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Summary
‘Candidatus Magnetobacterium bavaricum’ is unusual
among magnetotactic bacteria (MTB) in terms of cell
size (8–10 mm long, 1.5–2 mm in diameter), cell architecture, magnetotactic behaviour and its distinct phylogenetic position in the deep-branching Nitrospira
phylum. In the present study, improved magnetic
enrichment techniques permitted high-resolution
scanning electron microscopy and energy dispersive
X-ray analysis, which revealed the intracellular organization of the magnetosome chains. Sulfur globule
accumulation in the cytoplasm point towards a sulfuroxidizing metabolism of ‘Candidatus M. bavaricum’.
Detailed analysis of ‘Candidatus M. bavaricum’ microhabitats revealed more complex distribution patterns
than previously reported, with cells predominantly
found in low oxygen concentration. No correlation to
other geochemical parameters could be observed. In
addition, the analysis of a metagenomic fosmid library
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revealed a 34 kb genomic fragment, which contains 33
genes, among them the complete rRNA gene operon of
‘Candidatus M. bavaricum’ as well as a gene encoding
a putative type IV RubisCO large subunit.
Introduction
Magnetotactic bacteria (MTB) synthesize membraneenclosed organelles, so-called magnetosomes, consisting of magnetite crystals (Fe3O4), or less commonly
greigite (Fe3S4) (Bazylinski and Frankel, 2004). These
complex subcellular organelles are normally aligned in
chains along cytoskeletal structures (Komeili et al., 2006;
Scheffel et al., 2006; Schüler, 2008). Thus, the passive
magnetic alignment of MTB along the earth magnetic
field lines facilitates navigation in a stratified environment
within freshwater and marine sediments (Bazylinski and
Frankel, 2004; Faivre and Schüler, 2008). The formation
and positioning of magnetosomes is under strict genetic
control. Most of the genes controlling magnetosome formation and magnetotaxis in Magnetospirillum gryphiswaldense and other freshwater magnetospirilla are
clustered and part of a large genomic magnetosome
island (MAI) (Schübbe et al., 2003; Ullrich et al., 2005;
Fukuda et al., 2006; Richter et al., 2007). It was recently
shown that the MAI is also conserved in marine MTB,
such as the magnetotactic vibrio MV-1 and the magnetic
coccus MC-1 (Jogler et al., 2009a; Nakazawa
et al., 2009; Schübbe et al., 2009). It has been suggested that the MAI had been transferred horizontally
between different MTB (Schübbe et al., 2003; Jogler
et al., 2009b).
Despite continued efforts by many laboratories, the
majority are still not available in pure culture. This is
probably due to the fact that many MTB are typical gradient organisms and require complex growth conditions.
However, unlike other uncultivated bacteria, MTB can be
magnetically enriched from environmental samples
without cultivation (Flies et al., 2005a). This has been
utilized in a number of earlier studies uncovering the
morphological and phylogenetic diversity of MTB found in
environmental populations (Spring et al., 1992; DeLong
et al., 1993; Spring et al., 1994; 1998; Thornhill et al.,
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1994; 1995; Spring and Scheifer, 1995; Flies et al.,
2005b). Recently, a metagenomic strategy for the analysis
of MTB was described, which revealed a similar, yet distinct, organization of magnetosome genes in two uncultivated MTB and provided further evidence for horizontal
transfer of magnetosome genes (Jogler et al., 2009b).
One of the most interesting, uncultivated MTB is the
relatively large magnetotactic rod ‘Candidatus Magnetobacterium bavaricum,’ discovered in sediment samples
from Lake Chiemsee and Lake Ammersee, in southern
Germany (Vali et al., 1987a; Petersen et al., 1989). ‘Candidatus M. bavaricum’ is unique with respect to its morphology, ultrastructure, magnetic characteristics and
phylogenetic position. Compared with the about 10–50
magnetosome crystals found in most other MTB, cells of
‘Candidatus M. bavaricum’ contain between 600 and 1000
crystals made of magnetite (Fe3O4). Unlike the isotropic
crystals of cultivated magnetospirilla, which are organized
in a single linear chain, ‘Candidatus M. bavaricum’ forms
elongated bullet-shaped, kinked crystals that are highly
anisotropic with respect to their shape and magnetization
and are arranged in several parallel chains that in turn
form rope-like strands or bundles. Fossilized magnetosome crystals of ‘Candidatus M. bavaricum’-like bacteria
are suspected to account for a large proportion (up to
10%) of the total magnetization in certain aquatic sediments (Petersen et al., 1989; Pan et al., 2005). As discovered by Spring and colleagues (1993), ‘Candidatus M.
bavaricum’ is affiliated with the independent deepbranching Nitrospira phylum, which currently encompasses few other isolates including the iron oxidizer
Leptospirillum ferrooxidans and the chemolithoautotrophic nitrite oxidizer Nitrospira moscoviensis (Daims
et al., 2006). However, 16S rRNA gene-based analyses
showed that several phylogenetic sublineages of the
phylum Nitrospira are widely distributed in many kinds of
aquatic and terrestrial habitats (Daims et al., 2001). A
number of further reports, based merely on the retrieval of
environmental 16S rRNA sequences, provide growing evidence that ‘Candidatus M. bavaricum’-like bacteria (up to
99% identity) are abundant cosmopolitans and widespread in a number of different habitats, such as freshwater lakes (Schwarz et al., 2007), marine deep-sea
hydrothermal systems (Suzuki et al., 2004), petroleumhydrocarbon spill sites (Kao et al., 2008) and benzene
degrading reactor columns (Kleinsteuber et al., 2008).
However, in none of these examples it was revealed
whether the detected phylotypes were forming magnetosomes. In addition, recent findings indicated that the
geographical distribution of magnetosome-forming ‘Candidatus M. bavaricum’-like bacteria is not restricted to
calcareous sediments of Lake Chiemsee, but closely
related magnetic organisms were also reported from sediments in Bremen, Germany (Flies et al., 2005a), Beijing,

