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Magnetotactic bacteria (MTB) are a heterogeneous group of aquatic prokaryotes with a unique intracellular
organelle, the magnetosome, which orients the cell along magnetic field lines. Magnetotaxis is a complex
phenotype, which depends on the coordinate synthesis of magnetosomes and the ability to swim and orient
along the direction caused by the interaction with the Earth’s magnetic field. Although a number of putative
magnetotaxis genes were recently identified within a conserved genomic magnetosome island (MAI) of several
MTB, their functions have remained mostly unknown, and it was speculated that additional genes located
outside the MAI might be involved in magnetosome formation and magnetotaxis. In order to identify genes
specifically associated with the magnetotactic phenotype, we conducted comparisons between four sequenced
magnetotactic Alphaproteobacteria including the nearly complete genome of Magnetospirillum gryphiswaldense
strain MSR-1, the complete genome of Magnetospirillum magneticum strain AMB-1, the complete genome of the
magnetic coccus MC-1, and the comparative-ready preliminary genome assembly of Magnetospirillum magne-
totacticum strain MS-1 against an in-house database comprising 426 complete bacterial and archaeal genome
sequences. A magnetobacterial core genome of about 891 genes was found shared by all four MTB. In addition
to a set of approximately 152 genus-specific genes shared by the three Magnetospirillum strains, we identified
28 genes as group specific, i.e., which occur in all four analyzed MTB but exhibit no (MTB-specific genes) or
only remote (MTB-related genes) similarity to any genes from nonmagnetotactic organisms and which besides
various novel genes include nearly all mam and mms genes previously shown to control magnetosome forma-
tion. The MTB-specific and MTB-related genes to a large extent display synteny, partially encode previously
unrecognized magnetosome membrane proteins, and are either located within (18 genes) or outside (10 genes)
the MAI of M. gryphiswaldense. These genes, which represent less than 1% of the 4,268 open reading frames of
the MSR-1 genome, as yet are mostly of unknown functions but are likely to be specifically involved in

magnetotaxis and, thus, represent prime targets for future experimental analysis.

Magnetotactic bacteria (MTB) represent a diverse group of
prokaryotes with respect to morphology and physiology (5)
that are capable of magnetic orientation. All known MTB
belong to different subgroups of the Proteobacteria and the
Nitrospirae phylum, with most known cultivated and unculti-
vated representatives within the Alphaproteobacteria (2). Mag-
netotaxis is a complex phenotype, which depends on the syn-
thesis of specific intracellular organelles, the magnetosomes.
The synthesis of magnetosomes is a process with genetic con-
trol over the species-specific morphology and size of magne-
tosome crystals and the intracellular assembly of chain-like
structures. In addition, magnetotaxis requires active migration
along the geomagnetic field, which apparently occurs in a
highly coordinated fashion by interaction with other sensory
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mechanisms including chemo-, aero-, and even phototaxis
(11, 12).

Biomineralization of magnetic iron oxide or sulfide crystals
proceeds in specific intracellular vesicles formed by the mag-
netosome membrane (MM). Recently, proteomic analysis of
the MM in combination with reverse genetics led to the iden-
tification of genes encoding magnetosome membrane proteins
(MMPs) (17, 18, 41) in Magnetospirillum gryphiswaldense
MSR-1. All MMP-encoding genes were identified within a
hypervariable 130-kb genome fragment described as a genomic
“magnetosome island” (MAI) (39, 42), which is apparently
conserved in other MTB and which may have been transferred
horizontally (13, 18, 42).

By genetic analysis the function of several MMPs was re-
cently revealed, including a role in the “activation” of magne-
tosome vesicles (20) and the assembly and stabilization of
magnetosome chains along the cytoskeletal, actin-like magne-
tosome-filament (21, 32, 37). Although functions of other
MMPs have remained obscure, it is clear that the formation of
functional magnetosomes also requires control over the intra-
cellular differentiation and formation of MM vesicles, the up-
take and transport of supersaturating amounts of iron, its pre-
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cipitation within the MM vesicle, and the nucleation and
growth of the magnetosome crystal. In addition, magnetically
directed taxis and motility need to be coordinated and regu-
lated by environmental signals. The first genome-wide studies
suggested that MTB genomes contain exceptionally high num-
bers of chemotaxis proteins. For instance, 65 chemotaxis trans-
ducers were identified in Magnetospirillum magnetotacticum
strain MS-1 (1), and 62 were found in Magnetospirillum mag-
neticum strain AMB-1 (27).

