details see Zverlov et al. 2004 (submitted to Journal of Bacteriology, May, 2004) also in the
appendix.

In order to verify the phylogenetic position of the dsr AB genes of Desulfobacula toluolica and to
reveal the transfer mechanism cell material of Desulfobacula toluolica and its closest 16S rRNA
neighbor Desulfobacula phenolica was obtained from the DSMZ, or cultivated, respectively.
Additionally, Desulfobacter latus was cultivated as a control. High quality DNA was extracted
in high concentrations of all three organisms by lysozym treatment, chloroform extraction, and

subsequent isopropanol precipitation of aqueous phase.

A digoxigenin- labelled dsrA-targeted polynucleotide probe was generated by PCR amplification
of adsrA gene fragment of Desulfobacula toluolica. In the PCR reaction the degenerated primer
pair DsrtA415F (5°-TAT CA(AG) GAT GAG CT(GT) CAT CG(CT) CC-3") and DsrA542R (5'-
AC(CT) GC(AGT) TCC TGA TCA AT(AGC) CGG ATA T-3") was used for amplification of a
152 bp long DNA fragment.
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During the PCR reactions approx. 25% of dTTPs were replaced by DIG labelled dUTPs. The
resulting polynuclectide probe was used in Southern blot hybridization experiments. DNA
extracts from the cultures described above were digested with different enzymes (see Figure 8)
and subsequently blotted and hybridized. dsr like sequences were detected by the probe
described above in al three species (data only shown for Desulfobacula toluolica in Figure 8).
Visualization was carried out by colorimetric detection using anti- digoxigenin antibodies tagged
with akaline phosphatase and substrate NBT/BCIP.

Lane 1 234 56 7 89

23130 bp =————pp — hned b -

b
9416 bp

6557 bp P m=—-

4361 bp W

2332 bp e
2027 0P ———pp

Figure 8 Southern blot hybridization of Desulfobacula toluolica DNA with polynucleotide probes (see above),

Lanel!| Hind Ill digested, Lanes 2 to 9 digested Desulfobacula toluolica DNA with the following
enzymes EcoRI (2), BamHI (3), Hindl 1l (4), Kpnl (5), Pst1 (6), Sall (7), Smal (8), Xbal (9).

All enzymes, except EcoRI (Lane 2 in Figure 8), posses a single restriction site within dsrAB.
Thus, DNA fragments resulting from these restriction digestions are rather big in contrast to the
fragment resulting form EcoRI digestions. The dsr AB gene fragment harbors two restriction sites
for EcoRlI. The southern blot of DNA fragements from Desulfobacula toluolica showed that this

organism carries asinge dsrA copy in its genome.

For preparation of a | - library DNA of Desulfobacula toluolica was partially digested with
Mbol (isochizomer of Sau3A), and ligated into a | BlueStar™ Vector. dsrA containing plaques
were identified by plague hybridization (Sambrook 1989) with the DIG labelled 152 bp
polynuclectide probe described above. dsrA- containing | BlueStar™ Vectors were subjected to
Cre recombinase- mediated excision of plasmid. Plasmids form E. coli BM25.8 cells were
recovered and transformed into E. coli DH5 a. From six clones overlapping fragments were

sequenced from purified plasminds form E coli DH5a cells. An 8868 kb long sequence stretch
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containing the dsr operon and flanking regions was obtained by primer walking (Gene Bank
accession number: AJ457136).

Open reading frames were identified and compared to genes in public databases by BLAST
search (Altschul 1990) (see figure below).

! > D

dsrA dsrB dsrD dsrN

Figure 9 Organization of Dsr operon, Dsr Dissimilatory sulfite reductase subunit A, B, D and N

The operon structure of dsrA, dsrB, dsrD, and dsrN was compared to the dsr operons of
Archaeoglobus fulgidus, Archaeoglobus profundus, Desulfovibrio vulgaris, Desulfotomaculum
thermocisternum, Desulfobulbus rhabdoformis, Desulfobacter vibrioformis,
Thermodesulforhabdus norvegica, Desulfovibrio desulfuricans, and Bilophila wadsworthia. The
operon organization with the succession of dsrA, dsrB, dsrD, and dsrN matched the operon
organization of Desulfovibrio vulgaris, and Desulfobacter vibrioformis. This finding is in good
accordance with the phylogenetic position of the DsrAB sequence of Desulfobacula toluolica

close to Desulfobacter vibrioformis.

The sequence of the novel dsrAB fragment from Desulfobacula toluolica was aligned to the
previously determined dsrAB sequence of Desulfobacula toluolica (Klein 2001). Surprisingly,
both sequences were highly different (lessthen 66% nucleic acid similarity).

In order to confirm the expression of the novel deduced dsrAB genes the alpha and beta subunit
of the Dsr complex were purified form pure culture and Edman degradation was performed on
the alpha subunit. These experiments were carried out by Vladimir Zverlov et al. (Technical

University of Munich) as follows:

The pure culture cells of Desulfobacula toluolica were harvested by centrifugation and lyzed by
ultrasonic treatment. The lysate was centrifuged and supernatant was purified via HiTrap Q HP
ion exchange columns. Fractions showing maximum absorption at 390 nm (Azgo/Asgo < 4) were
pooled and concentrated by ultrafiltration holding back proteins bigger then 10 kDa. Concentrate
was purified by applying 10%- polyacrylamide gel electrophoresis (PAGE), avoiding
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denaturation (data not shown). Brown Dsr band was excised and extracted from the gel. DsrA
and DsrB subunits from extract were separated by denaturing SDS-PAGE into two different
bands. Proteins were blotted on polyvinylidene difluoride membrane and stained with
Coomassie Blue (see figure 10).

<4— 50 kDa

’ <«+— 37 kDa
/

Figure 10 Quantitative denaturing SDS-PAGE of DsrA and DsrB, 15% SDS - PAGE, stained with colloid

comassie blue, lane 1 purified Dsr Proteins, lane 2 molecular weight marker

The bands of DsrA and DsrB band are visible between 50 and 37 kDa (see arrows Figure 10).

Bands of DsrA and DsrB were excised from the gel after de-staining and the N- terminus of each
protein was determined by Edman degradation on a pulsed liquid phase sequencer. The
discovered amino acid sequences matched exactly to the deduced amino acid residues retrieved

by sequencing of the Dsr-A subunit:

DsrA N terminus as determined by Edman degradation: AKHETPFL
DsrA N-terminus as determined by sequencing and translating into amino acids: AKHETPFL

Due to technical problems it was not possible to determine the protein sequence of DsrB lacking

cell material for further experiments.

To answer the question whether both dsr AB sequences, the one determined by Klein et al. (Klein
2001), and the one determined by Zverlov et al. are present in the strain Desulfobacula toluolica
DSM7467 the following PCR experiments were carried out. The primer pair DSR1F and
DSR4R, as well as the newly designed primers Dsr1.9rev and Dsr1.9-d were used to specifically
amplify dsr fragments.
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Dsrl.9rev (5- GTA GCA GTT ACC GCA (A/G)(AIT)A CAT GC-3') and

Dsr1.9-d (5- ACCCACTGG AA(A/G) CAC GG(CIT) GG-3)

are specific primers for conservative sequence motives of the old and new dsrAB sequence of
Desulfobacula toluolica, Desulfobacula phenolica and Desulfobacter latus were tested with
fresn DNA extract of Desulfobacula toluolica.

Regrettably, no original DNA from with the Desulfobacula toluolica sequenced by Klein was
available. Thus, for the following PCR experiments Desulfobacula toluolica DNA, purified by
Zverlov, has been used as template. The DNA originated from the same culture of which the Dsr

subunit has been purified and Edman degradation has been performed.

In the first PCR experiment amplification of dsr ABwas carried out with the original primer pair
DSR1F and DSR4R as published by Wagner et al. (Wagner 1998). As shown in figure 11 the
expected amplificat of 1.9 kb size could not be amplified out of fresh Desulfobacula toluolica
DNA (shown in lane 4).

Figure 11 Graph of agarose gel loaded with PCR products amplified with DSR1F / DSR4R primer pair
(Wagner 1998). Lane 1 and 5 molecular weight standard, dashed arrow: band at 2000 bp, black
arrow: specific product 1.9 kb, lane 2 negative control, lane 3 positive control with DNA from

Desulfobacter latus, lane 4 amplificats of DNA of Desulfobaculatoluolica used for PCR.

The next experiment was designed to show that the dsrAB operon sequence determined by
Zverlov matches the dsrAB sequences present in the fresh Desulfobacula toluolica DNA. A
specific primer pair was designed, targeting dsrAB and amplifying an approx. 800 bp long
sequence stretch (Figure 12 below).

The specificity of the primer pair was tested by BLAST search.
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Figure 12 Agarose gel with PCR products amplified with primers specific for D. toluolica dsr (recognized
from operon sequence). 1 and 5 molecular weight standard, dashed arrow: band at 1000 bp,
arrow: specific product, lane 2 negative control, lane 3 and 4 PCR products amplified from two

different D. toluolica DNA extractions.

The PCR reaction yielded the expected product of the right size. Thus, the primer pair designed
on the operon sequence of Desulfobacula toluolica successfully amplified the expected fragment

of the dsrA gene from the DNA extracts.

In a last experiment a primer pair was designed targeting specifically sequence motives on the
original, old dsrAB gene sequence of Desulfobacula toluolica still present in a plasmid (see

figure 13 below).
4 5

h
i

Figure 13 Agarose gel with PCR amplificats with primer specific for contamination of D. toluolica culture
(recognized from old plasmid). Lane 1 and 5 molecular weight standard, dashed arrow: band at
1000 bp, arrow: specific product, lane 2 negative control, lane 3 positive control with old D.

toluolica plasmid DNA, lane 4 fresh DNA from novel D. toluolica culture.
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The primer pair (see figure 14) specific for the “old” Desulfobacula toluolica clone sequence did
not yield a specific dstAB amplification product from the new DNA from Desulfobacula
toluolica. The lower band marked with the dotted arrow in figure 13 was sequenced but was not
related to dsrAB sequences. On the other hand PCR with Desulfobacula toluolica dsr operon
specific primers yielded a fragment of the expected size.

Subsequent, close examination of the priming site of DSR1F and DSR4R aong with their
variations (see Results and Discussion above) lead to the discovery of multiple mismatches
between these primers and the dsr operon sequence of Desulfobacula toluolica (see Figure 14
below).

Primer DSR1F AC(GC) CAIQTGG AA|IG CAIQ G
Alleged D. toluolica AC C CA|Q TGG AA|G CA|Q G
D. phenolica AC C CA|QTGG AAIACAIQ G
D. toluolica operon AC C CAIT|TGG AAIA CA|TI G
Primer DSR4R GIG TAG CAG TTA CC|G CA
Alleged D. toluolica  GTG TAG CAG TTA CC|G CA
D. phenolica GTG TAG CAG TTA CC|G CA
D. toluolica operon GTG TAG CAG TTA CC|A CA

Figureld Primer sequences of DSR1F/4R and from alleged Desulfobacula toluolica, Desulfobacula phenolica

and the oper on sequence of Desulfobacula toluolica, boxes indicate mismatches.

Because of multiple mismatches between the primers DSR1F and DSR4R primers and their
targeting sequences within the dsrAB sequences of Desulfobacula toluolica (as determined by
Zverlov) the dsrAB genes of this organisms could not be amplified. The obtained “old” D.
toluolica dsr AB sequence obviously originated from a culture or DNA contamination. Thus, the
statement that Desulfobacula toluolica carries a xenologous dsr AB sequence (Klein et al. 2001)
has to be corrected.

C.2.3 Comparison of 16S rRNA gene sequence similarity and DsrAB
identity values between SRP

In addition to the analyses described above (see also Klein 2001) estimated DsrAB identity
values and 16S rRNA gene similarities were calculated for all available SRP reference strains

for which the respective marker molecule sequences are of sufficient quality The resulting
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identity/similarity values (DsrAB and 16S rRNA gene sequence) for each pair of SRP were
blotted against each other (Figure 15).
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16S rRNA gene sequence similarity
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DsrAB sequence identity

Figure 15 DsrAB identity values blotted versus 16S rRNA gene sequence similarity values of pairs of pure
culture SRP; horizontal line on they — axis at 0,97 16S rRNA similarity indicates the threshold
for species assignment on the 16S rRNA level (Stackebrandt 1994); transverse line constitutes
the trend line of all species pairs consisting exclusively of organisms with an orthologous sulfite

reductase; filled dots represent all pairs, open dots represent identity/similarity pairs with one
partner as a member of Archaeoglobus, arrows indicate identity/similarity pairs for data point
having both partners as members of Archaeoglobus, all available sequence positions have been

compared i.e. insertions and deletions wer e not removed from the data set.

Figure 15 shows that SRP pairs possessing DsrAB sequences with less than 79% sequence
identity always share less than 97% sequence similarity on the 16S rRNA gene level and can
thus be considered as separate species (Stackebrandt 1994). This threshold value should be used
as guideline for interpretation of environmentally retrieved dsrAB sequences. However, since
two bacteria which have more than 97% sequence similarity on the 16S rRNA gene level may or
may not be members of the same species (Fox 1992) this approach will lead to underestimation
of SRP species richness in ecosystems deduced from dsrAB clone libraries.

Consistent with the phylogenetic analysis, the DsrAB identity values between members of the
genus Archaeoglobus and bacterial SRPs are much higher than expected from 16S rRNA gene
sequence similarities, reflecting that Archaeoglobus possesses a bacteria sulfite reductase.
Therefore, specie pairs, having Archaeoglobus as one partner, form a separate cluster (at the
lower left) in figure 15. Furthermore, the DsrAB identity values within the genus Archaeoglobus
(arrows in figure 15) are higher than expected from 16S rRNA gene sequence similarity data.
This finding indicates that the sulfite reductase genes have, compared to the 16S rRNA gene, a
higher mutation rate within the genus Archaeoglobus than in other bacterial SRP. Probably, the
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bacterial sulfite reductase genes received by Archaeoglobus had to be adapted by their new
hosts, thus evolving faster than orthologous sulfite reductases. The similarity/identity values

between members of Archaeoglobus are presented in Table 5:

Table 5. Estimated similarity/identity values in (%) of Archaeoglobus species, DsrAB identity values are
presented in the upper square, 16SrRNA gene similarity valuesin the lower square

Archaeoglobus Archaeoglobus Archaeoglobus

fulgidus veneficus profundus
DsrAB identity values
Archaeoglobus fulgidus 79% 80%
Archaeoglobus veneficus 98% 73%
Archaeoglobus profundus 94% 95%
16S rRNA similarity values

In the following evaluation DsrAB identity values and 16S rRNA gene sequence similarity
values of Thermodesulfobacterium are examined in more detail (figure 16 below).

! I~ .—._‘*.’E

16S rRNA gene sequence similarity

0,4 05 06 0,7 08 0,9 1

DsrAB sequence identity

Figure 16 DsrAB identity values blotted versus 16S rRNA gene sequence similarity values of pairs of pure
culture SRP; horizontal line at 0,97 16S rRNA gene similarity indicates species border on 16S
rRNA level (Stackebrandt 1994); transverse line constitutes the trend line of all species pairs
consisting exclusively of organisms with an orthologous sulfite reductase; filled dots represent all

pairs, open dots represent identity/similarity pairs with one partner is a member of
Thermodesulfobacterium, arrow indicate identity/similarity pairs with both partners are members
of Thermodesulfobacterium.

The clustering of Thermodesulfobacterium similarity and identity pairs reveal an unexpected
finding. As shown earlier, Thermosdesulfobacteria have accepted dsrAB genes from a
proteobacterial donor. Since Thermodesulfobacteriumis no close relative of Deltaproteobacteria
on 16S rRNA gene level one would expect to find the similarity / identity pairs significantly
below the trend line. Nevertheless, the similarity and identity values can be found next to the
trend line (figure 16). This finding indicates that the latera dsrAB gene transfer from a
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proteobacterial donor to Thermodesulfobacterium has taken place long time ago, and the 16S
rRNA and the dsrAB genes of Thermodesulfobacterium evolved ssimultaneously. This explains
aso the larger distance on DstAB level between Thermodesulfobacterium and

Deltaproteobacteria.

The similarity/identity pair of Thermodesulfobacterium commune and Ther modesulfobacterium
mobile with each ather is indicated by an arrow in figure 16. The dot is placed very close to the
trend line. The phylogenetic divergence between these two strains in thus comparable between
both marker molecules. It can be hypothesized that the lateral gene transfer event that brought
the dsr gene into the genus Thermodesulfobacterium took place before the speciation of the
ancestral Thermodesulfobacterium into the species Thermodesulfobacterium commune and

Thermodesul fobacterium mobile.

As shown above Desulfotomaculum holds a special position, since part of these Gram positives
carry dsrAB genes from deltaproteobacterial donors and other stains do not. In figure 17 and the
subsequent text the identity / similarity pairs of different Desulfotomaculum clusters are

examined.

16S rRNA sequence similarity

0,4 T T T T T
0,4 0,5 0,6 0,7 0,8 0,9 1

Dsr AB sequence identity

Figure 17 DsrAB identity values blotted versus 16S rRNA gene sequence similarity values of pairs of pure
culture SRP; horizontal line at 0,97 16S rRNA similarity indicates species border on 16S rRNA
level (Stackebrandt 1994); transverse line constitutes the trend line of all species pairs consisting
exclusively of organisms with an orthologous sulfite reductase; filled dots represent all pairs,
open dots represent identity/similarity pairs with one partner is a member of Desulfotomaculum
with a xenologous dsr, crossed diamonds indicate identity/similarity pairswith both partnersare
members of Desulfotomaculum with xenologous dsr.

- 44 -




C RESULTS AND DISCUSSION

Three clusters of dots will be discussed in more detail. Cluster | as indicated in figure 17 by the
ellipsoid consists mainly of similarity/identity pairs with a xenologous and an orthologous
Gram-Positive partner, respectively. Other diamonds in this €elipsoid are pairs with
Desulfobacca acetoxidans as a partner. This cluster contains SRP which have unusualy low
DsrAB sequence identities compared to their 16S rRNA sequence similarities. This finding can
be clearly explained by the lateral gene transfer of dsr, which affected only a part of the
Desulfotomaculum strains and thus, caused members of this genus to possess very different
sulfite reductases. In good accordance to this, the pars consisting of a xenologous
Desulfotomaculum and a deltaproteobacterial partner (marked by the hexagon) mostly exhibit a
dightly too low 16S rRNA similarity compared to their DsrAB identity values. Pairs boxed in
the sguare consist of a xenologous Desulfotomaculum partner and either Desulfobacterium
anilini or strain mXyS1, their closest DsrAB neighbors. The position of the square clearly below
the trend line indicates that these organisms have unusually similar DsrAB sequences compared
to their 16S rRNA similarities. This finding is consistent with the phylogenetic analysis and
suggests that Desulfobacterium anilini/strain mXyS1 represent the donor lineage from which the

aulfite reductase was transferred to the Desulfotomacul um species.

C.2.4 Further reflections on lateral gene transfer

C.2.4.1 Comparison of G+C% content of dsrA and dsrB

DsrAB genes were subject to multiple lateral gene transfer events. Theoretically, SRPs might in
addition be able to exchange and replace the gene for one subunit of the sulfite reductase and
keep the gene for the other subunit. Such events would result in organisms carrying dsrA and
dsrB genes of different origin. A rapid method for detection of replacements affecting only one
subunit is to blot the G+C% contents of the alpha subunits versus the beta subunits. Diverging

dots from the trend line would indicate such events. In figure 18 such ablot is presented:
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Figure 18 Blot of the G+C% content of dsrA versus dsrB, line represents trend line; intergenic spacer was
removed for calculation.

No clear deviation can be observed. Lateral gene transfer of a single subunit gene with
significantly higher or lower G+ C% content can not be observed. However, based on this
analysis, it can neither be ruled out that a subunit gene transfer took place between organisms
with similar G+C% content, nor that a transfer has taken place long ago and the G+C%
ameliorated towards the novel host genome G+C% content.

This finding, that no subunit lateral transfer took place was further confirmed by separate
phylogenetic analysis of dsrA and dsrB. Subunit trees have been calculated and examined for

species with deviating phylogenetic positions (data not shown, see also Klein 1998). Again no
hints at lateral gene transfer of single subunits were found.

C.2.4.2 Comparative analysis of genomic G+C% content and dsrAB G+C% content

A blot of the G+C% contents of the dsrAB gene fragments against the host geromic G+C%
contents was examined (Figure 19).
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Figure 19: Blot of dsrAB G+C% versus genomic G+C% of the same SRP, linerepresentstrend line, arrow 1
mar ks Desulfotomaculum halophilum, arrow 2 Desulfotomaculum alkaliphilum.

The magjority of G+C% pairsin figure 19 can be found near the trend line. For those SRP which
carry a xenologous sulfite reductase this finding indicates that either the respective donor strains
had a comparable genomic G+C% content and/or that the sulfite reductase transfer occurred a
long time ago and that the G+C% content of the sulfite reductase genes was ameliorated towards
the new host genome. The only conspicuous finding affects Desulfotomaculum halophilum,
marked by arrow 1 in Figure 19. The dsrAB G+C% content of Desulfotomaculum halophilumis
44 and thus very low compared to its genomic G+C% content of 56. The closest neighbor of
Desulfotomaculum halophilum on 16S rRNA gene sequence level and DsrAB levdl,
respectively, is Desulfotomaculum alkaliphilum. Both share a 16S rRNA gene sequence
similarity of 92,7 %. Nevertheless, Desulfotomaculum alkaliphilum has no unusua G+C%
content of its sulfite reductase genes (dsrAB G+C%: 46; genomic G+C%: 41). The DsrAB
sequence identity between the two SRP is 82 %.

The two Desulfotomaculum strains form monophyletic clusters in ribosomal RNA gene based
and DsrAB based phylogenetic dendrograms. Therefore lateral gene transfer is not adequate

explanation for the unusually low G+C% content of the dsr AB genes of D. halophilum.

C.2.4.3 Consequences of lateral gene transfer

Future investigation on acceptors of lateral dsr genes should investigate the close genetic
neighborhood of the dsr operons in order to revea the present of insertion sequence (1S)

elements, or other hints at the integration of mobile genetic elements (e.g. genes encoding
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transposase). IS elements have dready been identified in Desulfovibrio vulgaris and
Desulfomicrobium norvegicum (Fu 1998) and could thus be found in other sulfate reducing
strains, including the donor strain of xenologous dsr genes. Notably, IS elements are also very
far distributed within the Archaea and there also have been detected within members of
Archaeoglobus (DiRuggiereo 2000). Additional knowledge on genes that flank the dsr AB genes,
and that might have been transferred in the same event, could help to clarify the question of the
origin of the dsr donor lineages and the extend of the transfers. Questions are, for example,
weather the complete dsr operon has been transferred, co-transfer of genes encoding the APS
reductase took place (Friedrich 2002), or cytochromes involved in energy conservation during
sulfate respiration were also moved. It has been observed for eukaryotic transposable elements
that these elements formed the basis for gene duplication (Kidwell 2001). A possible scenario
could be that the genetic mechanisms, which lead to the gene duplication of the ancestral dsr

gene, were also responsible for the lateral transfer of the descendant genes.

In the search for the donor strains of laterally transferred dsr genes the structure of the dsr
operon could restrict the number of possible candidates. The sulfite reductase found in
Desulfobacterium anilini is closely related to the xenologous Gram positive dsr AB genes. Thus,
the investigation of the neighboring genes of the sulfite reductase could help to understand how
the dsr operon, obviously originating from a Gram negative bacterium could be functionally
expressed in the Gram- positive strains. Examination of the most recent lateral transfer isin this
case the most promising way to answer this questions, because reshuffling of the genome can

extinct the tracks of older lateral gene transfer events and separated the originally group of genes
transferred (e.g. Kidwell 2001) and citations within). However, 7.3 kb upstream of the dsrABD
genes in Archaeoglobus fulgidus (genome at www.tigr.org) a gene coding putatively a histidine
kinase can be found. In arecent study (Kim 2001) the authors stated that Archaeoglobus fulgidus
bears a histidine kinase originating from a bacterial source that has been acquired via lateral

gene transfer. It seams possible that the dsrAB genes and the histidine kinase could have been

acquired in the same transfer event or at least frequent transfer of genetic material between
Archaea and Bacteria is possible. Archaeoglobus carries also another gene of bacterial origin, a
gyrase. This type Il DNA topoisomerase which specifically introduces negative supercoils into
DNA (Moreira1998) was possibly transferred from the Bacteria towards the Archaea via latera
gene transfer. However, no evidence can be found that these lateral gene transfers have taken

place in one event and were in connection with sulfate reducing bacteria.
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It has been hypothesized that Archaeoglobus was the donor of a glutamate synthase Glts for
Thermotoga maritima (Nesbg 2001) and had close “genetic’ contact with a non sulfate reducing
bacterium. In conclusion, it can be stated that members of Archaea and Bacteria had and have
frequent genetic contact and functioning genes can be exchanged.

It is known that functional genetic elements of sizes up to 500 kb can be transferred in a single
event as shown in the case of the symbiosis island of Mesorhizobium sp. strain R7A (Sullivan
2001). In this case genes coding for a nif-specific regulator, several synthetases (e.g. quinolinate-
biotin-, and dethiobiotin-synthetase) and several other enzymes were transported. The transfer of
this symbiosis island converts nonsymbiontic mesorhizobia to symbionts able to nudulate and
fix nitrogen with Lotus corniculatus (Sullivan 2001). A transmission process like that could have
represented the transport mechanism of the dsr genes and other genes of the sulfate reduction
pathway over the domain borders form a bacterial donor towards an archaeal acceptor, or vice

versa

C.3 Analysis of environmental DsrAB sequences

C.3.1 Global traits in DsrAB based environmental surveys

Since the publication of Wagner et al. (Wagner 1998) who demonstrated that the Dsr approach
is suitable to detect SRP, its application in various environmental studies has been shown (see
below). Although DsrAB sequences of al, at the present known, SRP lineages have been added
to the data base, regularly novel evolutionary lineages are recognized. How to cope with this
problem holds a key position in this work. This thesis is the first to summarize the results form

environmental SRP surveys based on the Dsr approach.

The major tendencies of DsrAB based environmental SRP surveys can be summarized as (i) soil
studies, exhibited the highest mean species richness of SRP i.e. the highest number of different
DsrAB sequences were found per study. Further, (ii) the biggest differences of richness could be
observed between studies in aquatic habitats, (iii) the highest total number of detected SRP
lineages was also observed in aquatic habitats, and (iv) 62 % of the environmentally derived
DsrAB sequences could be clearly related to lineages containing at least one pure culture
sequence, 38 % were placed in exclusively environmental lineages (sequences which could not
be affiliated in regard of different phylogenetic positions resulting from different tree calculation

methods, were ignored for calculation of this percentage value).
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C.3.2Consensus tree containing available pure culture and
environmental DsrAB sequences of good sequence quality

The consensus tree summarizes the stable and reproducible results from different tree
calculations agorithms performed on the DsrfAB data set containing pure culture and
environmental DsrAB sequences and compiles this information in a single dendrogram. Figure

20 shows the consensus tree constructed as described in the Material and Methods section.
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Thermodesulfobacterium lineage (2)
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Figure 20 DsrAB consensus dendrogram with pure cultures and environmental sequences of good sequence
quality (see Material and Methods section for details), open cycles, closed cycles and crosses
indicate bootstrap support for the branching point higher then 75, 90 and equal 100, respectively;
bar indicates 10% estimated sequence deviation. Number behind lineages indicates number of
species in therespective group.

-51-



C RESULTS AND DISCUSSION

In total 39 phylogenetic units have been defined using phylogenetic monophyly, and an intra-
group-DsrAB-identity-value of 77 % (see Material and Method section) or higher as criteria.
Twenty-four of these lineages contain at least one DsrAB sequence derived form a described
pure culture. Fifteen environmental lineages have been defined, consisting exclusively of
environmental DsrAB sequences from uncultured SRP. Environmental lineages X to Xl are
clearly affiliated with the Deltaproteobacteria and thus represent novel lines of evolution within
this group. The phylogenetic affiliation of the other environmental lineages remains unresolved
but they are not closely related to any recognized SRPs.