China (Lin and Pan, 2009; Lin et al., 2009), the Seine
River near Paris, France (Isambert et al., 2007) and Brazil
(Lins et al., 2000). However, since the seminal description
of ‘Candidatus M. bavaricum’ (Spring et al., 1993), no
progress was made concerning its further ecological,
physiological and genetic characterization. Since cultivation attempts failed so far, we applied culture-independent
characterization techniques, such as microsensor measurements, metagenomic analysis and MTB mass collection to further characterize ‘Candidatus M. bavaricum’. In
addition, refined structural analyses of magnetosome
organization and sulfur globule content verified the previously hypothesized arrangement of magnetosome chains
adjacent to the cell envelope and provides further evidence for a sulfur oxidizing metabolism of ‘Candidatus M.
bavaricum’ (Spring et al., 1993; Hanzlik et al., 1996).

Results
Spatial distribution of ‘Candidatus M. bavaricum’-like
bacteria and their morphological characterization
In a screening of various habitats, ‘Candidatus M.
bavaricum’-like bacteria were only detected in sediments
samples from Lake Chiemsee (Germany) and samples
from ponds in Unterlippach and Coburg (Germany).
However, only a single sample from the Coburg pond
contained ‘Candidatus M. bavaricum’ cells after a two
years incubation period. Thus detailed analysis was not
possible due to the low sample volume. We failed to
detect ‘Candidatus M. bavaricum’ in all other examined
habitats (Table S1). However, nearly all samples contained numerous MTB other than ‘Candidatus M. bavaricum’ with diverse morphotypes, which were not analysed
further within the present study. In Lake Chiemsee, the
occurrence of ‘Candidatus M. bavaricum’ was confined to
sediments at 10–20 m water depth, where the sediment
was grey and sandy to loamy. No ‘Candidatus M.
bavaricum’-like bacteria were observed in the brownish
sandy sediment sampled at 1–3 m water depth close to
the beach, or in other nearshore areas, which did not
contain any MTB. In fresh samples from Lake Chiemsee,
up to 1.8 ¥ 103 cells ml-1 sediment ‘Candidatus M. bavaricum’ cells were detected. In the small shallow pond in
Unterlippach, which is a habitat different from Lake Chiemsee, we found high numbers (6 ¥ 103 cells ml-1) of
‘Candidatus M. bavaricum’-like cells only in the northern
area of the pond in shallow water sediments (depth about
10 cm). This is most likely due to drainage close to the
northern part of the pond and frequent sediment deposition in this area. Preliminary 16S rRNA gene sequence
analysis using the PCR primers CJ160 and CJ161
revealed no significant difference between ‘Candidatus M.
bavaricum’ cells from both sampling sites (above 99%
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Fig. 1. SEM micrograph of ‘Candidatus M. bavaricum’. Signal
mixing of secondary electrons (green) which show topography, and
backscattered electrons (red) visualize the magnetosomes by
material contrast. The white box indicates the area of magnification
showing three parallel magnetosome chains.

cut-off) and sequences retrieved from both sample sites
were also identical to the previously reported ‘Candidatus
M. bavaricum’ sequence from Lake Chiemsee (99% cutoff) (Spring et al., 1993). However, ‘Candidatus M. bavaricum’ populations from Unterlippach were not stable, and
after microcosm incubation for several weeks, the number
of cells decreased until none was observed after several
months. Thus, all further analyses focused on ‘Candidatus
M. bavaricum’ from Lake Chiemsee.
Our refined enrichment technique enabled us to collect
‘Candidatus M. bavaricum’ cells in sufficient numbers (up
to 108 cells) to facilitate extensive electron microscopic
analysis (Jogler et al., 2009b). Until now no SEM micrographs of ‘Candidatus M. bavaricum’ existed and TEM
pictures were used for the morphological characterization
of magnetosome arrangement (Vali et al., 1987a; Spring
et al., 1993; Hanzlik et al., 2002; Pan et al., 2005). Tilting
of the specimen by⫾ 45° during TEM analysis led to the
model of 3–5 rope-shaped bundles of magnetosomes
separated by the maximum possible distance from each
other and positioned adjacent to the cell envelope
(Hanzlik et al., 1996). To further investigate the magnetosome arrangement of ‘Candidatus M. bavaricum’, we performed SEM analysis while applying an accelerating
voltage of 30 kV in combination with the detection of backscattered electrons and tilting of the specimen, allowing
3D visualization of the shape and arrangement of
electron-dense magnetosome crystals. Figure 1 shows
an exemplary micrograph with three magnetosome
chains per bundle and five bundles arranged as linear
chains putatively attached to the cytoplasmic membrane.
This is in agreement with the postulated model of magnetosome positioning from Hanzlik and colleagues
(1996).