The abundance of genes of unknown function within the
MALI suggested a genetic complexity of magnetotaxis that po-
tentially might go beyond previous expectations. It has been
further speculated that additional gene functions essential for
magnetotaxis might be located elsewhere in the genome.
Therefore, bioinformatic approaches provide an additional
step in understanding the unique physiology of magnetotaxis,
given the severe difficulties involved in its genetic manipulation
and biochemical analysis.

Comparative analysis of a large and growing number of
diverse sequenced genomes is revolutionizing the pace of gene
discovery (31) and may provide novel functional assignments
to genes (14). In addition to organism-specific singleton ORFans
(where ORF is open reading frame) that have no similarities in
the current databases, a common set of genes without func-
tional assignment encompasses so-called orthologous ORFans
(40) or conserved ORFs, which are defined as ORFs with
significant similarities to ORFs in the public databases. Within
this group, ORFs can be grouped into different subsets, where
the definition of subsets is variable and can be based on phy-
logenetic affiliation, common metabolic traits, or related hab-
itats (metabolism-, phylogeny-, or habitat-specific ORFs). This
approach is also often referred to as “phylogenetic profiling”
with the underlying assumption that a unique set of genes
shared between any two organisms are correlated with a par-
ticular phenotype (31). This has led to the identification of, for
example, photosynthetic genes in photosynthetic prokaryotes
(26, 30, 34) or to the identification of light-inducible proteins
which determine the relative fitness of Prochlorococcus strains
of the ecotypes (35).

During recent years, genome information from several mag-
netite-producing, magnetotactic Alphaproteobacteria has grad-
ually become available. In 2000, draft genome assemblies were
provided by the Joint Genome Institute (www.jgi.doe.gov) for
the marine Magnetococcus strain MC-1 (28, 43) and the mag-
netotactic spirillum M. magnetotacticum strain MS-1 (7, 18, 38)
(the genome of MC-1 was only recently completed in Novem-
ber 2006). A 480-kb genomic fragment including the 130-kb
MALI in M. gryphiswaldense strain MSR-1 was analyzed (42),
and the first magnetobacterial genome to be completed, that of
M. magneticum strain AMB-1, was recently published (27).

In this study, we present the nearly complete draft genome
sequence of M. gryphiswaldense strain MSR-1 and extensive
comparisons with the three other available magnetobacterial
genomes of the Alphaproteobacteria. We analyzed the phylo-
genetic affiliations of MSR-1 genes and determined the mag-
netobacterial core genome, i.e., the minimal set of genes
shared by all MTB. We further used this set of genes to address
the occurrence of group-specific genes. We show that a work-
ing set of 28 group-specific genes is exclusively, but universally,
associated with the magnetotactic genotype, a number of them
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encoding previously unrecognized MMPs. The majority of
these genes exhibit a conserved organization and are located
within the MAI Our findings suggest that these genes are
specifically involved in magnetotaxis and, thus, represent prime
targets for future experimental analysis.

MATERIALS AND METHODS

Sequencing and bly of M. gryphiswald strain MSR-1. Strain MSR-1
was cultivated, and genomic DNA was prepared and used for construction of
1.5-kb and 3.5-kb insert plasmid libraries as previously described (39). Addition-
ally, a cosmid library was constructed according to the manufacturer’s instruc-
tions (pWEB vector; Epicenter Technologies, Madison, WI). Templates for
sequencing were obtained by insert amplification via PCR or by plasmid isola-
tion. End sequences were performed with Big Dye chemistry (ABI) (39), result-
ing in more than 9.4-fold coverage for the genome (total contig length of 4.5 Mb
of draft sequence) and in more than 10-fold coverage for the plasmid (36 kb of
finished sequence). Sequences were assembled using Phrap (http:/www.genome
.bnl.gov/Software/UW/) and the Consed package (version 14.00) (16).