C.3.3 Comparison of branching order of pure culture SRP in pure
culture DsrAB and environmental DsrAB dendrogram

The incluson of environmental sequences into the database of DsrAB sequences had
consequences for the stability of the deduced dendrograms. The changes induced by addition of
the environmental sequences to the data set were examined in figure 21. While most of the
lineages are well supported, the branching order of many lineages differs if different treeing
methods are applied. In this case multifurcations were used to indicate that, for the respective
lineages, no consistent tree topology was observed, when using different methods for phylogeny
inference. Most likely, long- branch attraction caused several of these inconsistencies. A more
robust phylogenetic analysis will thus have to await the inclusion of more high quality dsrAB
sequences for each of the environmental lineages.
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Figure 21 Comparison of topology of DsrAB based consensus dendrograms; A: Pure culture dendrogram with additional environmental sequencesand B: Pureculture
dendrogram without environmental sequences; bar indicates 10 % estimated sequence deviation; big gray cycles and boxes indicate changed branching
orders; open cycles, closed cycles and crosses indicate bootstrap support for the branching point higher then 75, 90 and equal 100, respectively.
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C.3.4 Classification of short environmental dsr sequences

Table 6 summarizes the affiliations of the short (less then 1401 nucleotides or bad sequence
quality) environmental dsr sequences. The columns present examined habitats and provide the
respective references. Sequences were assigned to the phylogenetic lineages as defined above.
The numbers within the table indicate the number of sequences obtained in the respective study
which were related to a certain lineage. In the last two columns the total number of retrieved
clones per lineage and the absolute number of studies containing sequences of a certain lineage
are presented. The last six lines of the table give (i) the number of clones that were impossible to
affiliate due to missing corresponding described species or cloned dsrAB sequences, (ii) the
number of lineages found per study, (iii) the number of clones that were impossible to affiliate
due to contradictory results of the phylogenetic anayses (iv) the total number of clones
sequenced per study, (v) the number of lineages found per habitat, and (vi) the ratio of lineages
containing at least a single pure culture and lineages without any recognized affiliation to a pure
culture. The accession numbers or citations of al examined dsrAB sequences are given in the
appendix.
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Table 6 Phylogenetic affiliation of short environmental Dsr AB gene fragments.

Environmental Habitat Soil Sediment Water "Symbiotic/Associated”
c o =

s | .| 2| g |&s] g ¢ 2 2| 5 |8Be| 2| 5| | Es| =] 2| i] 2| B g

2 £ & $ | 88] & 8 ]3] 2 £ |asg) 65| 3 | pE) 8E | <5)] & | SE) & s 3
Orthologous Desulfotomaculum lineage 1
Desulfobacca acetoxidans 2 1 1
“Syntrophobacteracae” 2 S 1 1 5 5 g
Thermodesulfobacterium lineage &
“Desulfobulbaceae” 1 4 1 7 5
Xenologous Desulfotomaculum and D. anilini lineage 10 3 1 8 16 1 31 2 10 1
Desulfomonile lineage 1 2 2 3
Desulfovibrio aespoeensis / oxyclinae lineage 1 1
Desulfovibrio/ Bilophila lineage 2 1 g 1 4 5
Desulfovibrio longus 1 1
Desulfomicrobium lineage 13 19 2
Desulfohalobium lineage 19 1
Desulfosarcina/ D. oleovorans/ D. cetonicum lineage 2 13 2 11 9 6 2 1 1 9
Desulfobacter/ Desulfotignumg /Desulfospira lineage 4 1
Desulfosporosinus / Desulfitobacterium lineage
Archaeoglobales
Desulfoarculus baarsii
Desulfonatronum lacustre
Desulfovibrio desulfuricans strain El Agheila Z
Desulfonatronovibrio hydrogenovorans
Desulfococcus multivorans 14
Desulfofabagelida
Environmental Lineage | 7 2 1 5 4
Environmental Lineage I 1 1
Environmental Lineage Ill 1 3 3 3
Environmental Lineage IV 1 4 3 3
Environmental Lineage V 2 1
Environmental Lineage VI 3 1
Environmental Lineage VII 24 6 5
Environmental Lineage VIIl 12 2
Environmental Lineage IX 1 2 1 1
Environmental Lineage X 3
Environmental Lineage XI 1 1
Environmental Lineage Xl 1
Environmental Lineage XIIl 2 1
Environmental Lineage XIV 1
Environmental Lineage XV 1 4
Not affiliable, no related described species available 5 20 8 1 2 29 1 2
Number of Lineages found per study 8 10 5 5 3 4 5 5 5 7 3 13 3 5 3 2 1 1 1 1
Sequences not monophylotic in both trees 1 4 2 3 11 2 5
Sum of clones sequenced per study 59 47 13 49 17 30 21 28 0 36 39 84 19 30 10 13 2 2 19 4
Number of Lineages found per habitat 16 13 20 4
Pure culture lineages/unaffiliated lineages in habitat 7 9/4 9/11 40

Environmental sequences were assignable to members of the Deltaproteobacteria-,

Thermodesulfobacterium-, and Desulfotomaculum-lineages.

In the following paragraph the results which are summarized in table 6 will be discussed in more
detail. However, some important remarks on the interpretation of table 6 have to be considered

previoudly.
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High numbers of retrieved dsr gene sequences related to a certain lineage are no prove for a
significant ecological role of the microorganisms harboring these dsr genes, since the presence
of genesis not necessarily connected with expression of the respective genes. A high number of
retrieved dsr genes do also not hint at a high abundance of the organisms. None of the studies
summarized in Table 6 was carried out quantitatively, in respect of coverage vaues or
rarefaction analyses. Sequences of dsr genes were also retrieved form environmental enrichment
cultures, growing on various hydrocarbon sources. Thus, the sampling introduced the first biases
in the determination of the SRP diversity. Each following step, beginning with the DNA
extraction introduces further biases. Furthermore, one should keep in mind that the Dsr —
approach is PCR dependent. It is very likely that the PCR will not reproduce the abundance of
the different environmental dsr sequences correctly. It is known that certain genes can be
amplified more efficiently than others (e.g. Hansen 1998; Polz 1998; Suzuki 1998). This
preferred amplification can be, but must not be, independent of the copy number of the
respective DNA molecules in the DNA template mixture (Suzuki 1996; Polz 1998). The
selective amplification of certain target molecules is strongly influenced by (i) the of the target
molecule, and (ii) G+C% composition the, (iii) the numbers of PCR cycles and (iv) the target
DNA flanking regions (Suzuki 1996; von Wintzingerode 1997; Hansen 1998; Polz 1998; Bonnet
2002).

Quantification of microbial communities from analyses of clone libraries is thus not possible. It
is only admissible to draw qualitative conclusions. The number of studies comprising a certain
lineage of dsr sequences allows an estimation of the distribution of this lineage in a certain
habitat.

Accordingly members of the Desulfosarcina /D. oleovorans /D. cetonicum (Dss/Do/Dc) lineage
and the xenologous Gram-Positive/Desulfobacterium anilini (xG+/Dai) lineage are the most
widespread SRP in the examined studies. Subsequently, the most widespread lineages will be
discussed in more detail.

Firstly, Desulfosarcina related environmental dsr sequences will be discussed.

dsrAB sequences related to the Dss/Do/Dc lineage have been retrieved from al sediments
analyzed in this study. With the exception of the hot spring streamer, the hyper-saline microbia
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mat (Minz 1999b) and the bio-reactor Dss/Do/Dc lineage related sequences were found in every

kind of habitat (water, sediment, soil), even as symbiont of a marine worm (see Table 6).

In order to evauate these findings the results were compared to findings of experiments
employing other techniques then the dsr approach. In the following paragraph results from

mostly 16S rRNA gene sequence based environmental SRP surveys are discussed.

Environmental 16S rRNA gene sequence based studies (FISH, PCR) and cultivation dependent
approaches (besides the studies summarized in Table 6) confirm the wide distribution of
Dss/Do/Dc related organisms in sediments (Loka-Bharathi 1991; Devereux 1994; Devereux
1996; Gray 1996; Rooney-Varga 1997; Crump 1999; Ravenschlag 1999; Sahm 1999b; So 1999;
Urakawa 1999; Bowman 2000; Ravenschlag 2000; Orphan 2001; Hayes 2002; Inagaki 2002;
Michaelis 2002; Orphan 2002). The most common probes to detect Desulfosarcina-like
organisms in FISH studies were S-*-Dsb-0804-a A-18 (nomenclature according to (Alm 1996),
probe design by (Devereux 1992), and S-*-Dsb-0658-aA-18 (Manz 1998). These probes
however do not exclusively detect members of the Dss/Do/Dc lineage. These probes targets also
16S rRNA from Desulfobacter spp., Desulfobacterium spp., Desulfofrigus spp., Desulfofaba sp.,
Desulfostipes sp., Desulfococcus sp., Desulfobotulus sp., Desulfomusa sp. and Desulforegula sp.
(Loy 2003). Since it is also possible that Desulfosarcina like non-sulfate-reducing
Deltaproteobacteria could be detected, it is not possible to state that the retrieved signals and/ or

rRNA gene sequences originate from sulfate reducing bacteria.

Subsequently the picture of the Dss/Do/Dc lineage will be completed by considering the biology

of the pure cultures which define this lineage.

The DssDo/Dc lineage contains the reference strains Desulfosarcina variabilis
Desulfobacterium oleovorans, and Desulfobacterium cetonicum. The DsrAB sequences of strain
oXyS1 (DSM13228, (Harms 1999), Desulfosarcina CMEL (Joulian 2001), and strain AK-01(So
1999) were aso clearly affiliated with the Dss/Do/Dc lineage.

The type strains have been isolated form marine mud (Desulfosarcina variabilis; Widdel 1980),
mud from an oil/water separator (Desulfobacterium oleovorans; Aeckersberg 1991) and from oil

recovery water (Desulfobacterium cetonicum; Galushko 1991).
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The reference strains and strain 0XyS1 have been described as effectively degrading various
hydrocarbons. They oxidize e.g. diphatic acohols, aromatic hydrocarbons (o-Xylene), fatty
acids, and alkanes (e.g. Widdel 1980; Heider 1998; Harms 1999; So 1999).

The presence of sequences related to the DssDo/Dc lineage might reflect the residence of
organisms capable of oxidizing a large variety of hydrocarbons. Their occurrence could aso be
interpreted as the presence of such organic compounds in the examined ecosystems.
Furthermore, the wide distribution of Desulfosarcina like organisms, especialy in coherence
with anaerobic methane oxidation (Boetius 2000; Orphan 2001; Thomsen 2001; Michaelis 2002;

Nauhaus 2002; Vaentine 2002) indicate a major environmental importance of these organisms.

The monophyletic branch of the xenologous Gram positives and Desulfobacterium anilini
related environmental dsr sequences are of special interest. This branch contains Gram-positive
SRP acceptors of xenologous dsr genes of proteobacterial origin. Furthermore, the branch

contains two deltaproteobacterial reference strains, Desulfobacterium aniline and strain mXyS1.

This second most frequently retrieved group, abridged xG+/Dai, was found most widespread in
water samples. The presence of this group was less distinctive in soil and sediment samples. The
bootstrap support for this lineage was 99%. Retrieval of sequences related to this lineage has to
be interpreted with caution since this lineage encloses acceptors of laterally transferred dsr genes
(see above). Most of the environmental clones can be affiliated to the monophyletic branch of
xenologous Desulfotomaculum dsrAB sequences or to the monophyletic branch of

Desulfobacterium anilini/ mXyS1 lineage (Figure 22):
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100 Desulfotomaculum thermobenzoicum

100 Desulfotomaculum thermoacetoxidans

_96|: Desulfotomaculum thermocisternum

Desulfotomaculum kuznetsovii

A Uncultured bacterium from bore hole of ultra deep gold mine (South Africa)

10 Isolat from rice paddy soil (Ger many)
Isolat from rice paddy soil (Germany)
L Desulfotomaculum acetoxidans

‘ N
outgroup Uncultured bacterium from bore hole of ultra deep gold mine (South Africa)
Isolat from rice paddy soil (Ger many)

50 Desulfotomaculum geothermicum

Desulfotomaculum thermosapovorans
Clone from Solar Lake Water Column ZZ1, 2.25 m (Egypt)

A Desulfobacterium anilini
100 sulfate reducing strain mxyS1

8r
_| 12 clones from Mariager Fjord water column (Denmark)

Figure 22 Consensus tree based on Protein Parsimony (100 bootstraps replications) and Fitch-Margoliash
DsrAB dendrograms (calculated with indel filter). Outgroup species were chosen form main
DsrAB lineages. Bar indicates 10 % sequence identity. Light shaded box marks sub lineages
containing xenolog Gram-Positives and related environmental sequences, white bar indicates
environmental sequence which can not be affiliated to one of the other groups, dark shaded
lower box indicate monophyletic sub lineages of the Dai lineage.

Besides dsrAB sequences from pure cultures, environmental clones of good sequence quality
were used for computing the dendrogram. Seventeen environmental clones grouped with the
xG+/Dai lineage. All twelve Mariager Fjord clones were affiliated with the deltaproteobacterial
strains Desulfobacterium anilini and mXyS1. The bootstrap support for this branching order was

94%. The minimum identity of the DsrAB sequences in this cluster was 77%.

Environmental clones related to Desulfobacterium anilini and stain mXyS1 were detected in
hydrocarbon rich deep surface water (aquifers), soil samples (pristine, eutrophic, methanogenic),
brackish water sediments, chemocline of marine water column, hypersaline water column, and

within a Cu-Pb-Zn mine.

DsrAB sequences related to the Desulfotomaculum strains were derived from environmental
clones and isolates originating ground water from three different study sites, from rice paddy

soil and sediment samples.

59 % of the environmental sequences affiliated with the xG+/Dai lineage could be assigned to
the xenologous Desulfotomaculum lineage, and 41 % with the Desulfobacterium anilini lineage,
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respectively. Both lineages contain described species isolated from aqueous sites. These sites
were often polluted with heavy hydrocarbons load. The group represents a metabolically
variable lineage of SRP. Interestingly, there was only a single study (Chang 2001) which
retrieved an environmental dsrAB gene sequence that was related to the orthologous Gram:
positive Desulfotomaculum strains. The clone originated from ground water and was most

closdly related to Desulfotomaculum aeronauticum.

In this context, findings of experiments employing other techniques then the dsr approach and

concerning Desulfobacterium anilini and strain mXyS1 were reviewed.

16S rRNA and 16S rRNA gene sequence based studies detected Desulfobacterium anilini
related organisms and mXySl1 related organisms in marine sediment (Galushko 1999; Bowman
2000; Hayes 2002; Inagaki 2002).

Desulfobacterium anilini was isolated from marine sediment (North Sea, Germany, Schnell
1989), and mXyS1 was recovered from the seawater phase in an oil tank (Harms 1999). Both
strains are able to degrade various hydrocarbons. They are able to oxidize organic compounds

completely.

Gram- positive Desulfotomaculum strains of the xG+/Dal lineage were also detected by dsr

independent studies in various sulfidogenic environments.

Members of the xenologous Gram positive Desulfotomaculum were detected in polluted
aquifer/ground water from an oil-storage cavity (Dojka 1998; Watanabe 2002), and sandstone
core, drilling mud and production water from oil fields (Leu 1998). These strains were also
found in samples and enrichment cultures from rice fields and rice root soil (Wind 1999; Stubner
2000; Stubner 2002), from marine sediment (Isaksen 1994), from sediment of freshwater lakes
(Bak 1991; Fukui 1996; Scholten 2000), and from brackish sediment (Boschker 2001).
Additionally, a 16S rRNA gene sequence related to Desulfotomaculum thermosapovorans was
retrieved from fluid sample from ocean crust (Cowen 2003). Generally, Desulfotomaculum
targeted 16S rRNA oligonucleotide probes are not so commonly used as it is the case for
deltaproteobacterial SRP targeted FISH probes.
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The following section provides information on xenologous dsr carrying Gram positive
reference strains with regard to temperature preference and oxidation capacity.

With one exception, al xenologous Desulfotomaculum strains present in the pure culture tree
and Desulfotomaculum luciae, which also belongs to this xenologous group (according to
DsrAB based dendrograms, data not shown), represent thermophilic spore forming SRB. The
only exception is the mesophilic Desulfotomaculum acetoxidans. The pure cultures have been
isolated from piggery waste (Desulfotomaculum acetoxidans, (Widdel 1977), rice hulls and
peanut shells compost (Desulfotomaculum thermosapovorans, (Fardeau 1995), geothermal
ground-water (Desulfotomaculum geothermicum, (Daumas 1988) and Desulfotomaculum
kuznetsovii, (Nazina 1989), sludge from a thermophilic anaerobic reactors (Desulfotomaculum
thermoacetoxidans and Desulfotomaculum thermobenzoicum, (Min 1990; Tasaki 1991), hot
spring sediment (Desulfotomaculum luciae, (Liu 1997), and formation water from an oil
reservoir (Desulfotomaculum thermocisternum, (Nilsen 1996b). With the exception of
Desulfotomaculum thermocisternum and Desulfotomaculum thermosapovorans (no data found
for Desulfotomaculum luciae) all other strains are complete oxidizers.

The spore forming sulfate reducers are usually found more frequently in habitats with alternating
oxic and anoxic cycles. They are less frequently found than Gram-Negative SRP in habitats that
are permanently or usually anoxic. Their spores alow them to survive dryness and oxic

conditions.

The xenologous Desulfotomaculum were found in three of five agueous habitats. No xenologous
Desulfotomaculum strains were detected in the water column of a marine habitat and a
hypersaline habitat.

Syntrophobacteracae contain the sulfate reducing Syntrophobacter wolinii and Syntrophobacter
fumaroxidans as well as Thermodesulforhabdus norvegica, Desulfovirga adipica,

Desulfor habdus amnigenus, and Desul facinium infernum:

The presence of Syntrophobacteracae in al three soil studies implicate that this SRP lineage is
widely distributed in soil ecosystems. Members of the Syntrophobacteracae were aso found in
the hyper saline water column of Solar Lake, the hydrothermal water of a Cu-Pb-Zn mine,

within a hot spring microbial streamer and at petroleum contaminated sediment.
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With other methods member of the Syntrophobacteracae were found in comparable habitats.

Members of this lineage were detected in oil field water, oil reservoirs, and from crude oil
(Thermodesulforhabdus norvegicus related, (Nilsen 1996a; Tanaka 2002), in a marine
hydrothermal vent (Desulfacinum related Sievert 2000), in bio reactors feed with waste water
(Syntrophobacter  spp., Santegoeds 1999), and associated with rice  roots
(“Syntrophobacteriacae”, Wind 1999; Scheid 2001).

The biology of the pure cultures of the “Syntrophobacteracae” has to be regarded in respect of

the syntrophic lifestyle of some of its members.

Within the lineage of Syntrophobacteracae syntrophic and non-syntrophic organisms can be
found. Nonsyntrophic SRP are the two thermophilic organisms, Desulfacinum infernum and
Thermodesulforhabdus norvegicus and the mesophilic Desulforhabdus amnigenus and
Desulfovirga adipica strains. Real syntrophs are only Syntrophobacter fumaroxidnas and

Syntrophobacter wolinii.

Additionally five environmental sequences from the hyper saline Solar Lake water column, two

sequences from fen soil and a sequence from rice paddy soil can be found in this lineage.

Desulfacinum infernum and Thermodesulforhabdus norvegicus were isolated from enrichment
cultures inoculated with formation water from North Sea oil fields (Beeder 1995; Rees 1995),
Desulfovirga adipica, Syntrophobacter wollini, and Syntrophobacter fumaroxidans from
wastewater digesters (Boone 1980; Harmsen 1998; Tanaka 2000).

Desulfobul bus/Desulforhophal us/Desul fofustis related environmental dsr sequences were found
in soil, sediment and water samples. In addition Desulfobulbus/Desulforhophalus like sequences

were retrieved from Alvinella pompejana exosymbionts.

Findings of experiments employing other techniques are presented in the following section.

In the literature Desulfobulbus / Desulforhopalus/ Desulfofustis related organisms have been

described to thrive in marine sediments (Devereux 1994; Gray 1996; Ravenschlag 1999; Sahm
1999a; Sahm 1999b; Ravenschlag 2000; Wieringa 2000; Orphan 2001; Purdy 2001; Hayes
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2002; Purdy 2002), the marine water column (Teske 1996), the water column of a meromictic
apine lake (Bosshard 2000), deep-sea cold seep sediment (Inagaki 2002), in an estuarine
environment (Crump 1999), in rice paddy soil (Wind 1995), from a shallow oil field (VV oordouw
1996), and from a landfill leachate (Daly 2000).

Regarding the reference strains, Desulfobulbus propionicus was isolated from freshwater mud
(Widdel 1980), Desulfobulbus rhabdoformisfrom oil field water (Lien 1998), Desulfobulbus
elongatus from a digester (Samain 1984), Desulfobulbus DSM 2058 and Desulfofustis glycolicus
from marine mud (Widdel 1980; Friedrich 1995), Desulforhopalus singaporensis marine mud

fromamarsh (Lie 1999), and Desulforhopalus vacuolatus from an estuary (Isaksen 1996).

Members of the Desulfobulbus/Desulforhopalus/Desulfofustis lineage have been found
consistently in the same habitats by the DsrAB approach, by cultivation and 16S rRNA gene
sequence based studies.

An interesting metabolic feature, which is found in this lineage, is the ability to gain energy from
the disproportion of sulfur. Desulfobulbus propionicus and the related strains Desulfocapsa

thiozymogenes and Desulfocapsa sulfoexigens, grow well by disproportion of sulfur.

Within the lineage of Desulfovibrio/Bilophila the highest number of sequenced species
(reference strains) can be found. In nature members of this last lineage that can be found in a
multitude of dsrAB based environmental surveys contains a significant number of species
belonging to the genus Desulfovibrio. Desulfovibrio related strains were found in soil, sediment,

water samples as well as associated with atermite.

Since Desulfovibrio represents the longest know, thus best characterized genera of SRP,
cultivation conditions and ribosomal RNA data as basis for hybridization experiments are well
known. Because of this, a long history of publications, which detected Desulfovibrio sp. in all
kinds of habitats, is available. More recently described genera of SRP are thus underrepresented
in literature and the presence of Desulfovibrio sp. in such a high number of publications should

not be taken as a sign for absolute environmental dominance of Desulfovibrio genera.

The following cited publications should be regarded as examples and the presented list is far
from being complete. Desulfovibrio related strain were retrieved from underground oil storage
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cavities or other oil contaminated sites (Rabus 1996; Voordouw 1996; Tanaka 2002; Watanabe
2002), from a sat marsh sediment (Rooney-Varga 1998), from marine sediment (Ravenschlag
1999; Sahm 1999a; Ravenschlag 2000; Wieringa 2000; Purdy 2001; Tanaka 2002), in a landfill
leachate (Daly 2000), from rice soil or rice roots (Wind 1995; Wind 1999; Scheid 2001),
microbial mats (Risatti 1994; Wawer 1995a; Krekeler 1997), in an estuary (Crump 1999; Purdy
2002)(Boyle 1999) in a marine water column (Teske 1996), from an alkaline aquifer (Fry 1997),
in a freshwater lake (Bak 1991; Overmann 1999), and from sulfidogenic bio reactors (Kane
1993; Santegoeds 1999). Moreover Desulfovibiro sp. was found associated with termites
(Brauman 1990; Frohlich 1999; Cypionka 2000).

The description of all characterized pure cultures belonging to the Desulfovibrionaceae is
beyond the scope of this thesis. In summary, members of this family incompletely oxidize
electron donors to acetate. Additionally, growth in the absence of an external electron acceptor is
possible by fermentation of pyruvate and in severa cases also of maate or fumarate (Widdel
1992b).

In table 6 a number of reference strain containing lineages are present which do not yet

comprehend environmental DsrAB sequences.

Although members of the Archaeoglobus and the Desulfosporosinus/ Desulfitobacterium
lineages were previously detected in the environment by 16S rRNA gene segquence based
analyses and isolation based methods (Nilsen 1996a; Dojka 1998; Robertson 2000), no related
DsrAB sequences were retrieved from environmental sampling sites so far.

Other lineages of which no environmental related sequences were retrieved by the Dsr -approach
are Desulfoarculus baarsii, Desulfonatronum lacustre, Desulfovibrio desulfuricans strain El
Agheila Z, Desulfonatronovibrio hydrogenovorans, Desulfococcus multivorans, and
Desulfofaba gelida.

Failure to detect certain lineages can be a consequence of (i) the choice of the sampling site (for
example mesophilic sampling sites will not alow the detection of thermophiles), (ii)
homogeneity of samples, sampled area and time of sampling, (iii) unknown cultivation
conditions if samples should be pre-enriched, (iv) difficulties with DNA extractability from

certain prokaryotes, (v) individual cell numbers, or (vi) PCR induced biases.
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C.3.5 Richness of SRP in different environmental habitats

The number of detected lineages allows estimating the minimum richness of SRP in a certain
habitat. The richness of SRP arises from the numbers of detected SRP lineages per study. In
order to receive estimation on the mean richness of a habitat the mean value of the detected SRP
lineages of the different studies for the soil-, sediment-, and water- habitats were calculated. The
highest value was calculated for the soil habitat whereas the highest total number of detected
lineages was observed in water samples. An interesting fact in this context is the ratio of
detected lineages that contain DsrAB sequences from reference strains and lineages which
consist exclusively of environmental sequences. In the soil habitat a total of 16 distinguishable
lineages was detected, 7 lineages containing pure culture DsrAB sequence (PC lineage), and 9
lineages which contain exclusively environmental DsrAB sequences (E lineage). The ratio PC
versus E lineages is 9 to 4 (total 13 lineages) in the sediment habitat and 9 to 11 (total 21
lineages) in the agueous habitat.

The study with the highest number of recognized SRP lineages was carried out by Chang et al.
on groundwater at a uranium mill tailing site (Chang 2001). At least 12 different lineages were
detected. One could hypothesize the presence of even more SRP lineages since 29 short dsr
sequences could not yet be affiliated to existing lineages. It is well known that certain sulfate
reducers, e.g. members of the genera Desulfovibrio, are able to reduce Uranium (V1) to Uranium
(IV) (Lovley 1992; Abdelouas 2000; Spear 2000). In the study of Chang et al. a dsrAB gene
fragment of an orthologous Desulfotomaculum species was retrieved. Strikingly, this study was
the only one in which a dsr AB sequence of this lineage was obtained (see above). This result is
consistent with the finding that orthologous Desulfotomaculum related species are able to grow
with Uranium (V1) as electron acceptor (Tebo 1998). The reason for the considerable diversity
of SRP in the study of Chang et al. may be found in the pronounced gradients of sulfate and

uranium concentrations at the different sampling sites.
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C.4 Environmental SRP surveys with the DsrAB- approaches
in the scope of this thesis

C.4.1 Analysis of mixed populations of sulfate reducing prokaryotes
with the DsrAB-approach and gelretardation

The molecular analysis of microbial communities has become a widespread method for studying
diversity (Hugenholtz 1998 and citations within). A very powerful tool for monitoring natural
diversity is amplification of a molecular marker gene by polymerase chain reaction (PCR),
followed by subsequent cloning, sequencing and phylogenetic analysis of the sequences. A
major goal of environmental diversity surveys is to recover/identify al microorganisms from a
chosen ecosystem. The main problem in this context is the various biases introduced by PCR.
For example, independent of the real distribution, some template DNA molecules can be
preferentially amplified and thus are over represented in the clone library. For example, PCR
amplification of dsrAB genes from the water column of Mariager Fjord (see below) resulted in a
single band of nucleic acid fragments when examined on a horizontal agarose gel
electrophoresis. This single band does however not consist of a unique sequence type, but rather
of a mixture of very different DNA fragments. Direct cloning approaches on this mixture lead
only to the recovery of a single sequence type. To more efficiently harvest the actual diversity of
gene sequences within a PCR amplificat, a method able of separating the mixed DNA fragments
prior to cloning and sequencing was needed. Molecular microbiologists have used for this
purpose different genetic fingerprint methods like denaturing gradient gel electrophoresis
(DGGE) (Muyzer 1993) and temperature gradient gel electrophoresis (TGGE) (Zoetendal 1998).
The separation principal is based on the sequence specific DNA melting and in gel mobility
behavior of double stranded DNA in a denaturant or temperature gradient. These separation
systems allow detection of community compositions as well as specific retrieval of sequence
fragments for subsequent cloning. However, they also exhibit some severe limitations. Beside
the detection of heteroduplexes (Ferris 1997) and co-migration of different DNA fragmentsin a
single band (Vallaeys 1997), the most important limitation of these techniques is the relatively
small size of separable DNA fragments (approx. 400 bp) (Muyzer 1998). Thus, the application
of DGGE or TGGE on the 1,9 kb sized dsrAB fragment is not possible.

Gelretardation as a good aternative for separation of DNA fragments up to 1440 bp long has

been successfully used on an artificial mixture of sequences (Wawer 1995b). In order to obtain a
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suitable method for separating the longer dsrAB fragment, the gelretardation method was
optimized for environmental samples.

After optimization of the running conditions (running buffer, type agarose, concentration of
agarose gel, type of retardation dye, running time, staining, extraction of DNA fragments from
gel) the gelretardation system was used on natural samples (Schmid 2000) in this study. DNA
was retrieved from atrickling bed reactor. Genes coding for the ammonia monooxygenase alpha
subunit @moA) originating from ammonia oxidizing bacteria were partially PCR amplified. In
order to retrieve the whole spectrum of amoA genes present in the sample the PCR amplificats
were subjected to an agarose gelretardation electrophoresis (Figure 16, B). Each band was

excised from the gel, cloned and sequenced.

5 mohis Me?, (G0 ) B

|| Stuttgartclone, S1, (G+C:44 band 1)

- Stisthgart-clone, 54, (G+C:d4, band 1) —

1 Stuligart-clome, 52, (G+C:43, band 1)

Mirosomonas eutropha KmET, (G+0:48)
ibfgart-clame, 55, (G+C:4T, band 2|

| MWarpsamanas eurapass NmS0 | (G=C.47)

|} Stuttgart-clone, S3, (GHC49, band 3)
Stuifgarf-clona, S6, (G+C:49, band3)

Figure 23 A: amoA amino acid based dendrogram of ammonia oxidizers from trickling bed reactor biofilm,

arrow indicates position of outgroup, scale bar indicates 10 % estimated sequence deviation
B: Graph of gelretardation of amoA PCR amplificats (approx. 490 base pairs), lines indicate
cor responding sequencesin the dendrogram.