Furthermore, TEM analysis revealed that cells from
both sampling sites (Chiemsee and Unterlippach) were
virtually identical with respect to cell size (3–10 mm), size
of projectile shaped magnetosomes (110–150 nm), their
numbers (up to 1000 per cell) and arrangement (data not
shown).
Similar to the description of Spring and colleagues
1993, we observed a morphological heterogeneity
between cells from same samples due to variations in
intracellular sulfur content (Fig. 2A–F). We distinguished
between cells completely filled with sulfur globules
(between 20–25 globules; morphotype I), without any
sulfur inclusions (morphotype II) and an intermediate
forms with variable numbers of less than 20 inclusions.
Sulfur globules were hardly visible in SEM pictures
(Fig. 2C and D) but became obvious as dark areas by
backscattered electron detection (Fig. 2E and F). EDX
analysis revealed a correlation between the observed two
morphotypes and the presence or absence of sulfur
(Fig. 2, panels E and F, and G and H, respectively). In
‘Candidatus M. bavaricum’ samples stored at room temperature in sterilized Lake Chiemsee water, the proportion
of cells containing sulfur globules decreased dramatically
over time, while cells without sulfur inclusions became
more abundant (data not shown).
Magnetotaxis of ‘Candidatus M. bavaricum’
The observation of ‘Candidatus M. bavaricum’ in the
hanging drop assay revealed unusual swimming characteristics. While cells were initially predominantly northseeking, intermittent backwards swimming was frequently
observed. The artificial magnetic field was kept constant
but ‘Candidatus M. bavaricum’ cells swam back and forth
in a somehow coordinated manner, while the periods of
backwards swimming always being much shorter than of
forwards swimming. This ‘La-Ola’ behaviour is different
from the ‘ping-pong’ motility observed in multicellular
magnetotactic prokaryotes (Wenter et al., 2009).
Characterization of the ‘Candidatus
M. bavaricum’ microhabitat
The initial study of Spring and colleagues (1993) correlated ‘Candidatus M. bavaricum’ occurrence to low oxygen
concentrations. However, besides detecting no sulfide, no
further geochemical parameters were analysed (Spring
et al., 1993). We measured vertical cell distributions in
conjunction with selected geochemical parameters, such
as dissolved O2, NO3-, Fe, Mn and NH4+ and pH within
selected microcosms. The occurrence of ‘Candidatus M.
bavaricum’ in various microcosms was very diverse with
respect to abundance and distribution, despite the fact that
all microcosms were initially prepared from the same
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Fig. 2. Analysis of two different morphotypes of ‘Candidatus M. bavaricum’ with bright field microscopy (A), differential interference contrast
microscopy DIC (B), SEM by secondary electron detection (C and D), and by backscattered electron detection (E and F) and energy
dispersive X-ray spectroscopy (EDX) (G and H).
A and B. Open triangles indicate representative cells of morphotype I, which is full of sulfur globules, while white triangles point towards
intermediate forms containing several globules. Arrows indicate morphotype II without any visible sulfur globules.
C and E. SEM of morphotype I; white squares indicate the position of the corresponding EDX spectra (G).
D and F. SEM of morphotype II; white squares indicate the position of the corresponding EDX spectra (H).
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homogenized sediment slurry (data not shown). Some
microcosms showed high (5 ¥ 105 cells ml-1), while others
showed low to moderate cell numbers (3 ¥ 103 cells ml-1),
or even lacked ‘Candidatus M. bavaricum’ cells entirely. To
determine whether different geochemical characteristics
were responsible for the observed variations in cell abundance and vertical localization, six microcosms selected
during a pilot study were analysed in detail. Two of the
microcosms lacked any ‘Candidatus M. bavaricum’ cells
(A and B in Fig. 3), while one exhibited moderate cell
numbers (C in Fig. 3), and three showed high cell numbers
(D, E, F in Fig. 3). For example, a maximal cell number of
4.8 ¥ 105 was measured at 6 mm depth in microcosm F,
while the moderate amount of 1.8 ¥ 103 cells was detected
at 5 mm depth in microcosm D (Fig. 3). A common pattern
of correlation between ‘Candidatus M. bavaricum’ and the
oxic-anoxic transition zone (OATZ) was observed, but
depending on the microcosm or even the lateral sampling
position within a single microcosm, one or multiple peaks
were observed. In microcosm D (Fig. 3), the vertical distribution of ‘Candidatus M. bavaricum’ cells had a
maximum at 5 mm below the sediment surface, where the
oxygen concentration was about 25 mM. In contrast,
microcosms C, E and F (Fig. 3), showed two maxima
located at depth of 6 and 11, 5 and 8, and 6 and 11 mm,
respectively. The oxygen concentrations at both cell
maxima in microcosms C, E and F differed between
30/ < 5 mM, 30/5 mM and 20/5 mM respectively. Thus, no
clear link between the vertical ‘Candidatus M. bavaricum’
distribution and the exact oxygen concentration was
observed. In addition to oxygen, no strict correlation with
other geochemical parameters, such as pH, nitrate,
ammonium, manganese, and iron was obvious (Fig. 3 and
data not shown). A slight decrease in pH with sediment
depth was observed in all microcosms, independent of the
presence or absence of ‘Candidatus M. bavaricum’ cells.
The absolute values varied between about 8 (A, E), 8.5 (B,
C) and between 8.5 and 9 (D, F) at the sediment surface.
At 24 mm pH values of about 7.0 (E), 7.3 (A, C), 7.7 (B, F)
and 8.0 (D) were detected. Nitrate was hardly detectable in
microcosms A, C, D, E and F, while microcosm B showed
high fluctuations and the presence of nitrate even at
20 mm depth, where the oxygen concentration was
already bellow detection limit. However, in microcosm B
biological perturbation of the sediment by tubificid worms
was observed. The concentration of ammonium increased
below the layers with maximal ‘Candidatus M. bavaricum’
cell counts, whereas it was low below the OATZ in microcosms A and B, which lacked any cells, but were inhabited
by tubificid worms. However, microcosm B showed two
ammonium peaks, while microcosm A displayed only one
peak above the regions where ‘Candidatus M. bavaricum’
maxima would be expected based on the depth of oxygen
penetration.

The concentrations of dissolved and solid-phase iron
and manganese showed inconsistent patterns (data not
shown), and sulfide was not detected in any of the six
analysed microcosms (data not shown).
Metagenomic analysis
The high cell yields obtained by our improved magnetic
collection methods allowed the construction of metagenomic fosmid libraries, which were found to contain 16S
rRNA genes of ‘Candidatus M. bavaricum’. To reduce the
interference of Escherichia coli rRNA genes with the
screening of fosmids for 16S rRNA genes of ‘Candidatus
M. bavaricum’, specific primers were designed by comparing the 16S rRNA gene of ‘Candidatus M. bavaricum’
(NCBI: X71838) with the 16S rRNA genes a to h of E. coli
K12 (NCBI: AP009048). The resulting primer CJ160
(TAAAAGGAGTAATTCACCTG) and CJ161 (TATTTTTAGGGATTTGC TCCA) had matches of 40% and 48% to
E. coli 16S rRNA gene sequence (position 210–229 and
1285–1306 respectively). The primer CJ160 showed only
80% sequence identity to any other bacterial sequence in
the NCBI database, while CJ161 shows 100% identity to
several 16S rRNA genes of yet uncultivated members of
the phylum Nitrospira. Thus, CJ160 is ‘Candidatus M.
bavaricum’ specific, while CJ161 is Nitrospira specific due
to the lack of base 1296 of the 16S rRNA gene sequence
of E. coli. This strategy allowed high-throughput screening
of liquid fosmid containing 96-well E. coli cultures with
PCR. Thus, the screening of 5000 clones from the Lake
Chiemsee fosmid library with the primers CJ160 and
CJ161 yielded one positive clone. Fosmid AJB2 was confirmed positive for the presence of a ‘Candidatus M.
bavaricum’ 16S rRNA gene by PCR amplification and
subsequent sequencing. The sequence of the entire 34 kb
genomic fragment was determined (Fig. 4A), and 33
genes were predicted (Table S2). The fosmid carries a full
rRNA gene operon with the standard 16S, 23S-5S
arrangements of rRNA genes. Two putative tRNA encoding sequences (tRNA-Ile and tRNA-Ala) are located
between the 16S and the 23S rRNA genes.
From the residual genes, five were putatively phage or
transposon associated, while 12 genes encode hypothetical proteins. As shown in Table S2, the best BLAST results,
based on the comparison of the encoded proteins with the
NCBI database, are diverse. Two of the highest e-values
were obtained from protein sequences related to eukaryotes, while 12 genes encode proteins with high similarity
to proteobacterial sequences. In addition, three proteins
gave best hits to cyanobacterial proteins and one to a
protein from green sulfur bacteria. Another gene encodes
a protein with similarity to Planctomycetes, while six
others are closely related to Gram-positive bacteria, and
three more to the deep-branching Aquificae phylum.
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Fig. 3. Vertical distribution of oxygen-, nitrate- and ammonium- concentrations in combination with pH values measured with microsensors in
microcosms A–F relative to ‘Candidatus M. bavaricum’ cell numbers. The cell numbers in microcosm C are in the range of 103 cells ml-1, while
microcosms D, E and F are presented in the dimension of 105 cells ml-1.
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Fig. 4. A. Schematic illustration of the predicted genes located on the sequenced fosmid AJB2, such as the ribosomal rRNA gene operon and
a putative RubisCO large subunit- encoding gene.
B. Phylogenetic analysis of the RubisCO protein encoded on AJB2. Species synthesizing RubisCO proteins from type I to IV in comparison to
the ‘Candidatus M. bavaricum’ RubisCO.
C. Partial alignment of amino acid sequences from Synechococcus sp. strain PCC 6301 (Syn. PCC 6301) and other selected bacteria
including cand ‘M. bavaricum’. Modified after Hanson and Tabita (2001) and Tabita and colleagues (2008).