Three different types of amoA gene sequences were obtained, which affiliate with Nitrosococcus
mobilis, Nitrosomonas eutropha, and Nitrosomonas europaea. Clones originating from a
specific band at the gelretardation were aways affiliated to the same pure culture. The
gelretardation run was able to separate sequences differing in 2 % G+C content.

After the successful application of the gelretardation in a natural complex sample, the method
was used to separate the larger (approx. 1900 base pair) dsrAB gene fragments amplified from
DNA retrieved from the chemocline of Mariager Fjord (DKk).

The high similarity of Mariager Fjord dsrAB clones retrieved by direct cloning which formed a
tight cluster in phylogenetic analyses and contained 9 out of 12 clones was inconsistent with a
much higher SRP diversity observed within Mariager Fjord in previous studies (Ramsing 1996;
Teske 1996). Thus, the gelretardation method was used to separate the dsr AB PCR amplificats
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from Mariager Fjord prior to cloning. All dsrAB PCR amplificats from the Mariager Fjord
chemocline were detectable as a single band at 1.9-kb on a conventional horizontal agarose gel
electrophoreses due to their equal size (data not shown). After the dsrAB PCR amplificats were
separated via gelretardation, seven clearly distinguishable bands were observed, each
representing dsrAB fragments of unique A+T% composition (Figure 24). DNA was extracted

from each band, cloned, and sequenced.

A B
o Mi-#¥-3 4 5 6 S |Bad Clone G+Cmol% bp
M  MAFM12G 54 1929
. [ ] 1 MAFI7G 53 1930
- - 2 MAF28G 53 1934
- 3  MAF36G 56 1896
- 4 MAF411G 59 1928
. 5 MAF53G 59 1949
| 6 MAF65G 63 1933

Figure 24 A: Graph of gelretardation, S original dsrAB PCR product, lanes M to 6 PCR amplificats from
clones carrying dsrAB fragments derived from the corresponding bands of lane S; B: Table
giving information on band from which clones were obtained, the G+C mol% and the lengths
of dsrAB fragments.

The sequences of the clones MAFM12G/MAF17G and MAF411G/MAF53G showed only
minor variations in their A+T% content (A+T% content was determined after sequencing), but
were separated nevertheless. Possible explanations of this finding are dlight length variations
(MAF411G 1928 bp /IMAF53G 1949 bp) or different distribution of the A+T% rich regions

within the clone sequences.

The nucleic acid sequences and the deduced amino acid sequences were aligned to the Mariager
Fjord dsrAB clones obtained by direct cloning and to dsrAB sequences of pure culture SRP in
the database and phylogenetically analyzed. ED and MP calculation methods placed the
gelretardation clonesinto 5 different clusters (figure 25 below).
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————— =~ Desulfobulbaceae
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Xenologous Desulfotomaculum Lineage
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Desulfobacterium anilini
sulfate reducing strain mXyS1
—— Mariager Fjord clone MAF28G
—— Mariager Fjord clone MAF24D
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— Mariager Fjord clone MAF25D
— Mariager Fjord clone MAF23D
~ Mariager Fjord clone MAF420D
—— Mariager Fjord clone MAF26D
— Mariager Fjord clone MAF42D
— Mariager Fjord clone MAFM 12G
— Mariager Fjord clone MAF29D
— Mariager Fjord clone MAF41D
— Mariager Fjord clone MAF17G
Desulfomonile Lineage
'l_ Desulfonatronum lacustre, Desulfonatronum lacustre
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Desultovibrio oxyclinae/ D. haIOﬁh_HUS/ D. apoeensis Lineage
Desulfovibrio desulfuricans El AgheilaZ
| Mariager Fjord clone MAF65G, Environmental Lineage XI|
Desulfovibrio species (3)

- Desulfovibrio africanus
Mariager Fjord clone MAF53G

{— — Desllfovibrio species (12) / Bilophila wadsworthia
Desulfovibrio longus
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Desulfosarcina variabilis, Bacteria
sulfate-reducing strain oXyS1
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Desulfofaba gelida, Desulfofaba gelida
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_5 Desulfobacula / Desulfobacter
Desulfospira / Desulfobacterium Lineage

Figure 25 DsrAB based consensus dendrogram (as described above); species were grouped for transperency;
directly cloned dsrAB sequences from Mariager Fjord are labeled blue, clones from gelretardation

green, scale bar indicates 10% estimated sequence deviation.

The clones MAFM12G, MAF17G and MAF28G clustered with most of e directly cloned
dsrAB sequences. In total, this cluster contains 12 out of 19 Mariager Fjord clones with in
cluster DsfAB amino acid identity values between 82% and 96%. The clone sequence of
MAF36G groups together with the clones MAF512D (amino acid identity values of 94%) and
MAF114D (amino acid identity values of 95%), respectively. The sequence of MAF411G was
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placed in a cluster including Desulfosarcina variabilis cluster and clone MAF419D (69 to 82%
identities on amino acid level). Clone MAF53G was clearly placed within the
Desulfovibrio/Bilophila lineage, whereas clone MAF65G was not clearly affiliable to an existing

lineage and was therefore considered as a separate environmental lineage.

The implementation of gelretardation in the dsrAB approach significantly reduces the effort to
harvest the diversity hidden in a dsrAB PCR amplificat by providing direct access to different
sequence types prior cloning. The application of gelretardation lead to the detection of three, so
far unrecognized, dsr AB clone sequences in Mariager Fjord. The resolution of the gelretardation
method was found to be less then 1 % difference in A+T%. If these encouraging findings will be
confirmed in future studies, the gelretardation technique could be used as a supplement or
substitution for the more cost and time intensive DGGE technique. The easy procedure and the

low instrumental expense make the gelretardation a very useful tool for microbia ecology.

C.4.2 Combination of 16S rRNA and DsrAB approach for studying
complex symbiosis

Microscopy can reveal the presence of different partners in complex symbiotic relationships.
The limitation of light microscopy, in this context, is the inability of differentiating between
prokaryotes with identical or similar morphology.

Examples are the bacterial symbionts of the gutless marine worm Olavius algarvensis.
Distinguishable only by size and spatial alocation, two microorganisms below the cuticle of the
worm were recognized (Dubilier 2001). The first step towards a more comprehensive
understanding of this symbiosis was the identification of the involved bacteria symbionts by
molecular biological methods. Fluorescence in situ hybridization (done partially by Michael
Klein) and analysis of the 16S rRNA genes allowed the assignment of the symbionts too other
gammaproteobacterial thioautotrophic symbionts of other marine oligochaetes and too
deltaproteobacterial sulfate reducers, respectively (figure 26).
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Figure 26 Fluorescence in situ hybridization of endosymbionts in Olavius algarvensis with oligonucleotide
probes labeled with different fluorochromes. A. Cross-section though entire worm. B.
gammaproteobacterial symbionts labeled in green, deltaproteobacterial symbionts in red, Scale
bar 10 um, graph taken by Michael Klein.

However, the phylogenetic affiliation of the symbionts by their 16S rRNA genes alone did not
allow inference of their actua metabolic activities within their host. Thus, the ability of the
gammaproteobacterial symbiont to fix CO, was proven by immunocytochemical labeling with
antibodies directed against form | of the key enzyme of the Cavin — Benson cycle, ribuolose-
1,5-bisphosphate carboxylase/oxygenase (RubisCO). The thiotrophic nature of these bacteria
was further substantiated by electron microscopic spectroscopy, where the presence of sulfur
containing membrane-bound vesicles was observed. The assumption drawn form the 16S rRNA
analysis that the deltaproteobacterial symbiont is able to reduce sulfate was proven by PCR
amplification of the dissimilatory sulfite reductase gene dsrAB. Subsequently the retrieved
amplificats were sequenced along with the dsrAB genes from Desulfosarcina variabilis (both
done by Michael Klein). Comparative sequence analysis of the deduced amino acids of these
DsrAB sequences (done by Michael Klein) placed the deltaproteobacterial symbiont close to
Desulfosarcina variabilis (consistent with the retrieved 16S rRNA sequence). Thus, we were

able to demonstrate that the deltaproteobacterial symbiont carries a key enzyme of the
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dissmilatory sulfite reduction. The evidence, that the deltaproteobacteria symbiont indeed
carries out dissimilatory sulfate reduction and produces hydrogen sulfide as end product was
confirmed by an additional experiment. Silver needles were inserted into individua living and
formalin fixed worms. Worms were incubated in radiolabelled **S0,% under microaerobic and
aerobic conditions. After exposure of the needles to autoradiographic film, blots from the
needles inserted in live worms under microaerobic conditions were the only to show a positive
signal from *S-labelled sulfide that had precipitated on the needles (Dubilier 2001). This finding
indicates that sulfate is reduced during dissimilatory sulfite reduction by the deltaproteobacterial
symbiont of O. algarvensis under microaerobic conditions.

Combining al these facts, the symbiotic interactions between the two bacteria and Olavius
algarvensis can be summarized as follows: a syntropohic sulfur cycle is maintained between the
two bacterial symbionts by exchanging substrate (appendix). Toxic metabolites of the host are
detoxified by the Deltaproteobacterium and used for sulfate reduction. The reduced sulfur
compounds constitute a environmental independent sulfur source for the gammaproteobacterial

symbiont and Olavius algarvensis.

C.4.3 Analysis of metabolic features of sulfate reducing prokaryotes

The retrieval of the dsr genes allows to specific detection of members of the guild of SRP in
environmental samples. Beside the comparison of 16S rRNA gene and DsrAB based phylogeny
the resemblance of metabolic peculiarities of SRP is very interesting. The question is whether a
DsrAB based dendrogram can aso be used as “phenogram”, connecting certain lineages of SRP
with specific metabolic abilities.

For addressing this question oxidation capacities of reference strains were taken form
publications and assigned to the respective strain in a DsrAB based dendrogram (dendrogram
not shown, see table 7 below). It could be observed that cluster of phylogenetic related strains

share e.g. the same oxidation capacity.

No clear connection of the type of dissimilatory sulfite reductase and the phylogenetic position,
optimal growth temperature or the oxidation capacity can be observed. Moreover, no relation
between the isotope fractionations (Detmers 2001) and the type or phylogenetic position of

dissmilatory sulfite reductases or the termophilic /mesophilic lifestyle was found.
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Comparison of oxidation capacity and isotope fractionation revealed a very global trend.
Incomplete lactate oxidizing strains fractionated between 2.0%0 and 17%o. whereas complete
acetate oxidizing species fractionated between 18.0%0 and 22.0%o. It is however striking that
most of the acceptor strains of dsrAB genes from a deltaproteobacterial donor via lateral gene
transfer (seven Desulfotomaculum species, three Deltaproteobacteria, and the two
Thermodesulfobacterium strains) are complete oxidizers. With the exception of the
Thermodesulfobacterium strains, they share a broad range of degradation capacities (Min 1990;
Tasaki 1991; Widdel 1992a; Fardeau 1995; Nilsen 1996b; Liu 1997) and short doubling times
(Stefan Spring personal communication). The Gram-Positive strains with an orthologous sulfite
reductase on the other hand are growing very slowly (Stefan Spring personal communication)
and on a very narrow substrate spectrum. In afuture project the investigation of the question
weather the genes necessary for sulfate respiration were transferred towards the Gram positive
xenologous dsrAB bearing strains in combination with other, e.g. degradation genes like the
naphthalene dioxygenase gene or genes involved in 2,4-Dichlorophenoxyacetic acid degradation
(Herrick 1997; McGowan 1998) could be of great interest.

Table 7 (on next page) Overview of metabolic features of sulfate reducing prokaryotes, values in brackets
were taken form sources others than the first publication of a novel SRP (e.g. optimal growth
temperatur es wer e taken from www.dsmz.de). Vertical barsin red indicate incomplete oxidation
of substrate, green indicates complete oxidation to CO,. Blue bar indicates mesophilic organisms,
yellow bar thermophilic organisms.
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| sotope

Organismus Oxidation capacity terﬁ;r);vgt':ﬂe Type of Dsr Df;an:t:sat:n al.
2001

Thermodesulfovibrio islandicus incomplete ®
Thermodesulfovibrio yellowstonii incomplete s3] Desulforubidin -17,00
Archaeoglobus fulgidus complete 8 Desulfoviridin -17,00
Archaeoglobus profundus complete &
Archaeoglobus veneficus complete 0
Desulfosporosinusorientis incomplete D P582
Desulfitobacterium dehalogenans incomplete 74
Desulfitobacterium halfniense incomplete 37
Desulfotomaculum alkaliphilum complete 50-55
Desulfotomaculum halophilum (incomplete) 5 I
Desulfotomaculum nigrificans incomplete 53] P582
Desulfotomaculum putei incomplete 50-65
Desulfotomaculum ruminis incomplete 28-37 P582
Desulfotomaculum aeronauticum incomplete 37
Desulfobacca acetoxidans complete 37 -18.00
Thermodesulforhabdus norvegica complete [co]
Desulfacinum infernum (complete) [so]
Desulforhabdus amnigena complete 3
Desulfovirga adipica complete 3
Syntrophobacter fumaroxidans incomplete 37
Syntrophobacter wolinii incomplete I (35)
Desulfoarculusbaarsii complete 37 23,20
Thermodesulfobacterium commune incomplete 0 Desulfofuscidin -5,00
Thermodesulfobacterium mobile incomplete s3] Desulfofuscidin
Desulfobulbus elongatus (incomplete) (35) -5,50
Desulfobulbus propionicus incomplete ] Desulforubidin
Desulfobulbus rhabdoformis incomplete 3 Desulforubidin
Desulfobulbussp.  DSM 2058 incomplete 2 Desulforubidin
Desulfofustis glycolicus incomplete p::] Desulforubidin
Desulforhopalus singaporensis incomplete a
Desulforhopalus vacuolatus incomplete 18
Desulfotalea psychrophila (incomplete) 10 -4,30
sulfatereducing strain mxXyS1 complete D
Desulfobacterium anilini complete (35) P582
Desulfotomaculum acetoxidans complete 3 P582
Desulfotomaculum geothermicum complete ) -1250
Desulfotomaculum kuznetsovii complete 50-65
Desulfotomaculum thermoacetoxidans complete 55-60
Desulfotomaculum thermobenzoicum complete (60)
Desulfotomaculum thermocisternum incomplete [ -15,00
Desulfotomaculum thermosapovorans incomplete 0
Desulfomonile tiedjei complete 37 Desulfoviridin
Desulfonatronum lacustre incomplete 37-40 -18,70
Desulfomonas pigra (incomplete) 37 Desulfoviridin
Bilophila wadsworthia (incomplete) (30 Desulfoviridin
Desulfovibrio africanus incomplete 30-36 Desulfoviridin
Desulfovibrio burkinensis (incomplete) (35) (Desulfoviridin)
Desulfovibrio cuneatus (incomplete) (28) (Desulfoviridin)
Desulfovibrio desulfuricans  El AgheilaZ (incomplete) D (Desulfoviridin)
Desulfovibrio desulfuricans  Essex 6 incomplete D Desulfoviridin
Desulfovibrio fructosovorans (incomplete) 37 (Desulfoviridin)
Desulfovibrio gigas (incomplete) (34) (Desulfoviridin)
Desulfovibrio intestinalis (incomplete) (30) (Desulfoviridin)
Desulfovibrio termitidis (incomplete) (35) (Desulfoviridin)
Desulfovibrio vulgaris incomplete 30-36 Desulfoviridin
Desulfohalobiumretbaense (incomplete) (35) Desulfofuscidin -10,60
Desulfovibrio longus (incomplete) (35) (Desulfoviridin)
Desulfovibrio oxyclinae (incomplete) (30) Desulfoviridin -4,50
Desulfovibrio halophilus (incomplete) (30-35) Desulfoviridin -2,00
Desulfovibrio aspoeensis incomplete (30) Desulfoviridin
Desulfonatronovibrio hydrogenovorans 37 -5,50
Desulfomicrobium apsheronum (incomplete) (30) Desulforubidin
Desulfomicrobium baculatum (incomplete) (30) Desulforubidin -12,70
Desulfomicrobium escambiense (incomplete) (30) (Desulforubidin)
Desulfomicrobium norvegicum (incomplete) (30 (Desulforubidin)
Desulfomicrobium orale (incomplete) 37) (Desulforubidin)
Desulfobacterium macestii (incomplete) (35) (Desulforubidin)
Desulfonema limicola (complete) (30) Desulfoviridin
Desulfococcus multivorans complete H Desulfoviridin
Desulfosarcina variabilis complete 3 Desulforubidin -15,00
sulfate-reducing strain oXySL complete 2 Desulfoviridin
Desulfobacterium oleovorans complete (28-30)
Desulfobotulus sapovorans incomplete A P582 -16,50
Desulfocella halophila incomplete A -8,10
Desulfofaba gelida incomplete 7 Desulforubidin
Desulfomusa hansenii (incomplete) 20
Desulfobacterium vacuolatum complete 25-30
Desulfobacterium autotrophicum complete 20-26 -32,70
Desulfobacter curvatus complete 28-32
Desulfobacter latus complete 29-32 Desulforubidin
Desulfobacter postgatei complete 28-33
Desulfobacter vibrioformis complete <] Desulforubidin
Desulfobacula phenolica complete ] -36,70
Desulfobacula toluolica complete ] -2850
Desulfospira joergensenii complete 26-30 -25,70
Desulfotignum balticum complete 28-32 -2310
Desulfotignum phosphitoxidans complete 0 Desulfor ubidin
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In summary, metabolic abilities seem to be reflected phylogenetically only in very tight groups
of closely related SRP.

C.5 Limitations as chances and outlook

Novel dsrAB sequences isolated form the environment can form unaffiliated novel lineages
within phylogenetic trees. In any case where no closely related dsrAB sequence from a pure
culture reference strain is present, phylogenetic assignment of the environmental sequence is not
possible.

Today, their is no possible way of linking environmental 16S rRNA and dsrAB sequences if
these sequences have not been isolated from systems harboring simple microbial communities
like the sub-cuticle of a marine worm which has been described above. In other words, in many
ecosystems it is possible to identify SRP by sequencing the dsr genes and to quantify cells by
16S rRNA based fluorescence in situ hybridization, but linking this information is nearly
impossible.

A new approach to circumvent this problem lies in the field of environmental genomics (Rondon
2000), where quite large DNA fragments can be cloned and subsequently sequenced (Rondon
2000). The genomes of at least some sulfate reducing prokaryotes have been demonstrated to be
of relatively small size, e.g. Archaeoglobus fulgidus genome size is only 2,18 Mb (Klenk 1997)
and Desulfovibrio vulgaris is 3,2 Mb (partia genome at www.nchi.nim.nih.gov) to 3,6 Mb
(Devereux 1997, as determined by pulsed field gelelectrophoresis). The simultaneous detection
of a novel dsrAB gene and the corresponding 16S rRNA gene (or another marker molecule
suitable for phylogeny) on a single DNA fragment cloned from the environment in a bacteria
artificial chromosome (BAC, Rondon 2000) would allow phylogenetic analyses of novel dsrAB
lineages without cultivation. Additionally, the 16S rRNA gene information could be used for
further, e.g. quantitative oligonucleotide probe based anayses. In order to increase the
probability of retrieving both desired genes at one yeast artificial chromosomes (Y ACs) could be
used as an alternative application for of BACs. YACs are able to take up DNA insertsof upto 1
Mb (Burke 1987). The evauation of this approach has to be done in future experiments and it
would be highly useful for the identification of so far unaffiliated environmental clones as well
as the recognition of novel sulfate reducing lineage's. Another promising progress for fast
screening of environmental SRP communities is the combination of the dsrAB approach with
microarray technology. Here the development of SRP chips (Loy 2002) that can contain
ribosomal DNA/RNA targeted oligonucleotide probes as well as dsr or messenger dsr targeted
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oligonucleotide probes might evens alow not only to determine the SRP community
composition but aso to identify those organisms which were actively respiring with sulfate at

the time of sampling.

Complete genome sequencing and subsequent “in silico” analyses have become a valuable tool r
in molecular biology and ecology. The dimension of the use of these novel techniques can not
yet been fully assessed. These inventive ways of investigating the history and tracking of
phylogenetic relationships of SRP can now be used to clear the question of the donor strain of
lateral dsrAB gene transfers by comparative analysis of dsr operon structures. Additionaly,
other genes that are also involved in dissimilatory sulfite reduction e.g. genes encoding APS
reductase (Friedrich 2002) can be surveyed. The novel approaches will aso help to discover the

mode of inter-species DNA transfer.

In conclusion, the dsr approach is an essentia tool for studying the ecology and phylogenetic
relationship of sulfate reducing prokaryotes. Therefore, it could be appropriate to call for the
deposition of the dsr AB sequences when novel sulfate reducing strains are described.
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D Summary

All members of the guild of sulfate reducing prokaryotes (SRP) gain energy via
dissimilatory sulfate reduction. The phylogenetic inhomogeneity of this group does not
allow to target 16S ribosomal RNA genes of al its members with a smple set of
oligonucleotide probes or PCR primers. It is further impossible to identify novel lineages
of SRP by their ribosomal RNA solely. Thus, the suitability of the dissimilatory (i-)
aulfite reductase (DSR), a key enzyme of the dissimilatory sulfate reduction pathway, as
alternative phylogenetic marker molecule for SRP was investigated. For this purpose, the
evolutionary history of the DSR was studied using a large collection of pure culture SRP
and correspondence with the 16S rRNA gene based phylogeny was inspected.

In addition, cultivation independent SRP diversity surveys were carried out based on
comparative amino acid sequence analysis of environmentally retrieved dsr clones in order
to test whether cultured representatives of SRP adequately represent the natural diversity of
this guild.

In order to build up an encompassing DSR reference data base, existing primers were
optimized to PCR amplify a 1.9 kb dsrAB fragment from 30 pure culture reference strains.
These stains represented all lineages of SRP recognized at this time. dsr AB gene fragments
were cloned and sequenced. Subsequent comparative phylogenetic sequence analyses of all
available DsrAB pure culture sequences and their corresponding 16S rRNA gene
sequences lead to the discovery of at least three presumptive lateral dsr gene transfer
events from (i) a deltaproteobacterial donor to the genus Thermodesulfobacterium, (ii) a
deltaproteobacterial donor related to Desulfobacterium anilini to certain Desulfotomaculum
strains, and (iii) a bacterial donor to Archaeoglobus. Although these events complicate the
interpretation of dsrAB-based SRP diversity studies, the Dsr-approach represents the best
available method for simultaneous detection of recognized and novel SRP in
environmental samples.

In this thesis, the Dsr-approach was applied to investigate SRP diversity in the water
column of Mariager Fjord (Denmark), and Solar Lake (Egypt), as well as tissue materia
from a marine worm. The sequences originating form these studies were analyzed along
with 550 publicly available environmental dsrAB sequences. 13 environmental SRP
lineages without closely related isolated or sequenced SRP reference strains were
identified suggesting that many environmentally important SRP lineages have not yet been
successfully cultured. Further, a detailed inspection of all available environmental dsrAB
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sequences revealed characteristic SRP lineages in different ecosystems like soil, sediment,
marine water, hypersaline water, and in symbiotic relationships.

In conclusion, this thesis showed that lateral gene transfer was significantly influencing the
evolutionary history of the DSR. The generally accepted opinion of strict vertical
transmission of the key enzyme of dissmilatory sulfate reduction has to be adjusted.
Nevertheless, it could be demonstrated that the Dsr — approach is a valid tool for
investigating the diversity and biogeography of SRPs.
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E Zusammenfassung

Alle Mitglieder der Gilde der sulfatreduzierenden Prokaryonten (SRP) gewinnen ihre
Energie mittels dissimilatorischer Sulfatreduktion.

Wegen der phylogenetischen Uneinheitlichkeit dieser Gruppe konnen die ribosomalen
16S- rRNA- Gene ihrer Mitglieder nicht mit einem einfachen Satz von
Oligonukleotidsonden oder PCR- Primern erfasst werden. Ferner ist es nicht moglich neue
Linien von SRP alleine anhand ihrer ribosomalen RNA- Gene zu erkennen.

Aus diesen Grunden wurde die Eignung der dissimilatorischen (Bi-) Sulfitreduktase
(DSR), einem Schlisselenzym der dissimilatorischen Sulfatreduktion, als aternatives
phylogenetisches Markermol ekl fur SRP untersucht.

Hierzu wurde die evolutionéare Geschichte der DSR anhand einer grof3en Auswahl von SRP
Reinkulturen néher betrachtet und die Ubereinstimmung mit der 16S- rRNA- Gen
basierenden Phylogenie Uberprift.

Zusatzlich dazu wurden kultivierungsunabhangige SRP- Diversitétsstudien auf der
Grundlage vergleichender Aminosduresequenzanalysen von umweltstdmmigen dsr-
Klonen vorgenommen, um festzustellen, ob die kultivierten Reprasentanten der SRP das
natirliche Vorkommen dieser Gilde widerspiegeln.

Um eine umfassende Referenzdatenbank aufzubauen wurden existierende Primer so
optimiert, dass ein 1.9 kb grol3es dsr AB —Genfragment von 30 Reinkulturreferenzstammen
mittels PCR amplifiziert werden konnte. Diese untersuchten Stamme reprasentierten alle,
zum Beginn der Doktorarbeit bekannten, SRP- Linien. Die dsrAB- Genfragmente wurden
kloniert und sequenziert. Anschlief3ende vergleichende phylogenetische Analysen aler
verfugbaren DsrAB- Sequenzen und ihrer entsprechenden 16S- rRNA- Gensequenzen
fihrte zur Entdeckung von mindestens drei  (mutmaldichen) lateralen dsr-
Genstransferereignissen  von (i) einem  deltaproteobakteriellen  Donor  zu
Thermodesulfobacterium, (i) enem mit Desulfobacterium anilini  verwandten,
deltaproteobakteriellen Donor zu bestimmten Desulfotomaculum Stdmmen und (iii) einem
bakteriellen Donor zu Archaeoglobus.

Obwohl diese Ereignisse die Interpretation von dsrAB- basierenden SRP-
Diversitétsstudien komplizieren, bleibt der dsr Ansatz die am besten geeignete Methode

zum gleichzeitigen Nachweis von bekannten und neuen SRP in Umweltproben.
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In der vorliegenden Arbeit wurde der Dsr-Ansatz verwendet um die Artenvielfalt der SRP
in der Wassersiule des Mariager Fjords (Danemark), des Solar Lakes (Agypten) sowie in
Gewebematerial eines marinen Wurms zu erforschen.

Ds- Sequenzen dieser Studien wurden zusammen mit 550 publizierten Dsr-
Umweltsequenzen analysiert. Auf diese Weise wurden 13 Umwelt- SRP- Linien
identifiziert, welche keinem nahe verwandten Isolat oder sequenzierten Reinkulturstamm
zugeordnet werden konnten. Dies legt den Schluss nahe, dass viele wichtige Umwelt- SRP-
Linien bis jetzt noch nicht erfolgreich kultiviert wurden.

Detaillierte Untersuchungen aller zur Verfigung stehenden dsrAB- Sequenzen zeigten auf,
dass charakteristische SRP- Linien in verschiedenen Okosystemen wie Boden, Sediment,
Meerwasser und in hypersalinem Wasser vorhanden sind.

Zusammenfassend wurde mit dieser Doktorarbeit gezeigt, dass lateraler Gentransfer einen
grofRen Einfluss auf die evolutiondre Geschichte der DSR hatte. Die Lehrmeinung der
strikten vertikalen Weitergabe der Gene des Schlisselenzyms der dissimilatorischen
Sulfatreduktion muss somit Uberdacht werden. Dennoch erwies sich der Dsr-Ansatz als

eine wertvolle Methode zur Untersuchung von Diversitét und Biogeographie der SRP.
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G.1 Accession numbers of Dsr and 16S rRNA gene
sequences and index of figures and tables presenting
results from analyses performed with these
sequences

The following sequences have been analyzed in table 6. In some cases two accession
numbers are given for the dsrAB fragment referring to the subunits dsrA and dsrB,
nevertheless, partial sequences were aligned to each other and phylogenetic calculation
was carried out on the complete dsr AB fragments. Details on origin and studies performed
on these sequences please see publications given in brackets, or GeneBank entries,
respectively.

Sequences derived form acidic fen soil by Loy et al.: Publication submitted. Alexander
Loy, Technische Universitdt Wien, Austria
AY 167464-83.

Sequences anayzed from the study of Castro et al. (Castro 2002):

AY096038, AY096039, AY096040, AY096041, AY096042, AY096043, AY 096044,
AY 096045, AY096046, AY096047, AY(096048, AY096049, AY096050, AY 096051,
AY 096052, AY096053, AY(096054, AY(096055, AY096056, AY096057, AY 096058,
AY096059, AY096060, AY096061, AY(096062, AY096063, AY096064, AY 096065,
AY 096066, AY096067, AY096068, AY096069, AY096070, AY096071, AY(096072,
AY 096073, AY096074.

Sequences derived form rice paddy soil by Friedrich et al. are unpublished. Michael
Friedrich, Max-Plank-Institut Marburg, Deutschland.