Remarkably, none of the encoded proteins generated a
best BLAST hit to proteins from the Nitrospira phylum. In
addition, throughout the 34-kb-long ‘Candidatus M.
bavaricum’ fosmid, no magnetosome-related genes were
observed.
One gene, encoding a protein with similarity to
a RubisCO (Ribulose-1,5-bisphosphat-carboxylase/oxygenase) large subunit, was analysed in more detail.
Phylogenetic analysis of orf ajb2F003 indicates an affiliation with type IV deep-branching RubisCO proteins
(Fig. 4B and C). The phylogenetic tree shown in Fig. 4B
consists of representative examples for each type of
RubisCO as defined by Hanson and Tabita (2001) and
shows the same topology as trees consisting of more
sequences (data not shown) (Tabita et al., 2008). This
observation is in contrast to all Magnetospirillum species,

which exclusively encode type II RubisCOs as shown in
Fig. 4B (Bazylinski et al., 2004; Matsunaga et al., 2005).
RubisCO types I and II are both capable of CO2 and O2
fixation, although they differ in the specificity factor for
each substrate (Jordan and Ogren, 1981). Type IV forms
are also called ‘RubisCo-like proteins’ (RLP), but they lack
RubisCO activity (Hanson and Tabita, 2001). Since little is
known about the function of RLPs, the type IV RubisCO
from ‘Candidatus M. bavaricum’ was compared with two
type IV forms involved in thiosulfate oxidation in Chlorobium tepidum and C. limicola (Hanson and Tabita, 2001).
The alignment of RLP protein sequences from Chlorobium species and ‘Candidatus M. bavaricum’ revealed a
similar, yet distinct amino acid composition concerning
residuals involved in catalysis and RuBP binding (C and R
in Fig. 4C), suggesting that the ‘Candidatus M. bavaricum’
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RLP might be involved in thiosulfate oxidation rather than
CO2 fixation.
Discussion
Previous studies reported that ‘Candidatus M. bavaricum’
dwells in Lake Chiemsee (Vali et al., 1987b; Spring et al.,
1993). This motivated us to perform a more extended
analysis of its regional occurrence and vertical distribution
in sediments. Surprisingly, we identified ‘Candidatus M.
bavaricum’ cells only in Lake Chiemsee and in sediments
of very different eutrophic ponds in Unterlippach and
Coburg, but failed to detect these bacteria in Lake Starnberg and Lake Attersee. In addition, ‘Candidatus M.
bavaricum’ cells were only detected at distinct spots in
Unterlippach and Lake Chiemsee, indicating a patchy distribution even within a contiguous habitat. We failed to
identify correlations other than between oxygen concentration and cell numbers, which was previously described
by Spring and co-workers (Spring et al., 1993). However,
Spring and colleagues (1993) discovered that the vertical
distribution of ‘Candidatus M. bavaricum’ exhibited a clear
maximum below the oxic- anoxic transition zone (OATZ),
while nearly a third of the cells were found in anoxic
regions. Our data argues for a more complex and variable
distribution, which cannot easily be explained by a defined
layer where ‘Candidatus M. bavaricum’ dwells. With
refined cell counting methods and a threefold higher vertical resolution, two peaks were frequently observed, with
one predominantly in the OATZ and the other close to the
anoxic zone (Fig. 3), which might be explained via electron shuttling, which means swimming of ‘Candidatus M.
bavaricum’ between microoxic and anoxic sediment
regions. However, both peaks contained cells from all
three different morphotypes and thus did not represent
distinct populations. In addition, correlation between
oxygen and ‘Candidatus M. bavaricum’ cell numbers does
not explain why some microcosms (A and B in Fig. 3) lack
cells, while cell numbers increased in other microcosms
with similar oxygen concentrations and profiles (E and F
in Fig. 3). Such variations in ‘Candidatus M. bavaricum’
occurrence and the resulting inconsistent dynamics were
observed in microcosms set up from identical sediment
samples, thus, may be an unknown chemical compound
related to the presence or absence of other organisms
might be responsible. Alternatively, phages or eukaryotic
grazing might lead to dramatic variations in ‘Candidatus
M. bavaricum’ cell numbers between and within individual
microcosms.
Consistent with previous studies, we failed to detect
dissolved sulfide in microcosms from Lake Chiemsee
(Spring et al., 1993). Thus, it is likely that sulfate-reducing
bacteria, which are known to dwell in the microoxic zone
(Widdel and Bak, 1992), produce hydrogen sulfide, but

the concentrations are kept low (< 1 uM) by biotic or
abiotic removal processes (Sørensen and Barker Jørgensen, 1987). This hydrogen sulfide might be oxidized
by ‘Candidatus M. bavaricum’ in a reaction leading to the
deposition of sulfur as described for other chemolithotrophic sulfur-oxidizing gradient organisms such as,
e.g. Beggiatoa (Nelson and Castenholz, 1981). We
observed three different morphotypes of ‘Candidatus M.
bavaricum’, which had no, low or high accumulation of
inclusions. Since sulfur globules disappeared during prolonged storage of ‘Candidatus M. bavaricum’ cells under
oxic conditions, we provided further indications for the
hypothesis of Spring and colleagues (1993) that the intracellular deposition of sulfur serves as a reservoir for
further oxidation. Spring and colleagues (1993) postulated that hydrogen sulfide is used as a reductant coupled
to intracellular redox-cycling of iron. Porewater-dissolved
Fe concentrations were negligible in surface layers
(<5 mm) and greatly elevated but scattered at depth, suggesting limited removal (data not shown). However, with
sulfide concentrations below detection limit (< 1 mM),
coupled Fe-S cycling is unlikely to visibly affect Fe concentrations on the order of 20 mM. However, the stored
sulfur globules might be utilized via subsequent oxidation
with oxygen or nitrate, which is energetically favourable
and the distribution of ‘Candidatus M. bavaricum’ only
correlated with oxygen in our studies (Fig. 3). In addition,
the disappearance of sulfur globules during incubation in
an oxic environment at room temperature provides further
indications for an oxidation of sulfur by oxygen.
In addition to refined EDX and SEM analysis of sulfur
globules, our microscopic analysis allowed the first SEM
3D reconstruction of magnetosome arrangements in
‘Candidatus M. bavaricum’. Hanzlik and co-workers postulated a position of the magnetosome chains in ‘Candidatus M. bavaricum’ adjacent to the cell envelope and
separated by the maximum possible distance from each
other (Hanzlik et al., 1996). Three-dimensional reconstruction of magnetosome arrangements is difficult by
TEM since the drying and shrinking of the sample might
cause artefacts. However, our SEM analysis further confirms Hanzlik’s observations.
Our present study provides the first insights into the
genome of ‘Candidatus M. bavaricum’. We failed to detect
any magnetosome genes within this 34 kb genomic
region, although this is not a big surprise, as there is no
reason why magnetosome genes should colocalize with
the rRNA operon. However, while protein sequences
encoded by all 33 predicted genes were compared with
the NCBI database, none of them had the highest similarity to a protein from the Nitrospira phylum. This finding
is not so surprising, since the abundance of genome
sequences from this deep-branching phylum is rather
limited. In addition, a mosaic-like genome structures has
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been described for other MTB such as the magnetic
coccus MC-1 as well (Esser et al., 2007; Schübbe et al.,
2009). Alternatively this finding questions the phylogenetic position of ‘Candidatus M. bavaricum’. Among the
metabolic genes, the putative large type IV RubisCO
subunit is most interesting (Fig. 4B). While these so called
‘RubisCO-like protein’ (RLP) lack RubisCo activity
(Hanson and Tabita, 2001), little is known about their
enzymatic activity. However, it has been proposed that
photosynthetic RubisCOs evolved from RLPs, which were
involved in sulfur metabolism in non-photosynthetic
organisms (Ashida et al., 2005). Physiological results indicate that a RLP from the green sulfur bacterium C.
tepidum is involved in some aspect of thiosulfate oxidation
(Hanson and Tabita, 2001). The alignment in Fig. 4C demonstrates that the RLP of ‘Candidatus M. bavaricum’
shares similarities with respect to conserved residual
exchanges with the RubisCo from Bacillus subtilis and C.
tepidum. Thus, it might be involved in sulfur metabolism
as well.
However, a CO2 fixation capability of ‘Candidatus M.
bavaricum’ cannot be excluded, since all of the MTB
investigated thus far contain a type II RubisCO protein
(Fig. 4B). Thus, ‘Candidatus M. bavaricum’ might contain
a second RubisCO gene elsewhere in the genome, like,
e.g. Rhodospirillum rubrum.
The sequence obtained in the present study can be
used to train algorithms for assigning metagenomic
sequences to ‘Candidatus M. bavaricum,’ and thus might
facilitate a genome sequencing project in the future. This
is of particular interest, since no other MTB is as deep
branching as ‘Candidatus M. bavaricum’. Its genome
sequence will provide further insights into the evolution of
magnetotaxis and will improve our understanding of
prokaryotic biomineralization.
Conclusions
Our study is the second comprehensive analysis of ‘Candidatus M. bavaricum’ and significantly improves the
knowledge of its cell biology, spatial localization and
metabolism. Thus, we revealed a more complex vertical
distribution of ‘Candidatus M. bavaricum’ than previously
suggested (Spring et al., 1993). The observed cell distribution is not limited to a narrow layer, but displayed multiple discrete maxima. However, both maxima consist of
cells with and without sulfur globules, which were
described before (Spring et al., 1993; Hanzlik et al.,
1996). We demonstrated their consumption during prolonged storage, which provides further evidence for a
sulfide oxidation energy metabolism of ‘Candidatus M.
bavaricum’. We provided first insights into the genome of
this extraordinary bacterium and identified 33 genes.
None of the genes showed a best BLAST hit in to the