Sequences analyzed from the study of Thomsen et al. (Thomsen 2001):

AF388210, AF388211, AF388212, AF388213, AF388214, AF388215, AF388216,
AF388217, AF388218, AF388219, AF388220, AF388221, AF388222, AF388223,
AF388224, AF388225, AF388226, AF388227, AF388228, AF388229, AF388230,
AF388231, AF388232, AF388233, AF388234, AF388235, AF388236, AF388237,
AF388238, AF388239, AF388240, AF388241, AF388242, AF388243, AF388244,
AF388245, AF388246, AF388247, AF388248, AF388249, AF388250, AF388251,
AF388252, AF388253, AF388254, AF388255, AF388256, AF388257, AF388258,
AF388259, AF388260, AF388261, AF388262, AF388263, AF388264, AF388265,
AF388266, AF388267, AF388268, AF388269, AF388270, AF388271, AF388272,
AF388273, AF388274, AF388275, AF388276, AF388277, AF388278, AF388279,
AF388280, AF388281, AF388282, AF388283, AF388284, AF388285, AF388286,
AF388287, AF388288, AF388289, AF388290, AF388291, AF388292, AF388293,
AF388294, AF388295, AF388296, AF388297, AF388298, AF388299, AF388300,
AF388301.

Sequences anayzed from the study of Fukuba et al. (Fukuba 2003):
ABO036433, AB036434, AB036435, AB036436, AB036437, AB036438, AB036439,
AB036440, AB036441, AB036442, AB036443, AB036444, AB036445, AB039915.
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Sequences analyzed from the study of Joulian et al. (Joulian 2001):

AF360643,
AF360650,
AF360657,
AF360664,
AF360671,
AF360678,
AF360685,

AF360644,
AF360651,
AF360658,
AF360665,
AF360672,
AF360679,
AF360686,

AF360645,
AF360652,
AF360659,
AF360666,
AF360673,
AF360680,
AF360687,

AF360692, AF360693, AF360694.

AF360646,
AF360653,
AF360660,
AF360667,
AF360674,
AF360681,
AF360688,

AF360647,
AF360654,
AF360661,
AF360668,
AF360675,
AF360682,
AF360689,

AF360648,
AF360655,
AF360662,
AF360669,
AF360676,
AF360683,
AF360690,

AF360649,
AF360656,
AF360663,
AF360670,
AF360677,
AF360684,
AF360691,

Sequences analyzed from the study of LeLoup et al. have not been part of a publication so
far. Leloup, Microbiologie, Universite de Rouen, Mont Saint Aignan, France.

Sequences analyzed from the study of PerezJimenez et al. (PérezJiménez 2001):
AF327301, AF327302, AF327303, AF327304, AF327305, AF327306, AF327307,
AF327308, AF327309, AF327310, AF327311, AF327312, AF327313, AF327314,
AF327315, AF327316, AF327317, AF327318, AF327319, AF327320, AF327321,
AF327322, AF327323.

Publications on sequences form Mariager Fjord and Solar Lake water column are in
preparation by Klein and Lee et a. Sequences are unpublished so far. Sequence derived
form termite gut is aso unpublished. Termite guts were kindly provided by Cora Beier.

Sequences analyzed from the study of Baker et al. (Baker 2003):

AF510672,
AF510679,
AF510686,
AY 101579,
AY 116463,

AF510673,
AF510680,
AF510687,
AY 101580,
AY 116464,

AF510674,
AF510681,
AF510688,
AY 101581,
AY 116465,

AF510675,
AF510682,
AF510689,
AY 116459,
AY 116466,

AF510676,
AF510683,
AF510690,
AY 116460,
AY 116467,

AF510677,
AF510684,
AF510691,
AY 116461,
AY 116468,

AF510678,
AF510685,
AF510692,
AY 116462,
AY 116469,

AY 116470, AY 135358.

Sequences analyzed from the study of Chang et al. (Chang 2001):
AY015493, AY015494, AY015495, AYO015497, AY 015498,
AY015501, AY015502, AY015503, AY015504, AY 015505,
AY015508, AY015509, AY015510, AY015511, AY015512,
AY015515, AY015516, AY015517, AY015518, AY015519,
AY015522, AYO015523, AY015524, AY015525, AY 015526,
AY015529, AY015530, AY015531, AY015532, AY015533,
AY015536, AY015537, AY015538, AY015539, AY 015540,
AY 015543, AY015544, AY015545, AYO015546, AY 015547,
AY015550, AY015551, AY015552, AY015553, AY015554,
AY015557, AY015558, AY015559, AY015560, AYO015561,
AY015564, AY015565, AY015566, AY015567, AY 015568,
AY015578, AY015579, AY015580, AY015581, AY 015582,
AY015585, AY015586, AYO015587, AY015588, AY 015589,
AY015592, AY015593, AY015594, AY015595, AY 015596,
AY015599, AY015600, AY015601, AY015602, AY 015603,
AY 015606, AY015607, AY015608, AY015609, AY 015610,
AY015613, AY 015614, AY015615.

AY 015499,
AY 015506,
AY 015513,
AY 015520,
AY 015527,
AY 015534,
AY 015541,
AY 015548,
AY 015555,
AY 015562,
AY 015569,
AY 015583,
AY 015590,
AY 015597,
AY 015604,
AY 015611,

AY 015500,
AY 015507,
AY 015514,
AY 015521,
AY 015528,
AY 015535,
AY 015542,
AY 015549,
AY 015556,
AY 015563,
AY 015577,
AY 015584,
AY 015591,
AY 015598,
AY 015605,
AY 015612,
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Sequences analyzed from the study of Nakagawa and Fukui. (Nakagawa 2003):
AB079482, AB079483, AB079484, ABO079485, AB079486, AB079487, AB079488,
ABO079489, AB079490, ABO079491, AB079492, AB079493, AB079494, ABQ079495,
ABO079496, AB079497, AB081522, AB081523, AB081531, AB081532, AB081533,
AB089186.

Sequences analyzed from the study of Minz et al. (Minz 1999b):

AF179309, AF179310, AF179311, AF179312, AF179313, AF179314, AF179315,
AF179316, AF179317, AF179318, AF179319, AF179320, AF179321, AF179322,
AF179323, AF179324, AF179325, AF179326, AF179326, AF179327, AF179328,
AF179329, AF179330; AF179331, AF179332, AF179333, AF179334, AF179335,
AF179336, AF179337, AF179338, AF179339, AF179340, AF179341, AF179342,
AF179343, AF179344, AF179345, AF179346, AF179346, AF179347, AF179348,
AF190885, AF190886, AF190887, AF190888, AF190889.

Sequences analyzed from the study of Nakagawa et al. (Nakagawa 2002):

ABQ079482, ABQ079483, AB079484, ABO079485, AB079486, AB(079487, AB079488,
ABO079489, AB079490, AB079491, AB079492, AB079493, AB079494, AB(079495,
AB079496, AB079497, AB081522, AB081523, AB081531, AB081532, AB081533,
AB089186.

Seguences analyzed from the study of Cottrel and Cary (Cottrell 1999):
AF139066, AF139067, AF139068, AF139069, AF139070, AF139071, AF139072,
AF139073, AF139074, AF139075, AF139076.

Sequence analyzed from the study of Dubilier et al. (Dubilier 2001):
AF244995,

Sequences derived form sulfidogenic bioreactors by Wagner et al. are unpublished so far.
Michael Wagner, Universitét Wien, Austria.

Sequence analyzed from the study of Loy et al (periodontal pockets) (Loy 2002):
AY 083028, AY083029.

The table presented on the following pages contains an overview over the dsr and 16 S
rRNA gene sequences analyzed in this study:
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SRP /Origin of 16S rRNA genes Accession number Figure 3and 4 Figure 5 Figures 15,16,17
Archaeoglobus fulgidus X05567 Y X X X
Archaeoglobus profundus AJ299219 X X
Archaeoglobus veneficus Y10011 X X
Bilophila wadsworthia 2 u82813 X X
delta proteobacterium oXyS1 Y17286 X X
Desulfacinum infernum L27426 X X
Desulfitobacterium dehalogenans L28946 X X
Desulfitobacterium frappieri u40078 X

Desulfitobacterium hafniense X94975 X X
Desulfoarculus sp. BG74 u85477 X X
Desulfobacca acetoxidans AF002671 X X
Desulfobacter curvatus M34413 X X
Desulfobacter latus M34414 X X X
Desulfobacter postgatei M26633 X X
Desulfobacter vibrioformis U12254 X X
Desulfobacterium anilini AJ237601 X X
Desulfobacterium autotrophicum M34409 X X
Desulfobacterium macestii AJ237604 X X
Desulfobacterium oleovorans Y17698 X X
Desulfobacterium vacuolatum M34408 X X
Desulfobacula phenolica AJ237606 X X
Desulfobacula toluolica X70953 X X
Desulfobotulus sapovorans M34402 X X X
Desulfobulbus elongatus X95180 X X
Desulfobulbus propionicus M34410 X X
Desulfobulbus rhabdoformis U12253 X X
Desulfobulbus species M34411 X X
Desulfocella halophila AF022936 X X
Desulfococcus multivorans M34405 X X X
Desulfofaba gelida AF099063 X X
Desulfofustis glycolicus X99707 X X
Desulfohalobium retbaense U48244 X X
Desulfomicrobium apsheronum U64865 X X
Desulfomicrobium baculatum AF030438 X X
Desulfomicrobium escambiense U02469 X X
Desulfomicrobium norvegicum M37312 X X
Desulfomicrobium orale AJ251623 X X
Desulfomonile tiedjei M26635 X X
Desulfonatronovibrio hydrogenovorans X99234 X X
Desulfonatronum lacustre Y14594 X X
Desulfonema limicola U45990 X X
Desulforhabdus amnigena X83274 X X
Desulforhopalus singaporensis AF118453 X X
Desulforhopalus vacuolatus L42613 X X
Desulfosarcina variabilis M34407 X X
Desulfospira joergensenii X99637 X X
Desulfosporosinus orientis Y11570 X X
Desulfotalea psychrophila AF099062 X

Desulfotignum balticum AF233370 X X
Desulfotomaculum acetoxidans Y11566 X X
Desulfotomaculum aeronauticum X98407 X X
Desulfotomaculum alkaliphilum AF097024 X X
Desulfotomaculum auripigmentum U85624 X

Desulfotomaculum australicum M96665 X

Desulfotomaculum geothermicum Y11567 X X
Desulfotomaculum gibsoniae Y11576 X

Desulfotomaculum guttoideum Y11568 X

Desulfotomaculum halophilum u88891 X X
Desulfotomaculum kuznetsovii Y11569 X X
Desulfotomaculum luciae AF069293 X

Desulfotomaculum nigrificans X62176 X X
Desulfotomaculum putei AF053933 X X
Desulfotomaculum reducens U95951 X

Desulfotomaculum ruminis Y11572 X X X
Desulfotomaculum sapomandens AF168365 X

Desulfotomaculum thermoacetoxidans Y11573 X X
Desulfotomaculum thermoacidovorans 726315 X

Desulfotomaculum thermobenzoicum Y11574 X X
Desulfotomaculum thermocisternum U33455 X X
Desulfotomaculum thermosapovorans Y11575 X X
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G.2 Publications which contain results from this Ph.D.
thesis

G.2.1 Title: Multiple lateral transfer events of dissimilatory sulfite
reductase genes between major lineages of sulfate-reducing
prokaryotes

The dsrAB genes from 30 sulfate reducing prokaryotes were PCR amplified, cloned and
sequenced. For 20 SRP 16S rRNA gene and DsrAB based phylogeny was consistent. The
remaining ten SRP carried dsrAB genes, which according to phylogenetic data must have
been acquired by lateral gene transfer events. At least four independent lateral dsrAB gene
transfer events were recognized and the histories of sulfate reducing prokaryotes were
discussed in an evolutionary context. Michael Klein derived 16 full dsrAB sequences from
SRP pure cultures and the full 165-rDNA sequence of Thermodesulfobacterium mobile. In
addition, Michael Klein did the alignment of the dsrAB sequences within the data bank and
of dsrA against dsrB. Furthermore, Michagl Klein contributed to the writing of this paper
and, in part, to the phylogenetic analyses. This paper was published in the Journal of

Bacteriology in October 2001 (Klein 2001).
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Multiple lateral transfer events of dissimilatory sulfite
reductase genes between major lineages of sulfate-
reducing prokaryotes

Michael Kleint, Michael Friedrictf, Andrew J. Roger’, Philip Hugenholt?, Susan
Fishbain®, Heike Abicht!, Linda L. Blackall*, David A. Stahl®, and Michael Wagner®

Y Lehrstuhl fir Mikrobiologie, Technische Universitdt Minchen, Am Hochanger 4, D-85350
Freilsing, Germany

 Max-Planck-Ingtitute for terrestrial Microbiology, Department of Biogeochemistry, Karl-von-
Frisch-Str., D-35043-Marburg, Germany

* Department of Biochemistry and Molecular Biology, Dahousie University; Halifax, Nova
Scotia, B3H 4H7, Canada.

* Advanced Wastewater Management Centre, Department of Microbiology and Parasitology,
The University of Queendand, Brisbane 4072, Austraia.

® Department of Civil Engineering, Northwestern University, Evanston, |llinois 60208-3109

® Civil and Environmenta Engineering, 302 More Hall, Box 352700, University of
Washington, Sesttle, WA 98195-2700, USA

*corresponding author: PD Dr. Michael Wagner, Lehrstunl fir Mikrobiologie, Technische
Universitdt Minchen, Am Hochanger 4, D-85350 Freising, Germany. Tel: +498161715444; Fax:
+498161715475; E-mail: wagner@mikro.biol ogie.tu-muenchen.de

Keywords: dissmilatory sulfite reductase/lateral gene transfer/Archaea/Bacterial/phylogeny

Running title: Lateral transfer of dissimilatory sulfite reductases

- 100 -



G APPENDIX

ABSTRACT

A large fragment of the dissimilatory sulfite reductase genes (dsrAB) was PCR-
amplified and fully sequenced from 30 reference strains, representing al recognized
lineages of sulfate-reducing bacteria. In addition, the sequence of the dsrAB gene
homologs of the sulfite-reducer Desulfitobacterium dehalogenans was determined. In
contrast to previous reports, comparative analysis of al available DsrAB sequences
produced a tree topology partially inconsistent with the corresponding 16S rRNA
phylogeny. For example, the DsrAB sequences of several Desulfotomaculum species
(low G+C Gram postive divison) and two members of the genus
Thermodesulfobacterium (a separate bacterial divison) were monophyletic with d-
proteobacterial DsrAB sequences. The most parsimonious interpretation of these data is
that dsrAB genes from ancestors of as-yet unrecognized sulfate-reducers within the d-
Proteobacteria were laterally transferred across divisions. A number of insertions and
deletions in the DsrfAB dignment independently support these inferred lateral
acquisitions of dsrAB genes. Evidence for a dsrAB lateral gene transfer event also was
found within the d-Proteobacteria, affecting Desulfobacula toluolica. The root of the dsr
tree was inferred to be within the Thermodesulfovibrio lineage by paralogous rooting of
the alpha and beta subunits. This rooting suggests that the dsr AB genes in Archaeoglobus
species also are the result of an ancient lateral transfer from a bacterial donor. Although
these findings complicate the use of dsrAB genes to infer phylogenetic relationships
among sulfate-reducers in molecular diversity studies, they establish a framework to
resolve the origins and diversification of this ancient respiratory lifestyle among

organisms mediating a key step in the biogeochemical cycling of sulfur.
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INTRODUCTION

Sirohaem dissimilatory sulfite reductases (EC 1.8.99.3) catalyze the reduction of
aulfite to sulfide, an essential step in the anaerobic sulfate-respiration pathway.
Consequently, this enzyme has been found in all dissmilatory sulfate-reducing
prokaryotes (SRPs) investigated so far. Furthermore, sirohaem dissimilatory sulfite
reductase-like enzymes have been detected in the hyperthermophilic archaeon
Pyrobaculum islandicum capable of using sulfite as terminal electron acceptor (24), the
phototrophic  bacterium  Allochromatium vinosum (11,13), and the obligate
chemolithotrophic species Thiobacillus denitrificans (33). In the latter two organisms the
dissmilatory sulfite reductase has a proposed function in sulfide oxidation.

Sirohaem sulfite reductases consist of at least two different polypeptides in an
asb, structure. The genes encoding the two subunits are found adjacent to each other in
the respective genomes (e.g. 3,16,18,19,37) and probably arose from duplication of an
ancestral gene (3). Comparative amino acid sequence analysis of the dissimilatory sulfite
reductase genes (dsrAB) has recently been used to investigate the evolutionary history of
anaerobic sulfate- (sulfite-) respiration (11,18,19,37). The presence of dsrAB homologs
in at least five highly divergent prokaryotic lineages and overall phylogenetic congruence
of the dsrAB tree with the 16S rRNA gene tree suggested that the dissimilatory sulfite
reductases of extant SRPs evolved vertically from common ancestral protogenotic genes
(37). The remarkable degree of conservation of the dsr AB genes also provided a basis for
culture-independent molecular diversity studies of natural sulfate-reducing assemblages
using PCR primers broadly specific for a large fragment of all known dsrAB genes
(1,23). However, recently one contradiction between the dstAB and 16S rRNA
phylogenies was recognized in that the dsrAB sequences of Desulfotomaculum

thermocisternum (18) and Desulfotomaculum ruminis are not monophyletic (19). This
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finding could indicate that, in addition to vertical transmission, lateral gene trarsfer is
involved in the evolution of SRPs.

In the present study we have investigated this question further by phylogenetic
analysis of the dsr AB genes from a wide range of cultivated SRPs. We find a clear case
for multiple lateral transfer events of the dsrAB genes between maor lineages of
Bacteria, and likely between the domains Bacteria and Archaea, suggesting genes
involved in primary metabolic functions, such as sulfate-respiration, may be more prone

to lateral transfer than previoudly thought.

MATERIALS AND METHODS

Bacterial strains. The investigated reference strains of sulfate- and sulfite-
reducing bacteria are listed in Table 1. If necessary, strains were cultured as
recommended by the German type culture collection (DSMZ, Braunschweig,

Germany).

DNA isolation and PCR amplification. Genomic DNA of the reference
organisms investigated was obtained from logarithmically growing or lyophilized
cells by either using the FastPrep FP120 bead beater and the FastDNA™ Kit MH
(BlO101, CA) or another direct lysis technique (25) modified as described
previously (10). An approx. 1.9 kb dsrAB segment was PCR amplified as
described (37). Since amplification of the dsrAB gene fragment was not possible
for all investigated reference strains additional degeneracies were introduced in
the previously published primers DSR1F and DSR4R (DSR1Fdeg: 5'-
ACSCAYTGGAARCACG-3; DSR4Rdeg: 5-GTGTARCAGTTDCCRCA-3’)
making them fully complementary to the respective target sites of recently

published dsrAB sequences (18,19). However, it should be noted that many “non
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dsrAB” amplificates of approximately 1.9 kb size were obtained using the

degenerated primers.

Cloning and sequencing of dsrAB gene fragments. If not mentioned otherwise
dsrAB PCR products of the sulfite- and sulfate-reducing reference strains were ligated
into pCR2.1-TOPO or pCR-XL-TOPO vectors (Invitrogen, CA). Clones with
approximate 1.9 kb inserts were recovered with the QIAprep spin kit (Qiagen, Hilden,
Germany) and sequenced with a 4200L automated Li-Cor Long Reader DNA Sequencer
(MWG, Ebersberg, Germany). DsrAB PCR products of the Desulfotomaculum species D.
aeronauticum, D. putei, D. geothermicum, D. kuznetsovii, and D. thermobenzoicum were
directly sequenced. In addition dsr sequences of Desuforhabdus amnigenus,
Desulfobulbus sp. and Desulfitobacterium dehalogenans were determined by directly
sequencing as well as sequencing of the cloned PCR product. Previously published (37)
partidl  dsrAB sequences of Desulfotomaculum ruminis, Thermodesulfovibrio
yellowstonii, Desulfobacter latus, Desulfobotulus sapovorans, Desulfococcus
multivorans, and Desulfovibrio sp. PT-2 were completed by re-sequencing of the original
clones.

16S rRNA of Thermodesulfobacterium mobile The 16S rRNA gene

sequence of T. mobile was obtained as described previously (15).

Phylogeny inference. Phylogenetic analyses were performed on alignments
of the 16S rDNA nucleotide and the inferred amino acid sequences of the dsrAB
genes. Regions of ambiguous positional homology were removed from the 16S
rDNA data set using the Lane mask (17) and a DsrAB amino acid alignment
mask prepared in ARB (http://www.arb-home.de). A total of 1,335 nucleotides
and 543 amino acid positions (alpha subunit, 327; beta subunit 216) were used

in 16S rDNA and DsrAB analyses, respectively. For paralogous rooting DsrA
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sequences were aligned against DsrB and trees were calculated based on 173
amino acid positions including positions with insertions and deletions.
Phylogenetic analyses were performed with PAUP* version 4.0b2a (35), ARB, or
PHYLIP version 3.57c (5). Evolutionary distance (ED) analyses were conducted
on the 16S rDNA data set using the Kimura 2 parameter and general time
reversible substitution model corrections with and without rate correction. Rate
heterogeneities were corrected using a gamma distribution model (the shape
parameter, alpha, was estimated to be 0.52 using a parsimony based
approximation in PAUP*). ED analysis of the DsrAB data set was performed
using a Dayhoff PAM correction and neighbor joining. Maximum parsimony (MP)
trees were constructed for both data sets using the default settings in PAUP*.
Maximum likelihood (ML) analysis of the 16S rDNA dataset was performed in the
ARB package using the fastDNAmI program (29). Bootstrap resampling of the
ED and MP trees was performed for all analyses to provide confidence estimates
for the inferred topologies. 1000 or 2000 replicates were used in all cases with
the exception of the ED analysis of the DsrAB dataset where 100 replicates were

calculated.

RESULTS
Dissmilatory sulfite reductase phylogeny. A DNA fragment approximately 1.9
kb in size, encompassing most of the alpha and beta subunit genes of the dissimilatory

sulfite reductase, was amplified from 30 sulfite-, and sulfate-reducing bacteria (Tab. 1).
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Table 1. Physickgical and biochamical propaias of the sulfie- and sulfate-reducing prokaryotes investigatad

G+C Content (mol7a}
Species* Strain'  Oxid.! Topt Genome® Genome® __Accession number
rq Genome® &rAB  dsrAB  dsrABIrd  dsrAB3rdl dsrAs 165 rHA
Archaea
Euryarchaeots
Archiaoglobus profundes DaMEEHT 3 &2 41 47 0a7 ) 0,62 AFOT1456 AF2BTE2S
Arcliaeoglobus fulgides PR 3 &3 48 a0 052 a8 0,75 WiSE524 HOBSST YO02TE
Bacteria
Nrospira diviskan
Thermodge sifoviban yvellow sbonii DEM112477 | g5 0 ) o717 28 1.07 Usa22is LA4E1S
Thermodedfoving IsEndkes DEm12570" | 85 =21 ks 097 28 1,31 A3 00 o578
Themode sufabacteriym diviskan
Thermodesu o bacter Dam217a" | T 23 41 0583 s 1,03 ARG L10as2
Thermodesu fobacterium mobite DEm1278" | =) Eal 41 075 k2 081 AR08 AFSMED
Fimkdtes Bacils'Chstadium araup
Desufotomacubim riminis DEmz T | 28 48 46 107 45 1.08 Uaa1 16 1672
Desufotomacubim aeronavtizam DEM10245T | a7 44 48 092 52 085 AF2THES HES407
Desyfotomacuiim puter DSm12398" | S1Es 47 62 0,90 g1 Q.77 AF2THE2 A ROS3525
N i DamaEEaT 3 = a0 83 0,54 65 077 AF2TH025 HEOTED
N for i i Damasse" | a0 a1 a2 096 52 0,82 AF2TITED 11675
Desulfotomaculom kummetsovi DSME115" L & o) 45 56 066 4 0,68 AF2THH 11668
Desulfok Hn st DEMA02EDT | 52 a7 55 104 57 0,85 AFOT42E5 Uases
N " DEmE1sa’ < g2 83 253 095 4 Q.72 AF27I0 L1eg28
N i Damssls’ [s3 5560 =s) =) 088 T3 065 AF2T1TTO Y11ETS
Desuffotomacyimm aceloxidars DEMTTT 3 a7 a5 45 054 41 055 AF2T17EE 11665
Desufaspomsings ofentis DS TEa" | 30 45 42 1.07 0 1,580 AF2T1TET Y1670
Desuflobacterivm dehalogenans Damze” | a7 45 47 [a3= 1 45 0,58 AFSTCD L2gcd s
Desufitobacteriim hafniense DEm10eesT | a7 a7 45 096 47 1,00 nd. HMars
Froteghacteriz dela subdivision
Desufobacter vibriofomels DSMaTTE" s a3 47 48 095 ah 0,85 AJZE04TS U1zesd
Desufobacter labus Damizae T LE= ek 44 45 090 4 0,81 Ussi24ia 4414
Desuffobacuia toluoiica DEm 467" [ 28 42 63 0,79 =) 0,64 AF2TITTS HI0BE3
Desukofaba gelidia Dan 23847 | 7 &3 a2 102 1 067 AP35 AEG AROEE05S
Desufabotilns sapovorans Dsm2o5sT | ko) 53 a2 1.02 a8 050 Uaat 200 34402
Desuffosarcing vanabiis D&M 20807 s ) a1 55 055 =2 0,75 AF1S1907 24407
Desufococcy s multiarans DEm20es” o] 35 &7 2] 1.02 72 0.7 Usat2ay 34408
Desuffavibrio vigars DEmEaT | 3036 a5 &1 107 a2 0,79 U16723 M34360
Destifovibno sp. PT-2 ATCC496TS | k) &5 52 1046 &5 0.78 Uati14ia WSG4E5
Deswifovibria deswifurkans Essex 8 Damede” | sl 2z a0 056 9 075 A2AOTTT AF192153
Desufovibno africanis [BLATEIVEL | e =) 52 106 &5 2,78 AF2TITT2 M2
Desufovibrio desufurkans El Aghells 2 DEM1926 nd w0 nd. 56 nd. 72 nd. AFIH a2 W3FHE
Desufoarcuins baarsil DEm2oTsT o] a7 =5} 52 106 &5 078 AFEHE500 34403
Desufomonie tedfer DEmETEE" < a7 49 63 092 g3 0,78 AFIEBE M2e535
Desufobuibns rhabdaformis DEMETTTT | 31 &1 62 0,96 13 093 A2E04TS u12283
Desufobuibis proplonicds Damacse’ | =l a0 &7 108 T2 0,83 AF218452 34410
Desufobuibes sp. 3pr0 DSt 2068 | 25 nd. 48 nd. 44 nd. AF3ITH0R 24411
Desufarhopalis vacuaiatus DEMZTo0T | 158 45 47 1.02 4G 1,04 AF33 e La2613
Desufovigs adpica DEm1 20167 [s3 - a0 &7 108 s 0,80 APE 1 AL2BTEDS
Desufarhabadns amnigena Dan 10537 [+ a7 53 a2 1.02 a7 0593 AFFRTS mER2T4
Thermode siiforhabdns norvegica DEmzeso” 4] a) 51 53 095 53 061 AFSH 50T L25527

* Sulfate-reching proliaryetes with a putative xerok gous DerBare labeled in bold, + DAMZ or ATCC strain rardber, T typestrain T Oxidition: Cooreplate or L ivecwplete; § Quotiend of gerorie avd dirAR G- conberd: ard quokint
of geromic and dir AP 31 position GHHC contert, respectively. browrmacy of e rerowmis GHHCleontant valwes might vary due fo cifferent detemmiration e thods applisd; 7 GHC content (mol%4) of third cadbm position, nd no data

Complete sequences of the PCR products were obtained. Compiled sequences
were entered into the dsrAB database, trandated into amino acids, and manually aligned.
Previously published partial length dsr sequences of Desulfovibrio oxyclinae (37,
U58116/7), Desulfovibrio simplex (11, U78738), Desulfovibrio gigas (U80961),
Desulfonema limicola (37; U58128/9), and Desulfobacterium autotrophicum (Y 15478)
were not included to avoid resolution loss in phylogenetic analyses. Comparative
sequence analyses were performed based on each subunit and both subunits combined.
No major differences were noted between the individual and combined subunit tree
topologies regardless of the inference method used, indicating a shared evolutionary
history for the apha and beta subunits. Consistent with these findings, the G+C contents

of dsrA and dsrB were almost identical for each organism (data not shown).
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Consequently, detailed phylogenetic analyses were performed on a combined (DsrAB)
data set in order to include the maximum number of 543 comparable amino acid
positions. For comparison, trees were calculated from the 16S rRNA genes of the
identical set of organisms to avoid sampling artifacts (Fig. 1). Since the 16S rDNA
sequence of Thermodesulfobacterium mobile was not available, it was determined in this
study (1520 nucleotides). In Figure 1, the Archaeoglobus sequences were used as the
outgroup for the 16S rRNA tree as they are the only representatives of the archaeal
domain in an otherwise bacterial tree. In contrast, the Thermodesulfovibrio sequences
(bacteria Nitrospira division), were used as the outgroup in the DsrAB analyses since
paral ogous outgrouping of the alpha and beta subunits suggests that the root of the Dsr
tree is aong the Thermodesulfovibrio line of descent (Fig. 2). Therefore, it appears likely
that the dissimilatory sulfite reductases of the Archaeoglobales have a bacterial origin
(see Discussion).