Nitrospira phylum. One of these genes encodes a RLP,
possibly involved in sulfur metabolism. This sequence
information can serve as a starting point to reveal the
whole-genome sequence of ‘Candidatus M. bavaricum’.
Experimental procedures
Sediment sampling, set-up of microcosms and magnetic
collection of ‘Candidatus M. bavaricum’ and ‘Candidatus
M. bavaricum’-like bacteria
We analysed sediment samples from nine different locations
for the presence of ‘Candidatus M. bavaricum’-like morphotypes. The set-up of microcosms from the ponds in Unterlippach, Nymphenburg and Staßfurt, as well as the sampling
site in Cuxhaven (North Sea) was previously described
(Jogler et al., 2009b). Table S1 summarizes all sampling
locations and their characteristics. Sediment samples were
taken as previously described (Jogler et al., 2009b). Briefly,
samples from ponds were taken with a shovel, whereas Lake
Chiemsee sediment was collected from a boat at 10–20 m
depth by a bottom sampler. Cuxhaven samples were taken at
low tide near the shore. Microcosms were set up in the
laboratory with aliquots of sediment slurry in three parallel
500 ml plastic flasks. Each flask contained about 200 ml sediment and 200 ml of supernatant water. Additionally, in the
case of Lake Chiemsee and Unterlippach, seven and three
aquaria, respectively, were filled with 18–25 l of sediment
slurry. Microcosms were immediately examined for ‘Candidatus M. bavaricum’-like bacteria by hanging drop assay
(Frankel et al., 1997). Two additional screening rounds were
performed after incubation at room temperature in the dark
for 1 month and 1 year. In case of Lake Chiemsee and the
pond in Unterlippach, additional in situ analyses were performed. Samples were collected either via scuba diving along
the waterside of Lake Chiemsee or via direct sampling with a
modified 10 ml syringe in Unterlippach.
Subsequent analysis required a high amount of ‘Candidatus M. bavaricum’ cells. Thus, seven aquaria were surveyed,
and the aquarium containing the highest number of ‘Candidatus M. bavaricum’ was harvested using a two-step magnetic enrichment technique as described before (Jogler et al.,
2009b). In contrast to previous reports, magnets were
attached slightly above the sediment surface directly at the
aquarium wall.

Light microscopy
‘Candidatus M. bavaricum’ cell counts in environmental
samples and those in microcosms were made using a Leitz
SM-LUX microscope and the hanging drop assay as
described before (Frankel et al., 1997). Differentiation of
‘Candidatus M. bavaricum’ morphotypes was done with cells
immobilized on agarose pads (sterile filtered water from Lake
Chiemsee supplemented with 1% agarose). The immobilized
cells were imaged with an Olympus BX61 microscope
equipped with a 100_UPLSAPO100XO objective allowing
differential interference contrast microscopy. Documentation
was done with an Olympus F-View II camera, while images
were captured and analysed using Olympus Cell and Adobe
Photoshop software.
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Scanning electron microscopy
Immediately after collection, cells were fixed with 2.5% glutardialdehyde in fixative buffer (75 mM sodium cacodylate, 2 mM
MgCl2, pH 7.0), for 1 h at room temperature. Afterwards,
samples were rinsed several times in fixative buffer and postfixed at room temperature for 1 h with 1% osmium tetroxide in
fixative buffer. After two washing steps in distilled water, the
cells were stained en bloc for 30 min with 1% uranyl acetate in
20% acetone. Dehydration was performed with a graded
acetone series. Samples were then infiltrated and embedded
in Spurr’s low-viscosity resin. Ultrathin sections were cut with
a diamond knife and mounted onto uncoated copper grids. The
sections were post-stained with aqueous lead citrate
(100 mM, pH 13.0). Transmission electron micrographs were
taken with an EM 912 electron microscope (Zeiss,
Oberkochen, Germany) equipped with an integrated OMEGA
energy filter operated at 80 kV in the zero loss mode.
For scanning electron microscopy (SEM), drops of the
sample were placed onto a glass slide, covered with a coverslip and rapidly frozen with liquid nitrogen. The coverslip
was removed with a razor blade and the glass slide was
immediately fixed with 2.5% glutaraldehyde in 75 mM
cacodylate buffer (pH 7.0), postfixed with 1% osmium tetroxide in fixative buffer, dehydrated in a graded series of acetone
solutions and critical-point dried after transfer to liquid CO2.
Specimens were mounted on stubs, coated with 3 nm platinum using a magnetron sputter coater, and examined with a
Hitachi S-4100 field emission scanning electron microscope
operated at 5 kV.
For energy-dispersive X-ray (EDX) specimens were examined with SEM operated at 30 keV, equipped with a back
scattered electron detector of the YAG type (Autrata) and a
Noran Vantage system for EDX analysis (Thermo Fisher Scientific, Waltham, USA).

a fine powder with an agate mortar and pestle, and 50 mg
aliquots were leached with 0.5 M HCl at room temperature.
Leaches were centrifuged, and the leachate removed by
pipette for analysis. Fe and Mn were analysed by ICP-OES.
Instrumental accuracy was assessed by analysis of certified
reference material NIST-1643e, and values were always
within 10% of those certified. Blanks were less than 1% of
average sample concentrations.
The distribution of ‘Candidatus M. bavaricum’ was determined in sediment cores, which were taken with a thin straw
to prevent sediment compression within the core. A plunger
made of modelling clay and a slat was used to push out the
sediment core millimetre by millimetre onto a sterile glass
surface. A scalpel was used to slice the core into 1 mm
increments, and slices were resuspended and diluted in
sterile filtered Lake Chiemsee. Cell numbers were determined in the hanging drop assay, and a dilution with about
100 cells was analysed.