Overall, highly similar orderings of taxa, shaded grey in Fig. 1, were found
between the 16S rRNA and DsrAB trees with al treeing methods. However, major
incongruencies were found between DsrAB and 16S rRNA based analysis for seven
members of the genus Desulfotomaculum, for both species of the genus
Thermodesulfobacterium, and for the d- proteobacterium Desulfobacula toluolica (color
coded; Fig. 1). In contrast to relationships inferred using the rRNA, the genus
Desulfotomaculum, a member of the low G+C Gram positive division (34), is not
monophyletic in the DsrAB tree. Desulfotomaculum aeronauticum, D. ruminis, and D.
putel form a clearly separated grouping together with Desulfosporosinus orientis based
on their DsrAB sequences, while the other seven Desulfotomaculum species cluster
together with Desulfobacula toluolica within the d- proteobacterial radiation. Similarly,
Thermodesulfobacterium commune and T. mobile comprise a divisionlevel lineage by

rRNA analysis but branch within the d- Proteobacteria according to their DsrAB
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sequences. A final discrepancy recognized is the inconsistent branching point of
Desulfobacula toluolica. By 16S rRNA comparison, this species is closely related to
Desulfobacter latus and Desulfobacter vibrioformis, while its DsfAB sequence is
robustly associated with the Desulfotomaculum group in the d- Proteobacteria (Fig. 1).
The most parsimonious interpretation is that these significant topological conflicts reflect
lateral transfer of the DsrAB genes (see Discussion). Points of inferred latera gene
transfer (LGT) are indicated in Fig.1 by circled letters on the 16S rRNA tree.

Additional evidence for lateral transfer of dissmilatory sulfite reductase.
Insertions and deletions within the DsrAB amino acid sequences (excluded in the
phylogenetic analyses) were investigated as additional signposts of the deduced
evolutionary relationships, particularly with respect to inferred LGT events. In total,
three insertions were unique to the d- Proteobacteria, one in the apha subunit and two in
the beta subunit (Fig. 3). These insertions were also found in the d-proteobacterial-like
DsrtAB  sequences of the seven Desulfotomaculum  species, and  two
Thermodesulfobacterium species, thus independently supporting the suggested LGT
events.

Sizable differences in G+C content of the host genomes and acquired genes has
been used to infer recent LGT events (21). A variation of more than 10% between the
dstAB G+C content and the respective genomic G+C content was found in
Thermodesul fobacterium mobile, Thermodesulfobacterium commune,
Thermodesulfovibrio  yellowstonii, Desulfobacula toluolica, Desulfotomaculum
acetoxidans, Desulfotomaculum kuznetsovii, Desulfotomaculum thermoacetoxidans; and
Archaeoglobus profundus (Tab. 1). In seven of these eight organisms, LGT of dsrAB was
predicted by comparison of tree topologies (Fig. 1). We attempted but failed to refine this

analysis using the approach of Lawrence and Ochman (21) to identify atypical sequence
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characteristics (data not shown) since this method produces unreliable estimates for
samples containing fewer than 1,500 codons as described previously (21).

Dissimilatory sulfite reductase homolog of Desulfitobacterium dehalogenans.
The conserved dsrAB primers also amplified a fragment of the expected length from
Desulfitobacterium dehalogenans a bacterium capable of sulfite- but not sulfate-
reduction (36). Comparative sequence analysis of the amplicon demonstrated a specific
relationship to the dissimilatory sulfite reductase of Desulfosporosinus orientis consistent
with their 16S rRNA-based relationship (Fig. 1). Furthermore, the recently completed
genome sequence of Desulfitobacterium hafniense (http://www.jgi.doe.gov) contains a
dsrAB sequence highly similar to the one of Desulfitobacterium dehalogenans (97.0%
amino acid identity). As expected from the close relationship of both species by 16S
rDNA comparison (96.7% similarity), their DsrAB sequences group together

independent of treeing methods applied.

DISCUSSION
In this study we investigated the phylogeny of the dissimilatory sulfite reductase

from a study set of reference species encompassing all described lineages of SRPs in
order to clarify whether - in addition to vertical transmission - dsr genes have also been
laterally transferred. Using degenerated PCR primers, DNA fragments with strong
sequence similarities over their entire length to previously published dsrAB sequences
were obtained from al investigated SRPs and from the sulfite-reducer
Desulfitobacterium dehal ogenans

DSR sequence motifs. The newly determined dsrAB-like sequences contain the
essential  cluster-binding residues typical for dissimilatory sulfite reductases. In
particular, all apha-subunit sequences contain the complete (Cys-Xs-Cys)-Xn-(Cys-Xs-

Cys) motif required for coupling of the [FesSs]-sirohaem cofactor (2). As for other
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dissimilatory sulfite reductases (11) this cys motif is truncated in the beta subunit of the
newly determined DsrAB sequences. In contrast to the prediction of Dahl et al. (3) the
DsrB subunit of Thermodesul fobacterium mobile and Ther modesul fobacterium commune
(4,9) does not contain a complete srohaem-[FesS,4] binding site that could explain the
measured binding of four sirohaems per a b, molecule (versus two sirohaems for typical
sulfite reductases). Furthermore, al DsrA sequences possess the Cys-Pro and Cys-Xo-
Cys-X2-Cys motif required for linking [FesS4] clusters (3). Since the reverse PCR
primers used for amplification target part of the [FesS4] cluster binding motif of DsrB
only the Cys-Pro signature is present in all deduced DsrB sequences. The absolute
conservation of functionally important protein sequences and the absence of frameshift or
nonsense mutations suggests that the characterized genes are transcribed and translated,
and function as dissimilatory sulfite reductases. The sequenced dissimilatory sulfite
reductase genes of Thermodesulfobacterium mobile are most likely functionaly
expressed since the highly variable N-terminal sequence of the beta-subunit is identical
to the one determined by Edman degradation (4). Comparison of the 10 N-terminal
amino acids of the beta-subunit determined by Edman degradation of the dissimilatory
sulfite reductase of Thermodesulfobacterium commune (9) to the sequence deduced in
our study revealed a single amino acid difference at position 1 [Thr/Ser predicted by
Edman - Gly (GGA codon) found in our study]. Thisinconsistency is either caused by an
experimental artifact (mistake in the Edman degradation determination or at least two
Tag-induced mutations in the dsrAB clone of T. commune) or by the presence of more
than one type of dsrAB genes in this organism. Differences between the deduced N
terminal sequence and that determined by N-terminal polypeptide sequencing were also
reported for the DsrB protein of Desulfovibrio desulfuricans (26).

DSR homologs. Additional homologs to the investigated dsrAB genes may exist

in some of the analyzed strains. Thisis not the case for Desulfitobacterium hafniense and
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Archaeoglobus fulgidus since no additional dsrAB homologs are present in their complete
genome sequences. Under the assumption that the PCR primers applied would amplify
all putative dsr copies, we have indirect evidence that the Desulfotomaculum species, D.
aeronauticum, D. putel, D. geothermicum, D. kuznetsovii, and D. thermobenzoicum do
not contain multiple dsrAB copies which differ in sequence since the respective dsrAB
PCR amplificates could be sequenced directly. For the other analyzed SRPs, knowledge
of the copy number of dsrAB-like genes must await an extensive southern hybridization
or complete genome sequence analysis which was beyond the scope of this study.

DSR phylogeny and lateral transfer. The core of our study was a direct
comparison between 16S rRNA and DsrAB trees of the respective SRPs (Fig. 1). In this
analysisit is an explicit assumption that the 16S rRNA phylogeny reflects the organismal
phylogeny (38), that is, that these highly conserved genes have undergone no lateral
transfer in the organisms studied. Accepting this supposition, seven Desulfotomaculum
species, two Thermodesulfobacterium species and Desulfobacula toluolica possess non
orthologous dsr AB genes as demonstrated by major inconsistencies between the DsrAB
and 16S rRNA trees. These inconsistencies most likely reflect lateral transfer of dsrAB
genes rather than the occurrence of dsrAB paralogs which diverged after an initial dsr
operon duplication since all non-orthologous dsrAB genes are phylogenetically affiliated
with the (presumably orthologous) dsrAB genes of the d-Proteobacteria (Fig. 1).
Furthermore, organisms distantly related by 16S rRNA sequence relationship, such as
Desulfobacula toluolica and severa Desulfotomaculum species, contain similar non
orthologous dsrAB genes. This close relatedness of dsrAB genes between species
belonging to different bacterial divisions is unlikely to be the product of convergent
evolution and can more reasonably be explained by multiple lateral acquisitions from a

common donor lineage within the d-Proteobacteria. Consistent with this inference, all
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putative xenologous dsrAB sequences have insertions typical for the d-Proteobacteria
(Fig. 3).

Five independent LGT events (red circles; Fig. 1) of dsrAB genes have been
postulated to explain the observed discrepancies between the 16S rDNA and DsrAB
topologies. It should be noted that for SRPs (i) which do not have close phylogenetic
relatives in the current dsr AB dataset or (ii) whose positions in the deduced phylogenetic
trees vary dependent upon the reeing method used, our analysis can not rule out that
their characterized dsrAB sequences are xenologs. Within the d-Proteobacteria these
limitations apply to Desulfoarculus baarsii and Desulfomonile tiedjel. Furthermore, the
characterized DsrAB sequences of Archaeoglobus and Thermodesulfovibrio species and
the “authentic’ Desulfotomaculum and Desulfitobacterium species possibly could
originate from a progenitor of the d-Proteobacteria or from other as yet unidentified
SRPs. In fact, it seems likely that the genus Archaeoglobus inherited dsrAB genes from a
bacterial donor because (i) the evolutionary distance between Archaeoglobus species and
the bacterial sulfate-reducers is much shorter in the DsrAB tree than in the 16S rRNA
tree and (ii) the sulfate-reducing phenotype is currently restricted to the genus
Archaeoglobus within the archaea domain. Further support for a latera transfer of the
dsrAB genes to the Archaeoglobales was obtained by a phylogenetic analysis on an
alignment of the alpha- against the beta-subunit amino acid sequences. Such analysis can
be used to root the Dsr subunit trees (7,14, Fig. 2), since the subunits are paralogs arising
from an ancestral dsr gene duplication (3). Independent of the treeing method used, the
root was consistently indicated between the DsrAB of the Thermodesulfovibrio species
and the DsrABs of all other analyzed SRPs including the Archaeoglobales. This is
inconsistent with the 16S rRNA phylogeny and points to a bacteria origin of the
Archaeoglobales dsrAB genes (c in the DsrAB tree; Fig. 1). However, the results from

the paralogous rooting should not be overemphasized since the alignment of the Dsr
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subunits against each other is (i) relatively short (173 amino acid positions) and (ii)
contains severa regions which can not unambiguously be aligned (caused by the
relatively low sequence similarities of the subunits to each other). Furthermore, no
evidence for lateral transfer of the Archaeoglobus fulgidus dsr AB genes was indicated by
atypical sequence characteristic anaysis (28, Jeffrey Lawrence pers. comm.) suggesting
that, if the genes are xenologs, they have completely ameliorated towards their host
genome and were the result of an ancient LGT event.

DSR donor lineages. The dsrAB gene donors were members of at least two
distinct evolutionary lineages within the d-Proteobacteria (al-a4 & b in the DSrAB tree;
Fig. 1). Donor lineage a contributed dsrAB genes to two phylogenetically remote groups
of bacteria, Desulfobacula toluolica (d-Proteobacteria) and several Desulfotomaculum
species (Low G+C Gram positives) (al-a4 in the 16S rDNA tree; Fig. 1), suggesting that
this lineage is particularly adept at donating dsr AB and possibly other genes. The specific
identities of the donor lineages is unknown based on the current data, since no
orthologous dsrAB genes were identified within the putative xenolog groups. It is
however striking that Desulfobacula toluolica and all but two Desulfotomaculum species
which received the xenologous dsrAB are oxidizing their characteristic substrates
completely to CO, while the “authentic’ Desulfotomaculum and Desulfitobacterium
species are exclusively incomplete oxidizers. One possible explanation for this feature is
that the dsr AB donor was a complete oxidizer which bestowed this metabolic capability
to the Desulfotomaculum species and Desulfobacula, which subsegquently was lost in
Desulfotomaculum thermosapovorans and Desulfotomaculum thermocisternum (Tab. 1).
Furthermore, most of the recipients of xenologous dsrAB are thermophilic (Tab. 1) which
could indicate a thermophilic lifestyle of the donor species.

DSR recipient lineages. Desulfobacula toluolica is the recipient of the most

recent putative LGT event so far identified (al; Fig. 1) since its close relatives,

- 113 -



G APPENDIX

Desulfobacter latus and Desulfobacter vibrioformis, contain orthologous dsrAB genes.
This is aso supported by no identifiable amelioration of the 3rd codon position G+C
content of the xenologous dsr genes towards the mean G+C content of the host D.
toluolica genome (Tab. 1). The evolution of the genus Desulfotomaculum was affected
by LGT events of dsrAB genes, too. The number of LGT events within this genus is
difficult to predict since the sub-clustering of its members is not always well supported in
the 16S rDNA tree (Fig. 1). Based on the presented 16S rDNA tree it is most
parsimonious to postulate at least three LGT events within this genus (a2-a4 in the 16S
rDNA tree of Fig. 1). Alternatively, one could hypothesize that a single lateral dsrAB
gene transfer event occurred to the common ancestor of the genera Desulfotomaculum,
Desulfosporosinus, and Desulfitobacterium (which did not displace the orthologous dsr
genes) followed by a subsequent xenolog gene loss on at least two independent occasions
from the  ancestors  of the  “authentic” Desulfotomaculum, and
Desulfospor osinus/Desulfitobacterium species, respectively.

In conclusion this study demonstrates that the genes encoding the dissimilatory
sulfite reductase are subject to frequent LGT events within and across bacterial divisions
and possibly even between the bacterial and archaeal domains. This finding was
unexpected since the dissimilatory sulfite reductase represents an essential enzyme for
anaerobic sulfate- and sulfite-respiration which acts (at least for the SRPs) in concert
with other enzymes. One possible explanation for the observed widespread lateral
distribution of dissimilatory sulfite reductases could be that the genes encoding this
enzyme are part of a mobilizable metabolic idand similar to the genes required for
anaerobic nitrate respiration of Thermus thermophilus (31). More generally our findings
add to the accumulating evidence that lateral gene transfer is a potent mechanism shaping
the composition of prokaryotic genomes (e.g. 6,8,20,2122,27,32). On the other hand our

data also demonstrate that the DsrAB phylogeny of most SRPs analyzed is still consistent
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with the 16S rRNA phylogeny. This observation and the paralogous rooting of the Dsr
tree still support an early and thermophilic origin of sulfate respiration.

The use of functional genes including dsrAB as molecular markers for defined
physiological groups of bacteria has lecome increasingly popular in investigations of
complex microbia communities (e.g. 1,23,30,39). If the functional genes are exploited
for phylogenetic analysis of the respective bacteria, lateral gene transfer can complicate
the interpretation. This has previoudy been demonstrated for the nifH gene encoding the
nitrogenase reductase of nitrogen fixing bacteria (12) and was shown here to aso hold
true for the dissimilatory sulfite reductase genes. Therefore, the phylogenetic DsrAB
framework established in our study provides an essential basis to better interpret
environmental diversity surveys of SRPs based on comparative DsrAB sequence

analysis.
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Figure 1. Comparison of 16S rRNA (ML) and DsrAB (ED) trees for the sulfate- and
sulfitereducing prokaryotes investigated. Branch points supported by phylogenetic
analysis (bootstrap support >90% in al ED and MP methods) are indicated by filled
circles. Open circles at branch points indicate >75% bootstrap support in most or all
analyses, while branch points without circles were not resolved (bootstrap values <75%) as
specific groups in the different analyses. Both trees are collapsed back at the division level.
Thermophilic prokaryotes are bolded. Consistent monophyletic groups between both trees
are grey-shaded. Microorganisms affected by putative LGT events of the dsrAB genes are

color coded. DsrAB recipient and donor lineages are indicated by circled letters (a-c)
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gitting above or below the branch, respectively. The bars represent 0.1 changes per

nucleotide/amino acid, respectively.

DsrB DsrA

Thermodesulfovibrio Thermodesulfovibrio

Archaeoglobus Archaeoglobus
\ Authentic Gram
Authenthic Gram positive SRB

positive SRB

d- SRB + xenologous SRB

d- SRB + xenologous SRB 0.10

Figure 2. Unrooted amino acid tree (ED) based on an alignment of DsrA to DsrB. The
dissmilatory sulfite reductases of Allochromatium vinosum and Pyrobaculum islandicum
were excluded from the analysis since they likely are members of different enzyme
families. (10, 23). The bar represents 0.1 changes per amino acid. Bootstrap analysis were
performed using the Phylip parsimony method with 100 resamplings (5). Branch points
with parsimony bootstrap support >85% are indicated by filled circles. Open circles at
branch points indicate >50% bootstrap support, while branch points without circles either
have parsimony bootstrap values <50% (authentic Gram positive SRB DsB; d-
SRB+xenologous SRB DsrB) or are not obtained with the parsmony method
(Archaeoglobus and authentic Gram positive SRB DsrA sequences form a monophyletic

cluster in the parsimony method).
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Organism

Amino acid positions (according to Desulfovibrio vulgaris )

d- Proteobacteria- like
D. propionicus
D.amnigena

T. norvegica

D. vulgaris

D. variabilis

D. vibrioformis

*D. toluolica
*D.acetoxidans

*D. thermosapovorans
*D. geothermicum

*D. thermocisternum
*D. kuznetsovii

*D. thermobenzoicum
*D. thermoacetoxidans
*T. commune

*T. mobile

Low G+C Gram positives
D. orientis

D. aeronauticum

D. putei

D. ruminis

D. hafniense

D. dehalogenans
Nitrospira division
T. yellowstonii

T. islandicus

Archaea

A. profundus

A. fulgidus
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ACD- - | VPRGGAHRGRDWEKFDI
AGD- - | VPRGGSHKGRDWEKFDI
AGD- - | VPRGGAQKGRDWEKFDI
AGD- - | VPRGGARR- QDWGKFDI
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119 DsrB 131

KSH- - - - - GITFP
RSR- - - - - G\WFP
KSR- - - - - G\WFP
ASRKFDGGSLKFP
ESRKFDGGSFKFP
ASRKFPGGSLKFP
NSRKHVTGSYKFP
NSRKFVSGSFKFP
ESRKFVSGSYKFP
QSRKFVGGSYKFP
WERKFVSGSYKFP
WERKFVSGSYKFP
AGRKFASGSYKFP
AGRKFASGSYKFP
KNRKHPNGSYKFS
KNRKHPNGSYKFP

238 DsrB 249

PAKATNSAGEEVK
PKKVDD- - - - - KK
PKKVEI - DGKEYK
PTKLEI GD- KKVN
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PAKVTLPNGTEVK
PTKTES- - - - GKK
PDKTAD- - - - GKK
PDKTPE- - - - GGK
PDKTPE- - - - GKK
PDKTPE- - - - GRR
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PA- TAEVGGKKKK
PA- TAEVDGKKKK

PDP------- KNK
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PDP- - - ---- AKK
PDP------- AKK
PDM - - - - - - KRK
PDM - - - - - - KNK

Figure 3. Amino acid alignment of DsrA and DsrB showing insertions supporting the d-

proteobacterial origin of the putative laterally transferred sulfite reductases (labeled with

an asterix). It should be noted that the presumably xenologous DsrtA and DsrB of

Archaeoglobus do not show the typical d-proteobacterial insertions.
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G.2.2 Molecular evidence for genus level diversity of bacteria
capable of catalyzing anaerobic ammonium oxidation

The paper describes the identification of novel anaerobic ammonia oxidizing bacteria
(ANAMOX) and classical “aerobic” ammonia oxidizing bacteria in a trickling filter
biofilm. During this investigation Michael Klein optimized and applied a gelretardation
method for the recovery of PCR fragments amplified from the functional gene ammonia-
mono oxigenase (amoA) from the environmental sample. This optimized method was

subsequently combined with the dsr AB approach on Mariager Fjord water column samples.

This chapter was published in the Journal of Systematic and Applied Microbiology in 2000

(Schmid 2000).
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Summary

Recemtly, & bacterinm capable ro oxidize ammonium anaerobically at a high rate was identified as povel
member of the Plamcionrycetales (S1RouUs, M., Fuerst, o A, Krasiir, E. H M., LoGEMans, 5, Muy-
i, G, VAN DE PAS-ScHOONEN, K. T, Wens, B L, Kuenen, |2 G, and Jerren, M S0 M. Namre 4060,
Ada—449, 1999, Here we mvestigared the microbial community strucrore of a tnckling filter bicfiba
with a high anaerahic ammomum oxidaton aceiaey. Fluorescence i satu hybndization (FISH) with a sec
of mine probes designed for specific identificarion of the recently deseribed anaecobic ammenum oxidie-
er demonserared thar only one probe hybridized o bacteria within che biofilm, For phylegenetic charac
terization of purarive bofilm anaerobic ammoniom oxidiers a foll-cycle 165 rDNA approach was per-
formed by using a Plascronepcetales-specific forward primer for PCR amplificarion, OF the twenty-five
165 eDMA fragmenits (1364 bp in length] amplified from the biofilm, nine were affiliated 1o the Plancto-
nrveetales. Comparative analysis showed that these sequences were more than 98.9% sumlar to each
ather but omly distantly related to the previowsly recogrzed anaerobse ammoenium oxadizer (below 91%
similarity} and all other organisms represented in public 165 rRNA daabases (similaritics of below
79% . The retrieved sequences and the previously recognized anacrobic ammonium oxidizer represent
two well-separated proaps of a deep-branching lingage within the Flanctomyeetales. Quantitative FISH
analyses wich a newly designed specific probe showed thar the movel bacrenum, provisionally classified
as *Candidatus Kuenenia sturtgariiensas” constituted the dominant fraction of the biofilm bacreria, In
sitir produng revealed thar ammonia-oxidizing bacreria of the besa-subdass of Protecbactenia were also
prosent, albeit in sign:lr'lc.m'r smaller amounts, within the anosic biofilm, Comparative sequence a nalyss
of a steetch of the gene encoding ammaonia-monasoxygenase (anod ) demonstrated the occurrence of the
NA of ac least three different populations of bera-subelass ammonia oxidizers within che hiofilm.

Key words: Anaerobee ammomum oxidanon — diversity of Plorctomsycetales = besa-subclass ammonia
owxidizers - trickling filver = nitrogen remeval = biofilm — quanttative fluorescence in situ hybridizarion

Introduction

Twenty-two vears after Broda’s remarkable theorerical
comsideration that litharrophic microorganisms which
exclusively gain energy by using ammonium as inorganic
electron donor for denitrification should be able 1o exist
in nature (Broka, 1977), a novel member of the Plancto-
wrycetales capable of ammonium oxidaton with nireie
as the electron accepror under anoxic conditions was
identified (STROUS et al,, 1999, In addition to thes au-
rotrophic ver uncultured organism, anaerobic ammoni-
wim-oxidizing acovity has been reported for some of the

classical “aerobic® ammonia oxidizers of the beta-sub-
class of Profeobacieria (Boox er .‘||.1 1995 3 Bruijs et
al, 1995 Kual and VERSTRAETE, 1998; PoTH, 1986;
PoTH and FocHT, 1995 ScHMmT and Boox, 19970
However, the anaerchic ammoenium oxidation rare mea-
sured for enrichments of the novel planctomycete is more
than twenty times higher than for pure colwres of the
bera-subelass ammonia oxidizers (JETTER et al., 1999],
Combined with recently developed nitrificarion sys-
terms which transform ammonium o nirrite with only

7232020V D 1093 5 120048
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94 M. SCisiID et al,

minor nirrare formation (ABELING and SEYFRIED, 1992;
Herumca et al., 1998; Locesank ex al., 1998} the pro-
cess of anaerobic ammoniom oxidation allows for effi-
cient dentrification i the absence of available orgamic
carbon sources. Thus, implemenrarion of rthis combined
process appears to be a promising alternagive for rrear-
ment of sewage wirh low /M rarios in waste water creat-
ment plants. Here we present data on the microbial com-
munity sieacture of an anoxic {anaerobic i the presence
of nirrite} trickling filter biofilm showing high rates of
anaerabic ammonium oxidation. A novel member of the
Planctomycetales (Fugrst, 1995) which is distantly relat-
ed o the previously recognized anaerobic ammonium
pxidizer (STROUS et al., 1999) was shown to dominare
the biafilm by applying the full-cycle rRNA approach,
Fluorescence in situ hybridizanion (FISH) with tRNA-tar-
gered prohes demonstrated that bera-subclass ammania
axidizers represented 27% of che area of those bacreria
detectable by FISH within this biofilm. AmoA gene frag-
ments retrieved from the biofilm clustered opether with
the Nitrosomonas enropaca-lineage and Nitrosococous
miolbiliz, respectively.

Materials and Methods

Reactor operation and chemical analysis

A two-stage semi-technical trckling filter reacror system for
the trearment of efffuent from anaerobic sludge digession s
maintained ar the Institure lor Sanitary Engincering, Water
Quality and Solid Waste Managemenr ar the University of
Sstuttgart, A scheme of the reactor system and important parasm-
erers of the enckling fileers are presented in Figure 1. The plant
was designed for efficient nitrogen removal from the sludge
liguar [typcally contxining berween SO0=2500 mgy WNH, =N ')
via coupled partial aerobic nitrificanion (nitritation} and anaee-
ohie ammaonium oxidation, The ammonium conversion eate of
rrickling fitter 1 s regulated via the influent load of ammonium
o that 60% of the ammonium is oxideeed to mieriee, The result-
ing ratio of 1 : 1.3 of ammenium to nitrite in the effluent of
trickling filter 1 s oprimal for the subsequent anacrobic ammao-
minm oxidation process in trickling flter 2 (STROUS eral., 1998
Wan BE Graak eral., 19%6; Vam pr Graar et al., 1997}, Micrie
encidation to nitrate by nitrite cocdizers does not occur in rrick-
ling filter 1 mose likl_"]}' due to ammonia-inhibiion. The efflaens
of rrickling filter 1 containing @ mixture of ammonium and
nitrite i used as imAuent For the anoxsc wickling fileer 2 de-
signed for anaerobic ammonium osidation. The key parameters
of mickling fileer 2 are given in Table 1. The concentrarions of
ammomnium, nitrite and niteate o the influent and effluent of
erickling filver 2 were derermined photomerrically [Merck, Spec
proquant Darmstadr), Total nitrogen bounded (T™b; encom
passing all inorganic and organic nicrogen compouands) was
measured by a high temperature digestion process with suh-
sequent chemiluminescence detection.

Biofilm sampling

In December 1998 and Apnl 1999, biofilm samples were re-
moved together with their plastic support material (NOR-PALC,
morddentsche Seckabelwerke GmbH, Nordenham, Germany)
from trickling fleer 2 of the semitechnical plant (Figuee 1), Sev-
eral pieces of the support material were immediately immersed
im a fixative contaimng 4% (wiv) paraformaldehvde (4) and
stored at 4 °C for Bh, Subsequently, the biofilm was detached
from its support macerial by gendy mixing, washed with PRS
{130 mM sodium chlorde, 10 mM sodiom phosphate, pH 7,25,
transferred into 50% (viv] PBS/ErOH and stored at =20 °C unil
use, Several other picces of suppom material were transposied
o dry see to the lab and stored ar <20 *C for subsequent nucleic
acid excraction. After sampling trickling filser 2 was rinsed with
dimitrogen gas 1o reestablish anoxic conditions.

DA extraction from biofilm

Bicsfilm marerial was removed from che plastic support by
gently mixing in 10 ml of DNA extraction buffer (100 mM
TrsMCl |pH 3.00: 100 mM sodwm EDTA [pH §40], 100 mdd
sodium phosphate [pH 8.0, 1.5 M NaCl, 1% CTAB} [ZHou e
al., 1996). The plastc support was removed and the biofilm
mmaterial was pelleted by centnifugation for 10 min ar 3000 g
{Hettich, Tuttlingen, Germany), Total genomie DRA was ex-
rracted a5 described previously for acovared slodge by Ju-
REISCHED e al. | 1998],

PCR amplification of 165 rONA

For prefercatial PCR amplificanion of 165 rDNA of mem-
bers of the Plasctomycetales the recently published phylum-spe-
vific probe Plads (E. coli positions $6-63; Neer et al,, 199%6)
was used as unlabeled derivative as forward primer i combing-
tion with the universal reverse primer 1390R {E. coli positions
1 390-1407: ZHENG et al., 19961, PCR was performed in a %6
micro well plare (Biorad, Miinchen, Germany) with the gradient
cycler (Eppendorf, Hamburg, Cermany). Reacrion mixmures
were prepared in a total volume of 50 pl conmaining 2 mbd
D.ig(j_.. 10 nmaol of each rjeu-x]rl'lu.'h:uiidc !r“iph-.'rspha[-:. 15 pnw|
of each primer, 106 ng of templare DNA and 1.5 U of Tag DNA
polvmerase {Promega, Madison). Thermal cycling was carmed
out with am instial denaturation of 4 min ar 947, foflowed by
30 cycles of denaturation ar %4 °C for 43 & annealing ar differ-
ent remperatures {see below) for 50 s, and elongation ag 72 50
for 3 min, Cyeling was completed by a final elongation step ar
72 *C for 10, Megative controls (o DMNA added) were in-
cluded inall sers of amplifications. Oprimum annealing remper-
ature for the used primer set in combinanon with the NA re-
trieved from the bofilm was determined by using the annealing
temperature gradient function of the thermal cycler. 12 different
annealing emperarures berween 44 and &4 *C were esied. The
presence and size of amplification products were detesmined by
agarose (1%] gel cheorrophoresis of § pl aliquors. of the PCR
produces.

PCR amplification of the amoA gene fragment

For PCR amplification of a strerch of the amod pene the
primer set amod-1F and amoA-2R (Rorrrauws e al, 1997)
was usec. Amplification was performed in a ol volume of

Table 1. Key paramerers of trickling Hleer 2 during the sampling penod.

O, [ Temp. [*C] pH

TOC (Infl, and EFL) [ 7]

L& PP ||- d| QH.-....I.N [1d*]

000008 23-1n T7-84 5-10

42-55 200-370
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50 pl with a thermal capillary cyeler ([daho Technology, 1dihe
Falls), Reactions contamed 2 mAa MgClL {Idahe Technology),
1= BSA (ldaho Technology), 10 nmol of cach deoxvaucleonside
trephiosphite, 15 pmol of each primer, 100 ng of templae DN A
and 1.5 U of Tag DMNA polvmerase (Promega), The thermal cy-
cling profile used for amplificanion was as fallows: 30 5 ingtal
denaturatian at 94 "C; then 30 cycles consisting of 15 5 ar 94 °C
for denatuning, 20 s annealing ar 55 =C, 40 3 at 72 *C for elon-
gatwoe, and a final elonganon for 3 min ac 72 0. Neganive con-
trods o DNA added) were included in all sets of amplifica-
tis, The presence and size of amplificarion products were de
terrmined by agarose (1% gel elecerophoresis of 3 pl aliquots of
the PCR produgrs.

Genus-Level Diversity of Anaerobie Ammonimm-Oxidizers o5

Gel retardation of amod amplificates

The gel retardanon of amplified aerod fragments was per
formed i a Hoefer HE33 submarine gel elecerophoresis unir
[Pharmacia Biotech, Fresburg, Germany| with conled hase using
a modification of the protocol published by Wawen et al., 1993
The 2% agarnse gel consisted of 35 ml 0.5% TRE (L0445 M
Tris'HCI, 30445 M boric acid, 0.001 M EDTA, pH 8.3) and
0.7y Nusieve 3:1 agarose, Adter cooling dows the agarose mix:
tisre b 70 *CL 35 pl of the DNA ligand bisbenzimide, to which
Ioay, chains of polyethylene glycol 6000 are covalentdy conpled
(Hanse Analytik Yellow: Hanse Analyrik, Bremen, Germany,
was added o the gel, The dye bishenzimide binds preferentially
i A + T rich sequence motifs in che DMNA and retards them
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compared o DNA sequences with low A+T content. Aher
porimg, the gel was solidified in the dark, The electrophoresis
was performed applyving a veltage of 100V for 30 min with
(1.5x THE as running buffer After the run, the gel was smined
with SYBE Green MO BioProducts, Rockwell, US| nucleic
acid srain (5 pl in 50 ml 0.5% TBE) for 1 hin the dark. The
bands on the gel were visualized wsing UV lumination
{3ednm} and cur our with a capillary, The gel fragments were
resuspemnded o 300 pl swenle HO for 10 min ac 80 “C and
reamplified using the PCR protoco] described above.

Cloning and Sequencing

The ofilm-derived 165 rDNA and amod PCR prodiacts
were cloned directly by using che TOPC TA Cloning kit follow-
ing the mstructioms of the manulacturer (Invitrrogen, Gronin-
gen, The Metherlandsh, Plasmud-DINA was isolared with the
Cuiaprep spin miniprep kit (Cuiagen, Hibden, Germany|. Plas-
mids with an insert of the expected size were wennfied by
agaracse | 1.0%) gel electrophoresis after EcoRl digestion (5 1,
Feo Rl-buffer for 3 hoar 37 °C)L Sequencing was done nonra-
dinactively by using the Thermo Sequenase fluorescent labeled
primer cycle sequencing kit aceonding to the instructions of the
manufactorer [Amersham, Freiburg, Germany), The feiction
mixeares were amilyzed with an infrared avromared DINA se-
gquencer Dmiadel LiCor Longeeadic DINA 4200, MWG - Biarech,
Ehersherg, Germany), The complete sequences of the anmA
fragments and the 165 rDNA fragments were determined by
using M13 forward and reverse pnimers targebing vectar se-
guences adiacent to the multple clonmg site.

Phylogenetic analysis

The 165 rDNA and amod sequences rerrieved in this study
were added to the 168 tDMNA and amiod sequence darabases of
the Technischen Universitar Mimchen {currently encompassing
maore than 16,000 small subunit TRNA sequences and abour
200 amind sequences), respectively, by use of the ARB program
package (STRUNK and Lupwic, 19971, 16% rEMNA sequences
were aligned automatically using the respective tool of the ARE
package, Subsequently, the alignments were correcred by visnal
inspection considering the secondary structure of the 165
rlNAL Deduced amino acd sequences for amof were aligned
mamually by pooling the aming acids iro six groups with the
GDE 2.2 sequence editor implemented i the ARB software
package. Nucleic acid sequences of the amod gene fragments
were then aligned in accordance with the amine acid alignment,
Phylogeneric analysis of 165 rRNA sequences were performed
by applving neighbor-jommmg, ARB parsimony and maximum
likelihood analvsis (fase DNAmI, Mamak et al,, 1996) i differ-
ent data sers. Bootstrapping was performed using the PHYLIP
parsimeny tool (100x resampling) (Phytogeny Inference Pack-
age Version 3.5¢, University of Washington, Seartle). Checks for
chimeric sequences were eonducted by independently subjecting
thie First 37 454 base positions, the middle 455 base positions, or
the lasr 454 3" base positions for phylogenenc analysis. The re-
copstruction of phylogencric trees based on comparative analy-
sis of the AmoA aming acid sequences was performed using
protein maximum likelihood with the JTT-C amino acid replace-
ment model (PROTML 223 ApacH and Hasecawa, 1996),
Parsimony, and FITCH {using the Dayhoff PAM 001 matrix as
the aming replacement model, randomized mput order, and
gln::-|1a| r{'ﬂrrilllw:l'lﬂ.‘ll.rh:l mechods (PHYLIP 15c I":I'.l.‘iﬁNSTFEN.
1993) implemented in the ARB software package.

Probe design, fluerescence in sity hybridization, DAPI-stain-
ing, microscopy. and quantification of probe target bacteria

For the probes used in this siudy, sequences, target sites and
optimal farmamade concentrations in the hybridization buffers

Genus-Level Dhversity of Anaerobic Ammonium-Crxdizers 97

are displayed in Table 2. Probe 5-*-Kse-1275-a-A-20 speait for
the retrieved biotilm sequences related to the anacrobic ammao-
ni|1|1.1 rs:n:ll.hn'r LI TS duﬁip,:l.ull u.si:'ig 'I'|'||." j’!lﬂ.lbt.' dl."ﬁ:lgﬁ III.'H:IE l:bf tl'll:'
ARE package (Table 2). Probes were purchased as Cy3,
Cyi and 5{aj-carboxvfluorescem-N-hypdroxysucaimnude - ester
[FLUOS) labeled derivarives from Intesactiva (Llm, Germany).
Hybradizations were performed as described by Anann (1995).
Simultaneous  hybridization with probes requiring  different
stringency was realized by a successive-hyhridizanion procedure
[(WacwEr et al, 1994 Optimal hybridization conditions for
probe S-*-Kst-1275-a-A-20 were determined by osing the hy-
heidization and wash buffers described by Manz et al. (F992),
An s sitee probe dissociation curve was recorded by measunng,
the relative Huorescence intensity of biofilm bactena afeer hy
hridization with probe 5-*-Ka-1375-4-20 ar different strin-
gencies a5 described by Dimas er al. (1999 Dual staining of
cells with 4,6-diamidino-2-phenvlindole (DAP and fuorescent
oligonucleotides was performed as previously described (Ju-
RETSCHEO ef al, 1998} Surprisingly, probe 5-*Kse-1273-a-A-
20 positive bacteria did only show a very weak DAP-conferred
flunrescence, Thus, we post-seained biofilm marerial hvbridized
with Cvidabeled probes with SYBR Green 1 [FMO Bioprod-
uers, Rockland), For preparation of a woerkimg solution SYRR
Green 1 was diluged with ddBLO 1RO00-fald. 20 pl of the
SYBRR Green | working solution were applied ro cach well of the
microscopic slide and incubated in the dark for 10min at room
vemperature, Slides were washed briefly with ddH, O, air-dried
and embedded in Gigifluwor (Citiflaor Lid,, Canverbaey, UK). For
image acquisitions a Aeiss LsM 510 scanning confocal micre-
soope (Zeiss, Jena, Germany) equipped wich a UV faser (351
and 364 nmj, an Ar o laser (458 and 488 nm) and two Hele
lasers [543 and 633nm} was used vogether with the standard
sofrware package delivered with the instrument (version 2.1].
The EUBSYER Green | rario was determined by using an
equimolar mixture of the probes EUR3IR, EUB3I38-1, and
ELB338-111 {30 ng of cach probe labeled with Cy3; Damgs ee al.,
199491 by applying the digical image analysis procedure de-
wribed below, For guantificarion of biofilm bacreria related 1o
the anaerabic ammoniuvm oxidizer or beta-subclass ammonia
oxidizers Cy3 labeled probes 5-*-Ksr-1275-a-A-20 or MNsol 215
were used together with the CyS labebed hacterial probe ser
(EUB33E, EUBI3E-1, EUBIAE-I for semultaneous |.'|1_.'hl‘idiz:l-
rin. The ratio of the area of cells stamed with STBR Green [ oo
the specific probe, respectively, vs. the ratio of the area of those
cells labeled wath the bacterial probes was devermined for ran-
dom confocal optical hiofilm sections (1 pm) by digital image
analysis using the Carl Zeiss Vision K5400 sofrware package to-
gether with a newly developed macrs (R.AM,, Relative Arca
Measurement — the macro s available on request], For each
probe 20 different microscopic fields complerely covered with
Fafilm matenal {I1l:|.5||jfi|.'.'l'[i.1.|l1. =400 | were an::]}'m:l.

HNucleotide sequence accession numbers

The sequences ohtamned m this study are available in Gen-
Bank under accession no. AFZ02635=-AF202663 (165 rRNA of
“Candidarus . Kuenema  sturrgartiensis”) and - AFI02649-
AF202654 (anoxic biofilm aeeod clones).

Results

Anaerobic ammonium oxidation in trickling filter 2

The semi-technical plant displaved in Figure 1 was in-
oculared with acrivared sludge of the denitrification and
aeracion tank (ratio 1:1] of the waste water treatment
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Fig. 3. PCR amplification of trickling filter 2 derived 165 rDNA with the pnmers Pla46 and 1390R using different annealing tem-
peratures. Lanes: 1 and 14, 1-kb DNA ladder, 2: 44 °C, 3: 45.8 °C, 4:47.6 °C, 5: 49.5 2C; 6= STISIREN. 59 ISR 5dD 2 G20 §6.7

2@ 10:5816 2@ 1160, 4:5C, TR6 22 °C, 131 64 5C.

of those cells stained with probe Pla46 (data not shown).
Both, the probe $-*-Amx-0820-a-A-22-positive bacteria
~ and the cells stained exclusively with probe Pla46 had a
coccoid morphology {a‘mragc diamerer is 1.5 jum) and -
showed a ring-shaped hybridization signal indicative for
mfm?rwrs ‘of the Plonctomveetsles {NEgr ot al, 1998;
ns et al, 1999). P!Jiﬁ@mszzw cells which did not
hvbridize with probe 5-*-Awx-0820-2-A-22 occurred as
single cells within the biofihm (Figure 2).
" To sstablish 1 phylogenetic inventor s of members of
the Plancivmycetales present withi 'mcMmg filter 2
probe Pladé was used as forward primer in combination
with the universal reverse primer 1320K for PCR 165
INA amplification. ‘The effect of different annealing

etales and Chlansy i ,m}mm,um res peécti'"__u‘g‘f}c

temperatures on yield and specificity of the PCR reaction
was analyzed (Figure 3). At annealing temperatures from
44 °C to 56.7 °C relatively large amounts of unspecific
amplificates were observed. Use of higber annealing rern-
peratures up to 64 “C resulted in specific product forma
tion. The PCR product obrained with an annealing tem-
peragure - of 58.6 °C was used for stibseguent Hiteer
cloning to cover a maxdmum diversity of 185 yDINA se
guences. Swrprisingly, only ma% nf the fvs.c-*s‘*} five -J\Hhes‘{
analyzed were affiliated with the P lancromycetales.
These nine sequences (1363-1365 bp in length - pﬁpwr
not counted) wers bz,g?r‘ly sirpilar to each ‘other {more
than 95.8% sequenge similarity) but ouly distandy relar
ed to all other sequences presently *mrﬂerz—.rfd ir pub!

rRIA soutge % Similarity to rDNA of;
ti C.tracko- Fomavine P Gwwmoe . obscwri- I pallid - Marine  Mar Rint, 187 Ag
: hiGihis ;mam - globus <8 agy BT oPic. 490 £
Piralluia w : : .
Planctowryees imuopbilus 82.4: 5 2
Gemmata ob.a:!mgiu;m ] 50.8 :
Isosphera pallida 1 FI 789
Mearine aggregate ¢ clone. a7 2.7 778 76.0. 54
Mm"w picopt, clone OM130 73.1 78.2 76.4 755 i 753
" Bicfilm clons18 i e [ 7550 73.0 740 ) 71.9
© Anaerobic ammonium oxidizér - 717 76.1 75.9 757 74.7
Anouic mofifm-clone 3—4&%’“ L 773 755 74.3 738
: '5‘"&1:: malecular isolate 2- w‘% was aa.lx'c’fs‘j ag representative of the nine almost identical

f‘"«m‘- the anoxic Fsmnim
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1% rEMNA databases. Among those the highesr similarity
values were calculated for the previously recognized
angerobic ammonium oxidizer (90.2%-90.5%), Other
members of the Plarctomveetales and all other organ-
isms displayed very low sequence similarities below 79%
(Table 4], The mine biofilm 165 rDNA sequences share
most but not all signature nueleotides and nucleotide
pairs (Table 3) characteristic of plancromyeetes (FUERST
er al,, 1997 Lipsack and STACKEBRANDT, 1992: Worse,
1987). Consiseent results were obtained afrer application
of different treeing methods for phylogenenic analysis of
the Planctomycetales-related sequences recrieved from
the biofilm. Neighborjoining, maximumelikelihood and
maximum parsimony amalysis agreed thar these se-
guences form a grouping with the deep-branching anaer-
obic ammomium oxidizer within the Planctomrycetales
iFigure 4}, Selecrion of different sers of ourgroup organ-
isms and exclusion of highly variable positions prior to
trecing analysis (by use of a 50% conservation filter for
the Planctomyeetales and the Bacteria, respecrively) re-
sulted in identical assignment of the biofilm sequences
(dara not shown). Bootstrap support for the clustering of
the bicfilm-retrieved sequences with the anaerobic am-
monium oxidizer and for the monophyly of the Plancfo-
mycetales and the anaerobic ammonium oxidizer relared

marine picoplankton clone OM190

marine aggregate clone 27,
Biafilm clons 18

Anaerobic ammonium oxidizer

Genus-Level Diversity of Anacrobic Ammoniom-Oxidizers 101

sequences is highly significant (Figure 4). Interestingly,
three environmentally derived 165 tRMNA sequences from
a rrickling fiteer biofilm (Vam pER MEeER et al., 1998),
marine coastal picoplankion (Raree er al., 19%a) and a
marine aggregate (DE LoNG et al., 1993) group with the
anaerohic ammonium oxidizer and the binfilm sequences
if maximum likelihood (only in combinarion with a filrer
selecting those sequence positions which share the same
nucleorides in ar lease 30% of the available bactenal se-
quences) or maximum parsimony methods (only wichout
sequence filter) are applicd. However, these methods
used wirh other sequence filters as well as all neighbor
joining analyses suggest that these three previously pub-
lished sequences form a separate lineage which branches
not as deep as the anaerobic ammonium oxidizer lincage.

The oliponucleotide probe 5-%-Kst-1275-a-A-20 was
designed complementary o a specific target region
shared berween the nine lanaerobic ammonium oxidizer
related) 165 tDNA biofilm sequences. Probe 5-°-Kse
1275-a-A-20) had ar least cthree mismarches with respect
te all other available 165 rRMA sequences (Figure 5),
Since no pure culture i1s available to determuing the opt-
mal hybridization stringency for probe 5-*-Ksr-1275%-a-
A-20, an i sttie probe dissociation curve was recorded
with fixed biofilm samples wsing increasingly stringent

Plancfomyces group

Firaliula group

“Candidatus Kuenenia stuttgartiensis” (9 clones)

Verrucormicrobium 100%

100%
Chiamydiales

Fug. 4.
angerohi ammonm oxadizer {STROUVS et al., 1999 AT131819),

Isosphaera group

Gemmala group

0.10

L J

to outgroups

Phylogenetic free reflectang the relationships of the Stittgart teickling filees 2 165 tDNA clones, the previcusly recognized

the other Planctamycetales, and other reference organisms. The oi-

angles indicare phylogenetic groups, The tree is based on the results of maximum likelihood analysis on different data sets. Muleifur-
carions connect branches for which a relanive arder could not unambiguously be derermined applying different treeing methads. Par-
simony bootstrap values for branches are eeporred. Missing bootstrap values indicare that the branch in question was not recovered

i the majosity of bootserap eeplicares by the parsimony method.

The bar represents 102 estimared sequence divergence,
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Probe seguance
Target seguence
=Candiditias Kuenvnia stuttgartiensis"

3 =ACGCTTIGGATATTTCGSCT-5 '
5 ' ~UGCEARACCUAUAAMGCCGA=-3

Anagrobic ammonium oxidizer - Rt LR R B

Fasnibacillus curdlanolyticos ooy e e e i s

Desul fofomsculum Chermosapovorans PRSI o - PR R SN G

Thermoanasrchacter lacticus il o A L5 - R el

Actinopolyspora halophila Y = = P " |

Halomonas halodurans A.....0..qQ. AR -

Brachybacterium alimentarium r U 1 SR RS G

Clavibacter michiganenss Bovnn o..C.H....-.. o

My cehe b ﬂ:;m; :' TR 'E'L'I,' G 3 'g Fig. 5. Differemce alignment for proke 5-%-
ﬁﬂﬁ:éf;,m:g;m: N R TR Ksr-1275-a-A-20. 165 rRNA sequences at the
L L TR e L R L e rarget site of the probs: are displayed for repre-
Ciirmiabia =t ariom Flay G e T R a sentarive reference organisms.

conditions (Figure 6). Probe 5-*-Ksr-1275-2-A-20 nield-
ed strong signals up to 25% (vwiv) formamide in the hy-
bridization buffer followed by a decline ac 30% {viv) for-
mamide, Signal intensiries dropped to the level of awr-
ofluorescence atter increasing the formamide concentra-
tion in the hvbridization buffers o more than 50% (wiv].
Cells with highly similar morphology were derected by
prabe 5-* Kst- 1275-2-A-20 under conditions of different
srringency (data nor shown). Considering strengeh and
position of the mismatches in other known non-targer
organisms a formamide concentration of 25% (vwiv) was
chosen as oprimal stringency for 5-*-Ksr-1275-a-A-20,
After simultaneons hvbridization of  biofilm material
with prabe 5-*-Ksr-1275-a-A-20, and probe 5-*-Amx-
0820-a-A-22 (labeled with different dyes) exclusively
double-labeled cells occurring in dense aggregates were
observed (dara not shown).

Cuantitative in sitee analvsis of the bacteria relared o
the anaerohic ammonium oxidizer within the biofilm
was performed by applving probe 5-%-Ksr-1275-a-A-20

T
HE
150
140
(U]

Pk signol imersey [ALU)
2E

Formamide [%]

Fig. 6. Prohe hinding profile of probe S-%-Kst-1275-a-A-20.
The relative strength of hybridizaton was desermined ac in-
creasing concentranions® of formamide in the bybrdizanon
buffer and decreasing concentrations of Ma(ll in rhe washing
buffer by quantification of intensities of the fluorescence sig-
nals.

with 25% formamide in the hybridization buffer and
159 mM MNaCl in the washing buffer (see Materials and
Methods), Digieal image analysis of confocal biofilm sec-
rions simultanecusly hybridized with the Cv3-labeled
EUB338 probe mexmare {Dams et al., 1999) and the Cyv3-
labeled probe 5-%-Kst-1273-2-4-20 demonserared thar
bacrerna related 1o the anacrobic ammonium oxidizer oc-
cupied 49% (+/-12; 95% confidence limir; the relatively
high standard deviation is caused by the vnequal, cluster-
like distribution of the probe targer bacteria within the
bicafilm] of the area of those bacrerial cells derecrable by
i siti hybrndizanion (Figure 2} In a control experiment,
the relarive area of the novel biofilm Planctomycetales
after hybridization with probe 5-*-Amx-0820-a-A-22
was decermined to he 50% (+/=8: 95% confidence limit).
Since B3 % (+/-8; 95% confidence limit) of the total bac-
terial cells within the biofilm stained with SYBR Green |
were simultaneously derectable with the bactenial probe
mixtire, the bacteria related to anagrobic ammonium
oxidizer constitute almost half of the bacterial biomass in
tricklimg filrer 2.

"Aerobic” nitrifiers within the anoxic biofilm

The abundance and diversity of “aerobic™ ammaonia-
pxidizing bacteria of the beta-subclass of Profeobacteria
within the anoxic biofilm of trickling filter 2 were inves-
tigated by Hoorescence in sit hybridization with a ser of
previously developed 165 rRNA-rargeted oligonucleotide
probes listed in Table 2 (JurersoHso er al., 1998; Mo-
BARRY et al., 1996; Wasnen et al., 1995; WaGsEeR et al.,
1996) and by comparanve sequence analysis of retrieved
fragments of the amod gene (ROTTHAUWE er al., 1997).
In confocal biotilm sections 27% (+/=4; 95% confidence
limir; the relatively high standard deviarion is caused by
the unegual, cluster-like discribution of the probe arger
bacteria within the biofilm) of the area of those cells de-
tectable with the bacterial probe ser was occupicd by am-
momia axidizers identified as halophilic or halotolerant
members of the genus MNitresomeonas by simultaneous
hybridhzation with probes Nso 1225, Nso 190 and NEL.
No signals were observed after hybridization with the
Nitrosococcus mobilis specific probe NmV or the Nigro-
sasprira cluster-specific probe Nsv 443, In additon, no
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itFire-oxndizing bacteria of the genera Nitrobacter and
Mitraspara could be visualized after hyvbridization with
the probes NIT3 (WaGNER et al., 1996) and 5-G-MNespa-
o62-g-A-18 (Damms ec al., in press), respecrively.

For 165 rRMA-independent high resolution diversity
analysis of bera-subclass ammonia oxidizers of rrickling
filcer 2 the gamiaA ;lplprlj;,u;'h WS ;wrh:-rrr:l:d. TROTTHAUWE
et al, 19971 Amod gene fragments were soccessfully
amplified from trickhing filter 2 hiohlm denived DNAL
After pel electrophoretic separation of the egual-sized

hand 1
hand 2
hand 3

Fig. 7. Separation of trickling hlter 2 retneved awoA PCR am
plificates sccording to ther GC content by gel retardabon, Lane
1: 1-kb DA ladder (please note that ehe migration pattern 15
strongly alvered due o the gel retardation)y Lane 2: 5 pl BCR
producr. Bands 1, 2 and 3 were excised, cloned and sequenced
(See Fipure B).

— rscspe-clusier

i
Moot fbii Ni, [G00H
Stuftgart-clone, 51, [G+C:44 band 1)
- Stutigart-clome, 54, (G044, band 1)
~  Ehatgant-ciona, B2, (G+C043, band 1)
[ Mmsomonas suroehs NmiT, [G=085)
— Flutfgeni-clong. S5, (G+C04T, hand 2)
! Pireaomiosas auraieaa NmS0 | (J=00 4T
:‘l Slutigari-cionn, 53, (G+Cr49, bhand 3]
Stutigart-cione, 34, (G+C:4%, banoli)

1 OUgIOUpS 4

—Lag

Fig. B. Phylogencoc Ficch-Margolash wee reflecting the rela-
tionships of the oickling filter 2 ammonia oxidizers based on
deduced AmoA amino acid sequences, GO contents and the re-
spective gl recardation band are given for cach biotilm clone in

LY

hrackers. The bar indicares 10% estimarted sequence divergence,

amoA fragments according to cheir GO content by using
gel retardacion, three distince bands were observed,
cloned and sequenced (Figure 7). Phylogeneric analysis of
the deduced amine acid sequences of the molecalar iso
lates representing the respective bands demomstrated
their grouping with Nitrosococens mobilis (band 13
clones 51, 52, and 54, GC content 43—44%. identity val-
ues between 93.7 and 97.2% on the amine acid level
the respective amoA fragment of N, mobilis), Nitro-
somromas eetropha (band 2, clone 55, GO content 47 %,
identity walue of 95.0 % on the amino acid level to the
respective amod fragments of N, eufropbal, and Nitro-
somronas ewropaea (band 3, clones 53 and 56, GC con-
tent 49%, identity values of 98.6-9%.3% on the amino
acid level to the respective ameA fragment of N, ewro-
paea) |Fipure §),

Discussion

Genus-level diversity of anaerobic ammonium
oxidizers

On thermodynamical grounds Broda predicted the ex-
istenee of lithaetrophic prokarvotes mediating the anaero-
bic oxidation of ammonia to nitrogen in nature | BRoTA,
19771 Recently, this hyvpothesis was verified by the iden-
tificanion of a novel, deep-branching planctomyeere ca-
pable of caralvzing the above mentioned process (STrRous
et al., 1999, Our data provide evidence that an addition
al penus within the Planctomycetales capable to anaero-
bically oxidize ammonum does exist. The suggesred
novel genus was identified based on nine highly similar
165 rRMNA sequences retrieved from a erickling filter
binfilm wich high anaerabic ammaoninm-oxidizing acrivi-
ty. Different phylogenetic analyses consistently demon-
seeated thar these sequences group as & clearly separated
cluster with the previously described anaerobic ammoni-
um oxidizer. The moderate sequence similancies between
the molecular biofilm isolates and the anacrobic amma-
nium: oxidizer (below 21%) indicare the presence of owo
different genera (LUDWIG er al., 1998}, Consistent with
rthese findings, the biofilm rerrieved sequences do nat
possess fully complementary targee sites for eight out of
nine 165 rRNA-targered oligonuclentide probes previ-
cusly designed for specific or sitwe detection of the anaero-
bic ammaniom oxidizer (STROUS et al., submitted ).