Fosmid library construction
The construction of the fosmid library was previously
described (Jogler et al., 2009b). In brief, MTB were collected
magnetically from Lake Chiemsee sediment samples. After
DNA extraction, a fosmid library was constructed using the
CopyControl Fosmid Library Production Kit (Epicenter) following the specifications of the manufacturer. Ten clones
were randomly selected for insert length determination by
restriction analysis. The LCh library contained an average
insert size of 32 kb. Fosmid DNA was prepared by alkaline
lysis (Sambrook et al., 2001) and contaminating genomic
DNA was removed with the plasmid safe DNase (Epicenter)
according to the manufacturer’s instructions.

Design of ‘Candidatus M. bavaricum’ screening primers
Microsensor measurements and determination of
‘Candidatus M. bavaricum’ occurrence
Six microcosms filled with sediment from Lake Chiemsee
were incubated in the dark and at 15°C. An air jet was
directed onto the water surface to stir and oxygenate the
water column of each microcosm. Microsensors for O2 (Revsbech, 1989), NO3-, NH4+ and pH (summarized in De Beer
et al., 1997) were constructed in the laboratories of the MPI
Bremen. The sensors were calibrated and used for profiling in
an automated measuring set-up as previously described
(Stief et al., 2002). Using a custom-written software
(m-Profiler, provided by Lubos Polerecky), vertical microprofiles were recorded at increments of 1 mm from 5 mm above
until 25 mm below the sediment surface. One profile with
each of the four sensor types was measured in the six
microcosms.
Following cell counts and microsensor measurements,
subcores were taken with an acid-washed, modified 60 ml
polypropylene syringe. Subcores were sliced at 1 mm
intervals in a nitrogen-flushed glovebag, and sediments
transferred to 2 ml polypropylene microcentrifuge tubes.
Sediments were centrifuged, and the supernatant was filtered
(0.22 mm) and acidified to pH < 2 with ultrapure nitric acid.
The remaining sediment pellet was dried at 60°C, ground to

The alignment of 16S rRNA gene sequences was performed
with the AlignX algorithm of the Vector NTI software (10.3.1).
Primer sequences were selected after manual inspection of
the alignment and subsequent comparison of putative primer
sequences to the NCBI nucleotide database using the BLAST
algorithm. PCR reaction was performed with the Fermentas
Taq polymerase according to the manufacturer’s instructions.

PCR product sequencing
PCR products were purified via gel electrophoresis and subsequent band excision, while DNA preparation was done with
the NucleoSpin gel extraction kit (Macherey-Nagel, Düren,
Germany) according to the manufacturer’s instructions. The
sequence of PCR products was determined using the CJ160
forward and CJ161 reverse primer with an ABI system
according to the instructions of the manufacturer.

Fosmid sequencing
Recombinant fosmid DNA was isolated using the Qiagen
Large-Construct kit (Qiagen, Hilden, Germany). For shotgun
sequencing the isolated DNA was fragmented by sonication.
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Resulting fragments were end-repaired with T4 and Klenow
polymerase (New England Biolabs, Beverly, MA, USA), size
selected, ligated into pUC19 vectors and transformed into E.
coli DH10B (Invitrogen, Carlsbad, CA, USA). Two plasmid
libraries with 1.3- and 2.5-kb inserts were obtained. Plasmids were isolated by alkaline lysis (BigRobby system, MPI
for Molecular Genetics, Berlin, Germany) and used as templates for sequencing with Big Dye Terminator chemistry and
ABI 3730XL capillary sequencers (Applied Biosystems,
Foster City, CA, USA). Sequence quality assessment and
assembly were performed using PHRED (Ewing and Green,
1998; Ewing et al., 1998), PHRAP (http://www.phrap.org/
phredphrapconsed.html) and Consed (Gordon, 2003).

Gene prediction
Structural rRNAs and tRNAs were determined using Rfam
(Griffiths-Jones et al., 2005) and tRNAscan-SE (Lowe and
Eddy, 1997). Protein-coding sequences were predicted by
Glimmer3 (Delcher et al., 1999), manually curated in Artemis
(http://www.sanger.ac.uk/Software/Artemis/) and annotated
in HTGA (Rabus et al., 2002).
The annotated fosmid sequence has been deposited in
GenBank, EMBL and DDBJ under accession numbers
FP929063.

Phylogenetic analysis of RubisCO proteins
The phylogenetic analysis and alignment of RLPs and
RubisCO proteins was done as previously described (Hanson
and Tabita, 2001; Tabita et al., 2008). In brief, multiple
sequence alignments were generated with Jalview (Clamp
et al., 2004). The same RubisCO selection was used for the
analysis, as described before (Hanson and Tabita, 2001;
Tabita et al., 2008), but with the newly identified RLP from
‘Candidatus M. bavaricum’ in addition. Phylogenetic trees
were generated with the MEGA software version 4.0 (Tamura
et al., 2007), using the minimum evolution method with a
p-distance model of amino acid substitution and a gamma
parameter of 1.55 for rate distributions between lineages as
described before (Tamura et al., 2007; Tabita et al., 2008).
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