Our resules do nor provide direcr evidence thar the
idenrified novel plancromycetes occurring in the reickling
fileer biofilm da .;'u.:ru:;]”:. [\urﬁ:rrli anaerobic ammoniom
axidation, However, there are two independent experi-
mental results which strongly support the conclusion
that these orgamisms are indeed anaerobic ammonium
oxidizers. Firstly, it should be noted thar the influent of
trickling fileer 2 contained significant amounts of ammo-
mium (280 mg ') and nicrcite (336 ma ') but was very
low in total organic carbon {5=10 mg |7}, Analysis of the
chemical composition of the influent and effluent of the
analyzed trickling filter showed thar its biofilm possessed
a high anaerobic ammonium-oxidizing acrivity ar the
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fme of sampling. Taken together it appears very likely
that the numerically dominant bwobilm microorganism,
the novel plancromycere-like bacterium which accounts
for almost half of the prokaryotic biofilm biomass, are
chemalithoanrotrophs paming energy from the anaerabic
ammenium oxidation, Secondly, the previously described
anaerchic ammonium oxidizer is the ¢losest known rela-
tive of the novel biofilm plancromycete representing to-
gether the deepest recognized line of descent within the
Plarctomyveetales. Since no other recognized members of
the Planctonrypeetales which are capable to perform
anaerohic ammenium oxidation have been described, ir
is tempting vo speculate that the commaon ancestor of the
anaerchic ammonium oxidizer and the novel Cangdidatus
genus-either developed or acquired (by lareral gene trans-
fer From a wer unknown bacterium) this physiological
ability. In this context three environmentally derived 165
rRNA sequences, obraned from a marme aggregate (D
LonG et al, 1993), marine picoplankton (Raree er al.,
1996), and one from a rotating contactor disk biofilm
(Wax per Murr et al,, 199%8), should also be considered.
Some but not all rreeing methods suggest thar these two
sequences do also group with the anaerobic ammonium
oxidizer and the novel biofilm plancromyecere. Future
studies are required to show whether these sequences
also represent bacteria performing anaerobic ammaonium
oxidation, If such is the case a widespread environmental
distribution of bacteria with this physiological teair
wionld be expected,

Based on the results of our study we propose, accord-
ing to Muiieay and SCHLEIFER {1994) provisional classifi-
cation of the novel biohilm planctomycete as “ Cardidatns
Kuenenia stutrgartiensis™. The shorr descriprion of * Can-
didatus Kuenenin sturgarticnsis™ is as follows: deep-
branching within the Planctosmyestales; nor cultivared;
Gram-reaction not applicable; coccus, approximarely 1.5
pm in diameter; basis of assignment, 165 fDNA se-
quences {accession numbers AF202655-AF202663) and
aligonucleotide probe complementary to unique region of
165 rfRMNA 5-%-Ksr-1275-2-A-20 (5 TOGGCT TTATAG:
GTTTCGOA-3"), free-living (anoxic biafilm); anaerabic
ammonium oxidizer, mesaphilic; SCHsMID et al., this stady.

significance of classical “aerobic” ammonia
oxidizers in anoxic habitats

Several studies have demonstraced that “aerobic™ ame
monia oxidizers of the bera-subclass of Proteobacteria
can survive extended periods of anaerobiosis [ARE-
LICVICH, 1987 BLAckpuRn, 1983; JETTEN e al., 1999), In
addition, 4 surprising metabalic versariliry of different
Nitrosomanas strains under oxygen limitation andfor
anoxic conditions including anaerobic oxidanon of am-
monium with niresre as elecrron accepror has been re-
ported (Bock er al., 1995; De Bruips er al, 1995; Porw,
1986: Pote and FoodT, 1985, ScHsint and Bock,
19971, Quanritative FISH showed that halophilic or
halotolerant ammoma  osidizers of the genus Nitro-
somtonds constitute abour one fourth of the microbial
hiomass of the anoxic trickling hilter biofilm, Compara-

tive sequence analvsis of biofilm derived amod frag-
ments indicated the presence of DNA originating from
ammonia oxidizers closely related o Nitrosaeronas en-
rofutea, Nitrosontonas entropha, and Nitrosococcns meo-
hilis within the biofilm. It should be noted thar, doe o
the reamplification of amoA fragments afrer gel-retarda-
rion, two rounds of 30 PCR cyvcles were performed prior
tor cloning of amod fragments. Thus Taq polymerase in-
duced sequence errors might account for some of the dif-
ferences in the deduced amino acid sequences berween
the cloned amoA fragments and those of the cultured
ammonia oxidizers, While the detection of amoA frag-
ments from Nitrasomeonas eurapraea- and Nitrosomonas
entropha-like bacteria is congruent with the FISH resulrs,
Nitrogococeus mobilis cells were nor dececrable in site.
Possible explananons of this discrepancy are thar Ni-
trosococens mobilis-like cells are not derecrable by FISH
since they (1) occur in low numbers below the FISH de-
tection limit, (11 possess a low cellular ribosome conrent,
(111} were subjecred ro a mutanion in the NmV probe-tar-
get site, or {IV) were lysed within reactor 2 and their ex-
tracellular DNA served as template for amod amplifica-
tion. Ar present it is difficult to judge the significance of
the relatively high i st abundance of classical ammi-
mia oxidizers in the anoxic biofilm for anaerobic ammo-
mium oxidation. It appears to be most likely thar aerabic
ammania oxidizers have been transferred via the sewage
from the aerobic mickling flter 1 with high ammonia-ox-
idizing activity 1o the anoxic trickling fileer 2. The high
cellular ribosome conrent of thess ammonia oxidizers in
trickling filter 2 observed by FISH 15 nor necessarily an
indicator for substantial physiological activity since beta-
subclass ammonia oxidizers maintain high rRNA con-
centrations per cell even under unfaverable conditions
like starvation (MORGENEOTH, in press; MoRITA, 1993)
or chemical inhibition {(Wacker et al,, 1995). Conse-
quently, the high ribosome content of wrickling filter 2
era-subclass ammonia oxidizers could just reflect their
previous acrobic activity in trickling filer 1. However,
the relatively high numbers of the "aerobic™ ammonia
oxidizers observed fr sitw in trickling filter 2 suggese thar
they might be able to grow under anoxic conditions or
under transicnt perinds of microacrophilic conditons (up
to 0L08 mg O, ' was detecrable in trickling fileer 2:
Tahble 1}, Nevertheless, classical ammonia oxadizers con
stituted only appros. one half of the biomass of * Cand)-
datus Kuenenia sturtgartiensis™ within the trickling fileer
2. Keeping in mind that beta-subclass ammonia L‘:‘.\'ii‘li?s:_rw
analveed 1o date possess (ar least in pure cultre] specific
rates for anaerobic ammoniom oxidation which are
more than 20fald lower that the rate measured for the
anaerchic ammeonium oxidizer affiliated with the Plane-
tommycetales (JETTEN et al, 1999) we conclude thar * Can-
didatns Kuenenia sturtgarticnsis”™ is most likely responsi-
ble far a large part of the anaerobic ammonium oxida-
tion in trickling fileer 2. Furure stodies will show wherher
meinbers of the Mlanctonryeetates are also responsible for
the nitrogen loss withoue corresponding decrease of
BOD which has been recently reporred for two rotating
hiological contactor systems treating landfill leachare
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(HELMER snd KissT, 1998 Hioiser ecal., 199%; Sicrist
et al., 1998). In a more general perspective rthese resulrs
demonstrare that there is a principal possibility to actual-
Iv integrate the process of anaerobic ammonium oxida-
rion in modern wasee warer treatment for inexpensive MN-
removal from waste water with high ammonium concen-
rrations and low BOD, We just begin to elucidare the ac-
rual natural generic diversity of bacreria capable o per-
form anaerobic ammomum oxidation, How this diversi-
tv also reflecrs differences in physiology remains onre-
solved but will ultimately be important in both, our fun-
damental understanding of nitrogen cvéling and the de-
sign of highly efficient waste warer rrearmenr plants.
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G.2.3 Endosymbiotic sulphatereducing and sulphide-oxidizing
bacteriain an oligochaeteworm

The unusual symbiosis of a sulfate reducing and a sulfide-oxidizing bacterium and a
gutless marine worm was investigated with molecular biological methods. The two
bacterial symbiosis partner were identified by 16S rDNA analysis and their localization
inside the worm were ascertained with fluorescence in situ hybridization and detection
with confocal laser scanning and electron microscopy. Michael Klein contributed to the in
situ detection of the symbionts and sequenced the dsrAB genes from the sulfate reducing
partner and Desulfosarcina variabilis, a close relative. Michael Klein as well carried out
the subsequent phylogenetic analysis of these sequences. He further contributed to the

writing of the respective sections.

This report was published in Nature 2001 (Dubilier 2001).
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Abstract

Stable associations of more than one species of symbiont within a single host cell
or tissue are assumed to be rare in metazoans because competition for space and
resources between symbionts can be detrimental to the hostl. In animals with
multiple endosymbionts, such as mussels from deep-sea hydrothermal vents? and
reef-building corals®, the costs of competition between the symbionts are
outweighed by the ecological and physiological flexibility gained by the hosts. A
further option for the coexistence of multiple symbionts within a host is if these
benefit directly from one another, but such symbioses have not been previously
described. Here we show that in the gutless marine oligochaete Olavius
algarvensis , endosymbiotic sulphate-reducing bacteria produce sulphide that can
serve as an energy source for sulphide- oxidizing symbionts of the host. Thus,
these symbionts do not compete for resources but rather share a mutalistic
relationship with each other in an endosymbiotic sulphur cycle, in addition to their

symbiotic relationship with the oligochaete host.
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Olavius algarvensis 4 is a small tubifcid worm (0.2mm x 20-30mm) that is found in
the Mediterranean at sediment depths of 5-15 cm in coarse-grained sands
surrounding beds of sea grass. As in other gutless oligochaetes®® two bacterial
morphotypes occur in immediate proximity to one another just below the cuticle
between extensions of the epidermal cells (Fig. 1).

il

4,1\.1;_'_ ~

Figure 1 Transmission electron micrograph of bacterial endosymbionts in O. algarvensis . The symbionts
occur just below the cuticle (cu) between extensions of the epidermal cells. The larger bacterium (arrowheads)
contain numerous globules whereas the smaller bacteria (arrows) do no show any cytoplasmic inclusions.
Scale Bar, 1 pm.

The larger morphotype (2.5um x 1.5um) contains numerous intracellular globules,
whereas the smaller (1.1pm x 0.7 pm) has no conspicuous inclusions. We
determined the phylogenetic identity of the O. algarvensis symbionts by using
comparative 16S ribosomal RNA sequencing. We identified two dominant clone

groups in the hosts, with minimal variations in the 16S rRNA sequences within
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each clone group (0.1+1.2%). Phylogenetic analyses revealed that the 16S rRNA
sequences from these two groups are derived from the g and d-subclasses of the
Proteobacteria (Fig. 2a, b). The gproteobacterial sequence isolated from O.
algarvensis consistently falls in a cluster with endosymbionts from other gutless
oligochaetes such as Olavius loisae’ and Inanidrilus leukodermatus® (96+97%
sequence identity) in all treeing methods used. The d-proteobacterial sequence is
always placed within a subgroup of free-living sulphate-reducing bacteria
(Desulfococcus/Desulfonema/Desulfosarcina) by all inference methods, with
Desulfosarcina variabilis consistently identified as its closest relative (93%
sequence identity). Fluorescence in situ hybridization (FISH) confirmed that the g
and d-proteobacterial 16S rRNA sequences originated from the symbiotic bacteria
in O. algarvensis (Fig. 3). The FISH signal from the probe specific to the ¢
subclass of the Proteobacteria (GAM42a) and a species-specific probe based on
the O. algarvensis g-sequence (OalgGAM445) clearly originated from the larger
bacterial symbiont, whereas the general Desulfosarcina/Desulfococcus probe
(DSS658) and a probe targeting the O. algarvensis d-sequence (OalgDEL136)
consistently labeled the smaller bacterial symbiont. The thioautotrophic nature
(that is, sulphur-oxidizing, CO2- fixing metabolism) of the gsymbionts in O.
algarvensis is suggested by their close evolutionary relationship to symbionts
already characterized as thioautotrophic8,9. This assumption is corroborated by
our results from immunocytochemical labeling with an antiserum directed against
form | of ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco), the key
CO; fixing enzyme. The antiserum consistently labeled the larger g-symbionts but
not the smaller d-symbionts (see Supplementary Information). Further evidence for
a thioautotrophic metabolism of the gsymbionts is the high concentration of
elemental sulphur in O. algarvensis (3.2 + 1.7% dry weight; n = 5). Such large
amounts of S° are characteristic for hosts with sulphide-oxidizing symbionts®. This
corresponds well with electron microscopic spectroscopy studies that show the
presence of sulphur in globules of the g-symbionts (J.K., unpublished results). The
close evolutionary relationship of the d-symbionts of O. algarvensis to free-living
sulphate-reducing bacteria (SRB) suggests that these are also sulphate reducers.
SRB have been described from termite guts'’ and the intestines of some
mammals? and there is indirect evidence that they may occur as epibionts on

some marine ciliates®® and invertebrates'**®. However, SRB as endosymbionts
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have not been previously found in marine invertebrates and it has been suggested
that such symbioses are unlikely because sulphide, their metabolic endproduct, is
toxic to most aerobic organisms. We therefore used several methods to show that
the d-symbionts of O. algarvensis are indeed SRB and can actively respire
sulphate in the worms. The enzyme dissimilatory sulphite reductase (DSR)
catalyses the reduction of (bi)sulphite to sulphide and is a good indicator for
dissimilatory sulphate respiration, as it is only known to occur in sulphate-reducing
prokaryotes'®. Using specific primers, we successfully amplified the gene encoding
DSR from O. algarvensis ; no amplification products were obtained from negative
controls with another gutless oligochaete host (I. leukodermatus) that does not
harbor d-proteobacterial symbionts. Comparative phylogenetic analyses (Fig. 2c)
consistently showed that the DSR sequence from O. algarvensis is most closely
related to D. variabilis (79% DNA sequence identity, 82% amino-acid identity), the
free-living SRB most closely related to the d-symbiont of O. algarvensis on the
basis of 16S rRNA analyses (Fig. 2b). Previous studies have shown that 16S
rRNA phylogenies of SRB agree well with their DSR phylogenies®®, indicating that
the DSR sequence isolated from O. algarvensis originated from the d-symbiont of
this host and thus that this symbiont is a sulphate reducer. To show that sulphate
is actively reduced in O. algarvensis , we inserted silver needles through individual
worms and incubated these in radiolabeled **S0,* under microaerobic and
aerobic conditions. After exposure of the needles to an autoradiographic film, blots
from the needles inserted in live worms under microaerobic conditions showed a
positive signal from 3°S-labelled sulphide that had precipitated on the needles,
whereas under the same conditions a needle inserted in a formalinfixed worm
remained unlabelled (data not shown). This indicates that sulphate is reduced to
sulphide during dissimilatory sulphate respiration by the d-symbionts of O.
algarvensis under microaerobic conditions. Sulphate respiration appears to be
inhibited at high @ concentrations, on the basis of the absence of a sulphide
precipitate on needles inserted in worms incubated under aerobic conditions. We
determined the sulphate reduction rates (SRRs) of the symbionts by incubating O.
algarvensis in **S0,% under microaerobic conditions (Table 1). In live worms, we
measured SRRs of 53 - 534 pmol per worm per day, whereas SRRs in heat-killed
worms under the same conditions were below detection limits. Sulphate was

reduced to sulphide despite the absence of an external electron donor in the
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incubation medium. Endogenous electron donors that could have been used by
the sulphate -reducing symbionts are fermentation products from the host such as
succinate, propionate and acetate. These substrates accumulate during anaerobic
metabolism under low oxygen concentrations in other marine tubificids'’ and many
other aquatic invertebrates®. Under fully aerobic conditions, SRRs in live worms
were below detection limits, indicating, as in the silver needle experiments, that
high oxygen concentrations inhibit sulphate reduction. This corresponds well with
observations on SRB in pure cultures, where most species are temporarily oxygen
tolerant but not able to respire sulphate in the presence of high oxygen
concentrations*®. On the basis of the numbers of d-symbionts in O. algarvensis as
estimated by FISH, SRRs in these hosts (0.07 - 0.36 fmol per cell per day) are
lower than those of SRB in pure cultures with saturating substrate concentrations
(0.2-50 fmol per cell per day)20 but in the same range as those estimated for free
living SRB in marine sediments (0.01-0.09 fmol per cell per day)*:. SRRs in the
worms on a volumetric basis are extremely high (690 - 19,600 nmol cm™ per day)
and comparable with rates measured in microbial mats (2,880-43,200 nmol cm®
per day)??. To estimate the importance to the sulphide-oxidizing symbionts of
internally produced sulphide compared with the import of external sulphide from
the sediment, we compared the fluxes from these two sulphide sources. Dissolved
sulphide concentrations in pore waters of O. algarvensis collection sites were
extremely low: <14-76 nM (26£21, n = 9) at 5-15 cm sediment depth, with no trend
with sediment depth or location. Correspondingly, sulphide flux from the
environment into the worm was <50-270 pmol per worm per day (9375, n = 9).
Internal sulphide production from the sulphate-reducing symbionts on the basis of
SRRs was 120-1,530 pmol per worm per day (640+780, n = 3). Thus, internal
sulphide production is typically considerably higher than sulphide flux from the
sediment, indicating that under prevalent conditions this symbiosis appears to be
independent of an external source of sulphide. The coexistence of sulphate-
reducing and sulphide-oxidizing bacteria as endosymbionts in O. algarvensis
indicates that these are engaged in a syntrophic sulphur cycle in which oxidized
and reduced sulphur compounds are recycled between the two symbionts (Fig. 4).
For net growth of the symbiotic association, uptake of organic or inorganic sources
of carbon and electron donors from the environment is required. As sulphide flux

calculations indicate that the electron donor for the sulphide oxidizers is typically
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supplied internally, external reductants must be imported through the sulphate
reducers. Given the metabolic diversity of SRB, in particular within the
Desulfosarcina group, where both chemoorganotrophic and chemoautotrophic
metabolism occurs, dissolved organic carbon and hydrogen are possible sources
of reducing power. Migration of the worms between oxidized and reduced
sediments, as described for other gutless oligochaetes?®, would provide the host
and its sulphide-oxidizing symbionts with oxygen and the sulphate reducers with
reductants. The benefits of this endosymbiotic sulphur cycle to its partners are
clear. Cycling of oxidized and reduced sulphur compounds between the two
symbionts would result in increased protein yields, as shown for continuous
cultures with free-living SRB and sulphide-oxidizing bacteria®®. Furthermore,
fermentation products of the host that accumulate during anaerobic metabolism
would provide the sulphate reducers with an ideal energy source, aid the hosts in
the removal of these undesirable endproducts and recycle metabolites that would
otherwise be lost to the symbiosis. A further advantage for the host and its
thioautotrophic symbiont is that they are not limited by the external presence of
reduced sulphur compounds, given the endogenous production of sulphide by the
sulphate-reducing symbiont. Thus the uptake of a sulphate reducer may have
enabled these hosts to colonize new habitats and extend their geographic

distribution.
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Methods

For more details see Supplementary Information.

Specimens

O. algarvensis was collected in 1998-2000 from sediments at 6-8m water depth in
a bay off Capo di San Andrea (Elba, Italy) by SCUBA divers. |. leukodermatus
specimens used as negative controls for the DSR amplifications were collected in
Bermuda in 1997.

Pore water sulphide

Pore water was collected at 5, 10 and 15 cm depth at the O. algarvensis collection
sites by SCUBA divers with immediate fixation of the samples in zinc acetate. In
June 1999, October 1999 and January 2000, 1-2ml of pore water per sample was
collected and total sulphide concentrations were below the detection limit of 0.4
mM in all samples. In June 2000 the detection limit was lowered to 14 nM by
collecting greater amounts of pore water (40-60ml per sampling site) using
samplers connected to evacuated serum vials containing zinc chloride.

Concentrations of total sulphide were determined colorimetrically?®.

Transmission electron microscopy and immunocytochemistry

O. algarvensis individuals were fixed and prepared for electron microscopy as
described4. For Rubisco immunocytochemistry, specimens were treated as
described in ref. 9. In each worm (n = 5) 50-100 symbionts were examined for

labeling response.

DNA analyses

Three O. algarvensis individuals (and two |. leukodermatus specimens for DSR
controls) were prepared singly for polymerase chain reaction (PCR) as described
in ref. 7. DNA was isolated from D. variabilis DSM 2060 as described®.
Amplifications were performed with primers specific for the bacterial 16S rRNA
genes (8F and 1507R) or the DSR genes of SRB (DSR1F and DSR4R)*. PCR
products were cloned and grouped using amplified ribosomal DNA restriction
analysis (ARDRA). Two or three clones per individual from dominant ARDRA
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groups were partially sequenced and at least one clone per individual from each
ARDRA group was sequenced fully in both directions. Alignments, treeing and
phylogenetic analyses (distance, parsimony and maximum likelihood) were
performed with the ARB program (http://www.mikro.biologie.tu-
muenchen.de/pub/ARBY/).

FISH

Five worms were fixed and prepared for FISH as described’. Sections were
hybridized as described’ with Cy3 and Cy5 labeled group-specific probes
(GAM42a and DSS658) as well as two specific probes designed for this study
(OalgGAM445: 5-CTCGAGATCTTTCTTCCC-3; OalgDEL136: 5-
GTTATCCCCGACTCGGGG-3"). Specificity of the probes was tested with

reference strains as described’.

$30,4% incubations

For silver needle experiments worms were incubated in Na**S0;* and 0.2-pm
pore-size filtered seawater from the collection site. The medium was solidified with
agar and the worms paralyzed with lidocaine (2mgml-1) to prevent excessive
movements during insertion with silver needles (99.999% pure 50uM Ag wire,
tapered to a <1 um tip). Incubations were run for 2-3 h under microaerobic (2-4mM
O,) and aerobic (200uM O,) conditions with monitoring of oxygen concentrations
with microsensors (two replicate experiments per O, concentration with one worm
per incubation). In a control experiment at 24 pM O, with a dead worm, the
specimen was fixed in 4% formalin in seawater and subsequently washed in
filtered seawater. After removal, the needles were washed in 50mM Na;SO,
solution and exposed to autoradiography film. Results were similar in replicate
experiments.

For determination of SRRs we incubated five worms per experiment for 2-3 h in
seawater with Na**S0,% using agar or sand as substrates. Sand incubations were
prepared and run in the same manner as the agar experiments (see above), but
worms were not paralyzed and moved freely in sand from the collection site that
had been washed and combusted at 480 °C. Oxygen concentrations were not

monitored during the sand incubations. For control experiments, specimens were
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heat killed in water at 70 °C for 10 min. SRRs were determined using the one-step

acidic Cr-1l method to separate reduced **S (ref. 26).

Elemental sulphur analyses
So was extracted individually from five worms with methanol and quantified by

high-performance liquid chromatography as described?’.

Flux calculations
Sulphide flux (Q) from the environment was calculated using the following

equation®: Q = 2pIDef Cy/In(1+2d/d), where the length of the worm (1) is 1 cm, the

effective diffusion coefficient of total sulphide in sediment (Def) is 1.39 x 10°m? s,

C, the concentration of total sulphide in the pore water, the mass boundary layer
(d) is 100 um and the diameter d) of the worm is 200 um (see Supplementary

Information). All assumptions are conservative and result in an overestimation of
sulphide flux from the sediment (see Supplementary Information). Internal sulphide
production from the symbionts is based on SRRs measured in worms incubated in
sand (Table 1), assuming that all sulphide produced is consumed by the sulphide-
oxidizing symbionts. SRRs in the worms are assumed to be underestimated, given
that no external electron donor was used and experimental conditions are

suboptimal in comparison to the natural environment.
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Abstract

Multiple lateral transfers of dissimilatory (bi)sulfite reductase genes (dsrAB)
between major lineages of sulfate-reducing prokaryotes (SRPs) influenced the
evolutionary history of this ancient enzyme, yet nothing is known about transfer
mechanisms or identity of donor lineages. In this study an 8.9-kb genome
fragment of the deltaproteobacterial SRP Desulfobacula toluolica carrying the
entire dsr operon was sequenced in order to search for genetic traces indicative of
the lateral gene transfer mechanism. However, in contrast to previously published
data (Klein, M., M. Friedrich, A. J. Roger, P. Hugenholz, S. Fishbain, H. Abicht, L.
L. Blackall, D. A. Stahl, and M. Wagner. 2001. Multiple lateral transfers of
dissimilatory sulfite reductase genes between major lineages of sulfate-reducing
prokaryotes. J. Bacteriol. 183:6028-6035.), D. toluolica was found to possess an
orthologous dsr operon. This result was confirmed by Southern hybridization,
DsrAB protein purification in combination with N-terminal sequencing, and by
dsrAB sequence analysis of its closest known relative D. phenolica. In addition,
Desulfobacterium anilini and strain mXyS1 were identified by screening of dsrAB
sequences of 16 SRP reference cultures as members of the putative donor
lineage for those Gram-positive Desulfotomaculum species which laterally

acquired a deltaproteobacterial (bi-) sulfite reductase.
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INTRODUCTION

Dissimilatory (bi)sulfite reductase catalyzes the energy generating step during the
anaerobic respiration of sulfite or sulfate and thus represents a key enzyme of al sulfite-
and sulfate-reducing prokaryotes (11, 22, 33). Recently, the genes encoding the apha- and
beta-subunits of this enzyme (dsrAB) have been used to infer the evolutionary history of
dissimilatory (bi)sulfite reductases. For this purpose, a dsrAB database containing 74
entries for described sulfate-reducing prokaryotes (SRPs) (representing all known major
evolutionary lineages of this guild) and 2 for sulfite-reducing microorganisms has been
established (9, 12, 14-17, 23, 31, 32). Comparison of 16S rRNA- and DsrAB-based
phylogenetic trees revealed congruent topologies for many SRP lineages, suggesting an
ancient origin of dissimilatory (bi)sulfite reductase (32). This finding is consistent with
isotopic evidence for biological sulfate reduction at 3.47 Gyr ago (30). However, we now
recognize that the distribution of dsrAB among sulfate-reducing species reflects a
combination of divergence through speciation (vertical descent) and acquisition via lateral
gene transfer from distantly related prokaryotes (15). For example, the archaeal SRPs of
the genus Archaeoglobus, the deep-branching thermophilic SRPs of the genus
Thermodesulfobacterium, as well as a large number of thermophilic Grampositive
Desulfotomaculum species, possess laterally acquired (bi)sulfite reductases. In addition, the
deltaproteobacterial SRP Desulfobacula toluolica was postulated to have relatively
recently acquired a xenologous (bi)sulfite reductase, since its close relatives, including
Desulfobacter latus, have orthologous (bi)sulfite reductase genes. In the dsrAB tree, the
putative xenologous dsrAB sequence of D. toluolica formed a well-supported
monophyletic cluster with the xenologous dsr AB sequences of Desulfotomaculum species.

Therefore, it was speculated that D. toluolica and the Desulfotomaculum species received
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their dsr AB genes from a common but yet unidentified deltaproteobacterial donor lineage
(15).

Descriptions of the evolutionary history of sulfate-reducing microorganisms will
remain incomplete until a more comprehensive description of their contemporary diversity
is available. For example, al xenologous dsrAB sequences so far identified have no close
relationship to sequences from species having the orthologous versions of the enzyme.
This suggests that the donor lineages have yet to be described or, aternatively, are no
longer extant. Development of a more complete census of SRP diversity is being facilitated
by the now widespread use of dsrAB gene fragments as marker molecules for PCR-based,
cultivation-independent characterization of natura samples (2, 3, 5, 20, 25). These
analyses support the general utility of this molecular approach. For example, severa
environmentally retrieved dsrAB sequences are closely related to the putative dsrAB
sequence of D. toluolica (2, 13, 26). They have aso revealed the existence of many novel
sulfite and sulfate-reducing prokaryotes only distantly related to recognized members of
cultured guilds. Thus, the diversity of sulfite and sulfate-reducing prokaryotes has not yet
been circumscribed by traditional cultivation approaches (1, 4, 8, 19), as is needed for a
more complete acounting of the evolution of this important functional assemblage of
microorganisms.

The objectives of this study were to better resolve the evolutionary history and
mechanisms of lateral gene transfer of dsrAB by more fully characterising described
species and by more extensive sequence analysis of a dsr operon, and flanking genomic
regions, encoding xenologous dsr AB genes. We sequenced a chromosomal fragment of D.
toluolica containing the entire dsr operon and its flanking genomic regions in order to (i)
determine which additional genes might have been co-transferred with the dsrAB genes,
and (ii) revea genetic traces indicative of the responsible transfer mechanism.

Unexpectedly, our findings demonstrated that D. toluolica contains a single orthologous
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dsr operon different in sequence from the previously published dsrAB gene fragment of
thisorganism (15). In addition, we show by comparative sequence analyses of the dsrAB
genes of Desulfobacterium anilini and the SRP strain mXyS1 that they might represent the

donor lineage for those Gram-positive SRPs which carry deltaproteobacterial dsr genes.

MATERIALS AND METHODS

SRP strains. Cultures of Desulfobacula toluolica (DSM 7467), Desulfobacula
phenolica (DSM 3384), Desulfospira joergensenii (DSM 10085), Desulfonema ishimotonii
(DSM 9680), Desulfonema limicola (DSM 2076), Desulfobacterium anilini (DSM 4660),
the sulfate-reducing strain mxXyS1 (DSM 12567), Desulfotalea arctica (DSM 12342),
Desulfovibrio halophilus (DSM 5663), Desulfovibrio oxyclinae (DSM 11498),
Desulfovibrio zosterae (DSM 11974), Desulfovibrio aminophilus (DSM 12254),
Desulfovibrio gabonensis (DSM 10636), Desulfovibrio carbinolicus (DSM 3852),
Desulfotomaculum nigrificans (DSM 574), Desulfotomaculum halophilum (DSM 11559),
and Sporotomaculum hydroxybenzoicum (DSM 5475) were obtained from the Deutsche
Sammlung von Mikroorganismen und Zellkulturen (DSMZ; Braunschweig, Germany).
The strain Archaeoglobus veneficus SNP6 (DSM 11195) (containing plasmid XY), had
been deposited in the DSMZ by Prof. Dr. K. O. Stetter, Lehrstuhl fr Mikrobiologie,
Universitét Regensburg, Universitétsstr. 31, D-93053 Regensburg, Germany. To confirm
the identity of these species, PCR-amplified 16S rRNA genes were cloned into E. coli,
sequenced and analyzed as described previously (27).

Extraction of high-molecular weight DNA. 0.5 g (wet weight) of cells were
harvested and washed twice in 0.9% NaCl solution. Cells were lysed by incubation with
lysozyme buffer (20mM Tris-HCI pH 7.5; 25 mM EDTA pH 8.0; 75 mM NaCl; 1 mg/ml

lysozyme) for 30 min at room temperature. Subsequently, lysates were mixed gently with
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0.1 volume 10% SDS and 1 mg ml™ proteinase K, and incubated for 1-2 h a room
temperature with occasional gentle agitation. Nucleic acids were separated from other cell
compounds by gentle agitation with 0.33 volume of 5 M NaCl and 1 volume of chloroform
for 30 min at room temperature. After centrifugation (10 min at 10,000 g), the upper
agueous phase was transferred into a new reaction tube. One volume of isopropanol was
added to precipitate nucleic acids from the solution. High-molecular weight DNA was
carefully extracted from the solution, washed with 70% ethanol, dried, and resuspended in
500 pl double-distilled water for two days at 4°C. Dissolved DNA was stored at —20°C.

PCR amplification and cloning of dsrAB genes. PCR amplification was
performed with 50-100 ng of DNA. An approximately 1.9-kb dsrAB fragment was
amplified from genomic DNA by using the primers DSR1F and DSR4R (32) or their
variants (19).

Negative controls (no DNA) were included in al PCR amplification experiments.
PCR reaction mixtures containing 25 pM of each primer were prepared in atotal volume of
50 pl by usng the Expand High Fidelity PCR system (Roche, Mannheim, Germany)
according to the manufacturer’s instructions. Thermal cycling was carried out by an initial
denaturation step at 94°C for 1 min, followed by 30 cycles of denaturation at 94°C for 20 s,
annealing at 52°C for 30 s, and elongation at 72°C for 2 min. Cycling was completed by a
final elongation step at 72°C for 7 min. The presence and sizes of the amplification
products were determined by agarose (1%) gel electrophoresis. Ethidium bromide-stained
bands were digitally recorded by using a video documentation system (Cybertech,
Hamburg, Germany).

PCR products were purified and ligated into the cloning vector pCR-XL-TOPO of
the TOPO XL cloning kit (Invitrogen GmbH, Karlsruhe, Germany) as described previously

(19).
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Polynucleotide probe. For the generation of a digoxigenin-labeled, dsrA-targeted
polynucleotide probe, an approximately 150 bp dsrA fragment was amplified from D.
toluolica pure culture DNA by using the degenerate PCR primers DsrA415F (5'-
tatca(ag)gatgagct(gt)catcg(ct)cc-3') and DsrA542R (5-
ac(ct)gc(agt)tectgatcaat(age)cggatat-3'). PCR reaction mixtures containing 25 pM of each
primer were prepared in atotal volume of 50 pl by using the PCR DIG probe synthesis kit
(Roche) according to the manufacturer’ s instructions. Thermal cycling and analysis of PCR
products were carried out as mentioned above.

Southern hybridization. Analysis of genomic DNA by Southern hybridization was
carried out according to standard (28) or supplier protocols. Restriction enzymes EcoRl,
BamHI, Xbal, Smal, Sall, Pstl, Kpnl, and Hindlll (Fermentas GmbH, St. LeonRot,
Germany) were used separately for digestion of 810 pug of genomic DNA. Agarose ge-
separated DNA fragments were blotted onto a nylon membrane (Biodyne A transfer
membrane, Pall GmbH, Dreieich, Germany) and hybridized with a digoxigenin-labeled,
dsrA-targeted polynucleotide probe. Subsequently, dsrA-positive fragments were
visualized by colorimetric detection by using anti-digoxigenin antibodies tagged with
alkaline phosphatase and the substrate NBT/BCIP according to the instructions of the DIG
nucleic acid detection kit (Roche).

Cloning of a dsr oper on-containing DNA fragment from D. toluolica. Genomic
DNA of D. toluolica was partially digested with Mbol (isochizomer of Sau3A) (Fermentas
GmbH) to yield maxima amounts of fragments at approximately 15-kb length. DNA
fragments (10 to 15-kb) were extracted from the agarose gel by using the QIAquick gel
extraction kit (Qiagen GmbH, Hilden, Germany) and ligated to BamHI-digested
| BlueSTAR arms according to the | BIlueSTAR BamH | Arms kit instruction manual
(Novagen, Darmstadt, Germany). DsrA-containing phages were identified by plaque

hybridization (28) with a digoxigenin-labeled, D. toluolica dsrA-targeted polynucleotide
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probe. Immobilization of | plagues on nylon membranes (Roche), hybridization, and

subsequent colorimetric detection were performed according to standard protocols (28) as
described above. DsrA-containing | BlueSTAR phages were subjected to Cre recombinase-
mediated excision of plasmids (I BlueSTAR BamH | arms kit, Novagen). Plasmids from E.
coli BM25.8 cells were recovered with the QIAprep spin miniprep kit (Qiagen) and
transformed into E. coli DH5a. Finally, plasmid DNA was purified from E. coli DH5a
cells for sequencing.

DNA sequencing. Cloned dsrAB sequences were determined with a 4200L
automated Li-Cor Long Reader DNA sequencer (MWG, Ebersberg, Germany) by sing
the vector-specific M13 primers. The complete sequence and flanking regions of the dsr
operon of D. toluolica were sequenced by using the promoter-specific primers T3 (5'-
AATTAACCCTCACTAAAGGG-3) and T7 (5-TAATACGACTCACTATAGGG-3),
and by subsequent primer walking.

16S rRNA and DsrAB phylogeny. Phylogenetic analyses were performed on
alignments of 16S rRNA gene sequences or the deduced amino acid sequences of dsrAB as
outlined previoudly (15, 19).

Purification of DsrA and DsrB of D. toluolica and N-terminal sequencing. 0.5 g
(wet weight) of D. toluolica cells were washed with TrissHCl (10 mM, pH 7.6),
resuspended in 5 ml TrissHCI (10 mM, pH 7.6), and lysed by ultrasonic treatment. The
lysate was centrifuged twice at 18,000 g for 20 min to clear the cell extract. The
supernatant was applied to a HiTrap Q HP ion exchange column (1 ml, Amersham
Biosciences) equilibrated with Tris-HCl (10 mM, pH 7.6). Proteins were eluted at 1 ml
min with an increasing linear gradient to 0.5 M NaCl and collected in 1 ml fractions.
Fractions that showed maximal absorption at 390 nm (A2s0/Azg < 4) (7) were pooled and
applied to 2 ml Vivaspin concentrators (30,300 MWCO PES; Vivascience AG, Hannover,

Germany) for ultrafiltration. Concentrated proteins were separated by nondenaturing 10%-
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polyacrylamide gel electrophoresis (PAGE). The Dsr protein band was identified by its
brown colour, and was extracted from the gel in 2 ml TrissHCl (10 mM, pH 7.6). For N-
terminal amino acid sequence analysis proteins were separated on a 10% SDS-
polyacrylamide gel and subsequently transferred onto a polyvinylidene difluoride
membrane as described previously (6). The blotted protein bands were stained with
Coomassie blue for 1 min. After de-staining, the bands were excised and sequenced on a
pulsed liquid phase sequencer Procise 492 (Applied Biosystems, Foster City, USA).
Nucleotide sequence accession numbers. Sequences determined in this study were
deposited at GenBank under accession numbers AJ457136 (dsr operon sequence of D.
toluolica), AF482452, AFA82455, AFA482456, AF482461, AF482466, AF551758,
AF551759, AY626024-AY 626034 (dsrAB sequences), and AY626035 (16S rRNA

sequence of D. carbinolicus).

RESULTS AND DISCUSSION

Southern hybridization of DNA restriction fragments from D. toluolica with a
polynucleotide probe targeting an approximately 150 nucleotide region of dsrA showed
that D. toluolica contains a single dsr operon in its genome (Figure 1). After cloning of
genomic DNA of D. toluolica into the lambda vector, phages containing the dsrA gene
were identified by plague hybridization with the same polynucleotide probe as used for
Southern hybridization. An 8.9 kb insert of D. toluolica DNA in a phage clone which
hybridized with the dsrA polynucleotide probe was sequenced by primer walking.
Annotation revealed that this fragment contained the entire dsr operon consisting of the
genes dsrA, dsrB, dsrD and dsrN (Figure 2A). While dsrA and dsrB encode the apha- and
beta-subunit, respectively, of the dissmilatory (bi)sulfite reductase (14), dsrN is smilar to

chiA, a cobyrinic acid a,c-diamide synthase, and has been suggested to be responsible for
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the amidation of the siroheme cofactor of the (bi)sulfite reductase (16). Structural
similarities of the crystallized DsrD protein (encoded by dsrD) to DNA-binding proteins
indicates a possible role of DsrD in the regulation of dsr gene transcription (21). The
dsrABDN operon structure of D. toluolica has previously been detected in other
deltaproteobacterial SRPs (Figure 2B). Surprisingly, comparative sequence analysis of
dsrA and dsrB of D. toluolica revealed that these genes were clearly different (less than
66% nucleic acid similarity) from the dsrAB gene fragments of this organism which were
previoudy published (15). Sequence analysis of the target sites of the PCR primers used
for D. toluolica dsr AB gene fragment amplification by Klein et al. (15) revealed that dsrA
has three mismatches with primer DSR1F and dsrB has one mismatch with primer DSR4R.
Therefore, the dsrAB gene fragment of D. toluolica could not be amplified with these
primers (data not shown). Thus, the dsrAB sequence of D. toluolica reported previously
(15) most likely originated from a laboratory contamination and the dsr operon sequence
reported in the present paper is the actual dsr sequence of D. toluolica. This conclusion is
further supported by the fact that the newly determined dsrAB sequence of D. toluolica
phylogenetically clusters together with dsrAB sequences of the genus Desulfobacter
(Figure 3). Since this affiliation is consistent with the respective 16S rRNA gene tree
topology, D. toluolica contains an orthologous dsr operon. Two additional experiments
were performed to further support this finding. Firstly, the sequence of a 1.9-kb dsrAB
PCR fragment of Desulfobacula phenolica, the closest known relative of D. toluolica, was
determined and found to be amost identical (97.5% and 99.5% dsrA and dsrB nucleic acid
similarity, respectively) to the respective gene sequences of D. toluolica (Figure 3).
Secondly, the DsrA and DsrB enzyme subunits were purified from cell extracts of D.
toluolica (Figure 4) and N-terminal sequencing of the DsrA subunit (AKHETPFL)
revealed 100% accordance with the respective amino acid stretch predicted from the dsrA

gene sequence.
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The sequence of D. toluolica extends the number of available dsr operon sequences
from SRPs to eight. In addition complete dsrAB sequences are available from D.
desulfuricans (24) and the Desulfovibrio-related human pathogen Bilophila wadsworthia
(18). These sequences can be used to validate the commonly-used PCR primers for dsrAB
amplification from SRP pure cultures and from environmental or clinical samples (Table
1). With the exception of D. toluolica, the primers DSR1F and DSR4R (32) and their
recently published variants (19) perfectly match the available complete dsr AB genes. For
maximum coverage of SRPs, it is recommended to add primer set DSR1Fc (5-ACC CAT
TGG AAA CAT G3') and DSR4Rd (5-GTG TAG CAG TTA CCA CA-3'), targeting
dsrAB of D. toluolica, to the primer variant mixture. Furthermore, PCR annealing
stringency should be kept low in environmental dsrAB diversity surveys because it is likely

that additional sequence variants in the dsr AB PCR primer binding sites exist.

After the correction of the dsrAB sequence of D. toluolica, no dsrAB sequence of a
deltaproteobacterial SRP has been published which is closely related to the xenologous
dsr AB sequences of a group of Gram-positive SRP of the genus Desulfotomaculum (15). In
order to identify the deltaproteobacterial SRP lineage which may have acted as dsrAB
donor for these Grampositive SRPs, a PCR-based dsrAB screening of 16 SRPs was
initiated. Interestingly, the dsrAB sequences of the deltaproteobacteria SRPs
Desulfobacterium anilini (29) and strain mXySl (10) formed a well-supported
monophyletic branch with the xenologous dsrAB sequences of the Gram-positive SRPs
(Figure 3). This affiliation, which is consistently inferred using different treeing methods,
suggests that D. anilini and strain mXyS1 either acquired their (bi)sulfite reductase genes
from the same unknown donor lineage as the Gram-positive SRPs, or that these two

organisms are members of the dsrAB lineage which served as donor for the Gram-positive
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SRPs. Since D. anilini and strain mXySl, which are marine mesophiles, form an
independent lineage within the ‘Deltaproteobacteria’ in the 16S rRNA and dsrAB trees
(apart from the xenologous Gram-positive bacteria) (Figure 3), this lineage is the most
parsimonious dsr AB donor candidate for the Gram-positive SRPs.

As Sporotomaculum hydroxybenzoicum forms a monophyletic branch in the 16S
rRNA tree together with Desulfotomaculum species known to have received
deltaproteobacterial dsrAB, it was not unexpected that S. hydroxybenzoicum also contains a
xenologous dsrAB sequence. The phylogenetic affiliations of the 13 remaining novel
dsrAB sequences were found to be largely congruent with the respective 16S rRNA
phylogeny of the organisms (Figure 3). This observation lends additional weight to our
current perception that the dissimilatory (bi)sulfite reductase is an ancient enzyme whose
evolutionary history is largely consistent with vertical transmission but has aso been

influenced by periodic lateral gene transfer events.

ACKNOWLEDGMENTS
The authors thank Natuschka Lee for database maintenance, Gerda Harms for valuable
discussion and Michael Taylor for critical review of the manuscript. Christian Baranyi,
Stephan Duller, and Sibylle Schadhauser are acknowledged for their excellent technical
assistance. This research was supported by grants of the bmb+f (01 LC 0021 subproject 2
in the framework of the BIOLOG program) and of the DFG (in the framework of the
project “Degradation of marine pollutants by cyanobacterial mats - an interdisciplinary
approach”) to MW, and by a Marie Curie IntraEuropean Fellowship
(VENTSULFURMICDIV) within the 6" European Community Framework Programme to
AL. DAS was supported by Grant DEB-0213186 from the US National Science

Foundation.

- 162 -



G APPENDIX

REFERENCES

Baker, B. J., D. P. Moser, B. J. MacGregor, S. Fishbain, M. Wagner, N. K. Fry, B. Jackson, N.
Speolstra, S. Loos, K. Takai, B. S. Lollar, J. Fredrickson, D. Balkwill, T. C. Onstott, C. F.
Wimpee, and D. A. Stahl. 2003. Related assemblages of sulphate-reducing bacteria associated with
ultradeep gold mines of South Africa and deep basalt agquifers of Washington State. Environ.
Microbiol. 5: 267-277.

Castro, H., K. R. Reddy, and A. Ogram. 2002. Composition and function of sulfate-reducing
prokaryotes in eutrophic and pristine areas of the Florida Everglades. Appl. Environ. Microbiol.
68:6129-6137.

Chang, Y. J., A. D. Peacock, P. E. Long, J. R. Stephen, J. P. McKinley, S. J. Macnaughton, A.
K. Hussain, A. M. Saxton, and D. C. White. 2001. Diversity and characterization of sulfate-
reducing bacteria in groundwater at a uranium mill tailings site. Appl. Environ. Microbiol. 67:3149
3160.

Dhillon, A., A. Teske, J. Dillon, D. A. Stahl, and M. L. Sogin. 2003. Molecular characterization of
sulfate-reducing bacteriain the Guaymas Basin. Appl. Environ. Microbiol. 69:2765-2772.

Dubilier, N., C. Mulders, T. Ferdelman, D. de Beer, A. Pernthaler, M. Klein, M. Wagner, C.
Erseus, F. Thiermann, J. Krieger, O. Giere, and R. Amann. 2001. Endosymbiotic sulphate-
reducing and sul phide-oxidizing bacteriain an oligochaete worm. Nature 411:298-302.

Eckerskor, C., and F. Lottspeich. 1989. Internal amino acid sequence analysis of proteins
separated by gel electrophoresis after tryptic digestion in polyacrylamide matrix. Chromatographia
28:92-94.

Fauque, G., A. R. Lino, M. Czechowski, L. Kang, D. V. DerVartanian, J. J. Moura, J. LeGall,
and |. Moura. 1990. Purification and characterization of bisulfite reductase (desulfofuscidin) from
Desulfovibrio thermophilus and its complexes with exogenous ligands. Biochim. Biophys. Acta
1040:112-118.

Fishbain, S., J. G. Dillon, H. L. Gough, and D. A. Stahl. 2003. Linkage of high rates of sulfate
reduction in Yellowstone hot springs to unique sequence types in the dissimilatory sulfate
respiration pathway. Appl. Environ. Microbiol. 69: 3663-3667.

Friedrich, M. W. 2002. Phylogenetic analysis reveals multiple lateral transfers of adenosine-5-

phosphosulfate reductase genes among sulfate-reducing microorganisms. J. Bacteriol. 184:278-289.

- 163 -



G APPENDIX

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Harms, G., K. Zengler, R. Rabus, F. Aeckersberg, D. Minz, R. Rossello-Mora, and F. Widdel.
1999. Anaerobic oxidation of o-xylene, mxylene, and homologous alkylbenzenes by new types of
sulfate-reducing bacteria. Appl. Environ. Microbiol. 65:999-1004.

Hatchikian, E. C., and J. G. Zeikus. 1983. Characterization of a new type of dissimilatory sulfite
reductase present in Thermodesul fobacterium commune. J. Bacteriol. 153:1211-1220.

Hipp, W. M., A. S. Pott, N. Thum-Schmitz, |. Faath, C. Dahl, and H. G. Truper. 1997. Towards
the phylogeny of APS reductases and sirohaem sulfite reductases in sulfate-reducing and sulfur-
oxidizing prokaryotes. Microbiology 143:2891-2902.

Joulian, C., N. B. Ramsing, and K. Ingvorsen. 2001. Congruent phylogenies of most common
small-subunit rRNA and dissimilatory sulfite reductase gene sequences retrieved from estuarine
sediments. Appl. Environ. Microbiol. 67:3314-3318.

Karkhoff-Schweizer, R. R., D. P. Huber, and G. Voordouw. 1995. Conservation of the genes for
dissimilatory sulfite reductase from Desulfovibrio vulgaris and Archaeoglobus fulgidus allows their
detection by PCR. Appl. Environ. Microbiol. 61:290-296.

Klein, M., M. Friedrich, A. J. Roger, P. Hugenholtz, S. Fishbain, H. Abicht, L. L. Blackall, D.
A. Stahl, and M. Wagner. 2001. Multiple lateral transfers of dissimilatory sulfite reductase genes
between major lineages of sulfate-reducing prokaryotes. J. Bacteriol. 183:6028-6035.

Larsen, O., T. Lien, and N. K. Birkeland. 2000. Characterization of the desulforubidin operons
from Desulfobacter vibrioformis and Desulfobulbus rhabdoformis. FEMS Microbiol. Lett. 186:41-
46.

Larsen, O, T. Lien, and N. K. Birkeland. 2001. A novel organization of the dissimilatory sulfite
reductase operon of Thermodesulforhabdus norvegica verified by RT -PCR. FEMS Microbiol. Lett.
203:81-85.

Laue, H., M. Friedrich, J. Ruff, and A. M. Cook. 2001. Dissimilatory sulfite reductase
(desulfoviridin) of the taurine-degrading, non-sulfate-reducing bacterium Bilophila wadsworthia
RZATAU contains afused DsrB-DsrD subunit. J Bacteriol 183:1727-33.

Loy, A., K. Kisd, A. Lehner, H. L. Drake, and M. Wagner. 2004. Microarray and functional
gene analyses of sulfate-reducing prokaryotesin low sulfate, acidic fens reveal stable depth diversity

of recognized genera and site-specific novel lineages. Appl. Environ. Microbiol. submitted.

- 164 -



G APPENDIX

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

Loy, A., A. Lehner, N. Lee, J. Adamczyk, H. Meier, J. Erngt, K.-H. Schleifer, and M. Wagner.
2002. Oligonucleotide microarray for 16S rRNA gene-based detection of all recognized lineages of
sulfate-reducing prokaryotes in the environment. Appl. Environ. Microbiol. 68:5064-5081.

Mizuno, N., G. Voordouw, K. Miki, A. Sarai, and Y. Higuchi. 2003. Crystal structure of
dissimilatory sulfite reductase D (DstD) protein-possible interaction with B and ZDNA by its
winged-helix motif. Structure (Camb) 11:1133-40.

Molitor, M., C. Dahl, I. Moalitor, U. Schéfer, N. Speich, R. Huber, R. Deutzmann, and H. G.
Traper. 1998. A dissimilatory sirohaem-sulfite-reductase-type protein from the hyperthermophilic
archaeon Pyrobaculumislandicum Microbiology 144:529-541.

Mori, K., H. Kim, T. Kakegawa, and S. Hanada. 2003. A novel lineage of sulfate-reducing
microorganisms: Thermodesulfobiaceae fam. nov., Thermodesulfobium narugense, gen. nov., sp.
nov., a new thermophilic isolate from a hot spring. Extremophiles 7:283-290.

Morse, R., G. R. Gibson, and M. D. Collins. 2000. Secondary structure analysis of the
dissimilatory sulphite reductase in Desulfovibrio desulfuricans Lett. Appl. Microbiol. 30:375-378.
Nakagawa, T., J. Ishibashi, A. Maruyama, T. Yamanaka, Y. Morimoto, H. Kimura, T. Urabe,
and M. Fukui. 2004. Analysis of dissimilatory sulfite reductase and 16S rRNA gene fragments
from deep-sea hydrothermal sites of the Suiyo Seamount, Izu-Bonin Arc, Western Pacific. Appl.
Environ. Microbiol. 70:393-403.

Perez-Jimenez, J. R, L. Y. Young, and L. J. Kerkhof. 2001. Molecular characterization of
sulfate-reducing bacteria in anaerobic hydrocarbon-degrading consortia and pure cultures using the
dissimilatory sulfite reductase (dsr AB) genes. FEM S Microbiol. Ecol. 35:145-150.

Purkhold, U., M. Wagner, G. Timmermann, A. Pommerening-Réser, and H. P. Koops. 2003.
16S rRNA and amoA-based phylogeny of 12 novel betaproteobacterial ammonia-oxidizing isolates:
extension of the dataset and proposal of a new lineage within the nitrosomonads. Int. J. Syst. Evol.
Microbiol. 53:1485-1494.

Sambrook, J., E. J. Fritsch, and T. Maniatis. 1989. Molecular cloning: a laboratory manual, 2nd
ed. Cold Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y.

Schnell, S., F. Bak, and N. Pfennig. 1989. Anaerobic degradation of aniline and
dihydroxybenzenes by newly isolated sulfate-reducing bacteria and description of Desulfobacterium

anilini. Arch. Microbiol. 152:556-563.

- 165 -



G APPENDIX

30.

31

32.

33.

Shen, Y., R. Buick, and D. E. Canfield. 2001. Isotopic evidence for microbial sulphate reduction
in the early Archaean era. Nature 410:77-81.

Stahl, D. A., S. Fishbain, M. Klein, B. J. Baker, and M. Wagner. 2002. Origins and
diversification of sulfate-respiring microorganisms. Antonie van Leeuwenhoek 81:189-195.
Wagner, M., A. J. Roger, J. L. Flax, G. A. Brusseau, and D. A. Stahl. 1998. Phylogeny of
dissimilatory sulfite reductases supports an early origin of sulfate respiration. J. Bacteriol.
180:2975-2982.

Wolfe, B. M., S. M. Lui, and J. A. Cowan. 1994. Desulfoviridin, a multimeric-dissimilatory sulfite
reductase from Desulfovibrio vulgaris (Hildenborough). Purification, characterization, kinetics and

EPR studies. Eur. J. Biochem. 223:79-89.

- 166 -



G APPENDIX

FIGURE LEGENDS

Figure 1. Southern hybridization of genomic DNA fragments from D. toluolica using a
dsrA-targeted polynucleotide probe. Fragments were generated by using the restriction
enzymes EcoRI, BamHI, Hindlll, Kpnl, Pstl, Sall, Smal, and Xbal, respectively. First lane

contains HindllI-digested lambda DNA as molecular weight marker.

Figure 2. (A) Schematic map showing the genetic organisation of a dsr operorn-containing
8.9-kb genomic fragment of D. toluolica. Restriction sites of common endonucleases and
sequence motifs similar to E. coli sigma 70 promoters are shown. Fully-sequenced open
reading frames. dsrA and dsrB, alpha and beta subunits of the dissimilatory (bi)sulfite
reductase; dsrD, dissmilatory (bi)sulfite reductase D; dsrN, putative siroheme amidase;
dapA, dihydrodipicolinate synthase; 20RF, unidentified open reading frame. (B) Genetic
organisation of all known dsr operons from SRPs and Bilophila wadsworthia. Prokaryotes
which are able to use sulfate as electron acceptor for anaerobic respiration are indicated in
bold face type. Open reading frames. dsrC, gamma subunit of the dissimilatory (bi)sulfite
reductase; fdx, ferredoxin. Accession numbers. D. vulgaris, AE017285; B. wadsworthia,
AF269147; D. vibrioformis, AJ250472; D. toluolica, AJ457136; D. rhabdoformis,
AJ250473; T. norvegica, AJ277293; D. thermocisternum, AF074396; A. fulgidus,

NC_000917; and A. profundus, AF071499.

Figure 3. Comparison of 16S rRNA- and DsrAB-based phylogenetic ®nsensus trees.
Sequences determined in this study are in bold. 16S rRNA phylogenetic analyses were
performed on alignment positions conserved in at least 50% of all Bacteria. Alignment
regions of insertions and deletions were omitted in DsrAB amino acid sequence analyses.

Polytomic nodes connect branches for which a relative order could not be determined
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unambiguously by using distance- matrix, maximum-parsimony, and maximuntlikelihood
methods. Filled circles indicate branch points highly supported by maximum-parsimony
bootstrap analysis (>90% in 1000 re-samplings). Open circles at nodes indicate 75-90%,
while nodes without circles showed <75% bootstrap support. The bars represent 10%
sequence divergence as estimated from maximum-likelihood and distance- matrix analysis
for the 16S rRNA and DsrAB trees, respectively. Parentheses indicate SRPs which harbour
laterally acquired dsrAB genes. Consistent groups between both trees are shaded grey.
Note that the apparently inconsistent positions of SRP groups that are labelled by an
asterisk are not well-resolved in the respective trees and can thus not be interpreted as
indicators of latera gene transfer events. An ungrouped version of this figure can be

downloaded from our web site (http://www.microbial-ecol ogy.net/supplements.html).

Figure 4. Denaturing polyacrylamide gel electrophoresis analysis of the dissimilatory
(bi)sulfite reductase purified from D. toluolica. Predicted size of DsrA and DsrB according
to the determined gene sequences are 49.9 kDa and 42.5 kDa, respectively. MWM:

molecular weight marker.
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TABLES

Table 1. DSR1F and DSR4R primer binding sites as recognized from completely
sequenced dsrAB genes of SRPs.

Perfectly Forward

- dsr A-targeted forward primer matching .

dsrAB-containing prokaryotes binding S Y a1 primer
inding site (5'-3') forward
. reference
primer
D. vulgaris, AE017285 ACC CAC TGG AAG CAC G DSRIF 32
D. desulfuricans, AJ249777 ACC CAT TGG AAA CAC G DSR1Fa 19
B. wadsworthia, AF269147 ACG CAC TGG AAG CAC G DSR1F 32
D. vibrioformis, AJ250472 ACC CAC TGG AAA CAC G DSRIFa 19
D. toluolica, AJ4A57136 ACC CAT TGG AAA CAT G DSR1Fc Thisstudy
D. rhabdoformis, AJ250473 ACC CAT TGG AAA CAC G DSR1Fa 19
T. norvegica, AJ277293 G3C CAC TGG AAG CAC G DSRi1Fb 19
D. thermocisternum, AF074396  ACC CAC TGG AAA CAC G DSRi1Fa 19
A. fulgidus, NC_000917 ACG CAC TGG AAG CAC G DSRIF 32
A. profundus, AF071499 ACG CAC TGG AAG CAC G DSRIF 32
" Highly conserved nucleic acid positions are shaded in grey.

L dsrB-targeted reverse primer Perfectly matching Reverse primer
dsrAB-containing prokaryotes binding site (5'-3')* reverse primer reference
D. vulgaris, AE017285 TGC GGI' AAC TGC TAC AC DSR4R 32
D. desulfuricans, AJ249777 TGC GGA AAC TGC TAC AC DSR4Rc 19
B. wadsworthia, AF269147 TGC GGI AAC TGC TAC AC DSR4R 32
D. vibrioformis, AJ250472 TGC GGT AAC TGT TAC AC DSR4Rb 19
D. toluolica, AJ4A57136 TGT GGI AAC TGC TAC AC DSR4Rd This study
D. rhabdoformis, AJ250473 TGC GGT AAC TGC TAC AC DSR4R 32
T. norvegica, AJ277293 TGC GCGA AAC TGC TAC AC DSR4Rc 19
D. thermocisternum, AF074396  TGC GGC AAC TGC TAC AC DSR4Rc 19
A. fulgidus, NC_000917 TGC GGI' AAC TGC TAC AC DSR4R 32
A. profundus, AF071499 TGT GGA AAC TGT TAC AC DSR4Ra 19
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Figure 1. Zverlov et al.
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Figure 4. Zverlov et al.
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G.2.5 Community-level genetic analysis: functional marker genes
for the specific identification of sulphate-reducing
prokaryotes

Michael Wagner, Alexander Loy, Michael Klein, and Michael W. Friedrich

In preparation for Methods in Enzymol ogy

Michael Klein prepared the gelretardation and clonened and sequenced dsrAB fragments
from Mariager Fjord and Solar Lake.
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