Gene prediction and annotation. The ORF prediction of strains AMB-1 and
MC-1 was used in this study as provided by the NCBI Reference Sequences
collection (RefSeq) with the accession number NC_007626 and NC_008576,
respectively. On nucleotide sequence scaffolds of strains MSR-1 and MS-1, ORF
prediction was carried out by using the in-house gene prediction software
MORFind2 (J. Waldmann and H. Teeling, unpublished). This system combines
the three gene finders CRITICA (4), GLIMMERS3 (8), and ZCURVE (19) and
resolves conflicts in an iterative postprocessing algorithm to enhance ORF pre-
diction.

Annotation and data mining were performed using the GenDB, version 2.2
system (29), supplemented by the tool JCOAST, version 1.0 (comparative anal-
ysis and search rool; M. Richter, unpublished) developed at MPI Bremen, seek-
ing for each coding region observations from similarity searches against sequence
databases (nr, SWISS-PROT, KEGG-Genes, and genomesDB; for an explana-
tion, see “Local genomes database” below) and protein family databases (Pfam,
release 20.0; InterProScan 4.2, Interpro release 13.0), and from predictive signal
peptide (SignalP, version 3.0 [6]) and transmembrane helix-analysis
(TMHMM, version 2.0 [23]). Predicted protein coding sequences were automat-
ically annotated by the in-house software MicHanThi (33). The MicHanThi
software predicts gene functions based on similarity searches using the NCBI-nr
(including SWISS-PROT) and InterPro database.

Local genome database. The local genome database (genomesDB) provides a
computationally well-defined environment of 426 published whole-genome se-
quences of bacterial and archaeal origin with all ORFs of each genome carrying
a unique identifier. To allow genome comparisons between specific user-defined
groups, all ORFs are assigned to the respective organism and metabolic group.
In contrast to the general-purpose database NCBI-nr, which contains every
sequence ever submitted, the focus of genomesDB is the association of every
protein to its phylogenetic affiliation in a defined environment.

Definition and prioritizing of a group. Group-specific ORFs were extracted,
and four gene groups were defined. (i) The MTB-related group of genes with
homologs in nonmagnetotactic bacteria are found in M. gryphiswaldense strain
MSR-1, M. magneticum strain AMB-1, and M. magnetotacticum strain MS-1. The
genes representing this group show moderate sequence similarity in bacteria
outside the MTB. (ii) The MTB-related group of genes with occurrence limited
to a given genus is found in M. gryphiswaldense strain MSR-1, M. magneticum
strain AMB-1, and M. magnetotacticum strain MS-1. Genes within this group are
limited in occurrence to these three species of the genus Magnetospirillum. (iii)
The MTB-related group of genes contains members with homologs in nonmag-
netotactic bacteria. Members of this group are M. gryphiswaldense strain MSR-1,
M. magneticum strain AMB-1, M. magnetotacticum strain MS-1, and Magneto-
coccus strain MC-1. This group of genes shows moderate sequence similarity in
bacteria outside the MTB. (iv) The MTB-specific group includes genes whose
occurrence is limited to magnetotactic bacteria. Members of this group are M.
gryphiswaldense strain MSR-1, M. magneticum strain AMB-1, M. magnetotacti-
cum strain MS-1, and Magnetococcus strain MC-1. Genes included here occur
only in these four organisms and are without homologous genes outside this
group. It thus seems highly likely that they play a role in the synthesis of
magnetosomes. Genes that occur in all four members of this group were classi-
fied as having a “high potential” for playing an important role in magnetotaxis or
biomineralization of magnetosomes.

Systematic extraction of group-specific genes with the local genomesDB. We
used the following general strategy for the extraction of candidate genes: (i) all
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TABLE 1. General genome features of the four magnetotactic bacteria strains analyzed in this study
Feature MSR-1 AMB-1¢ MS-1 MC-1
Nucleotide statistics
Genome size (bp) 4,264,908 4,967,148 4,503,280 4,719,581
No. of nonregular nucleotides 17,646 33 1,060 0
GC content (%) 62.8 05.1 64.0 54.8
No. of contigs 373 1 316 1
Gene predictions
No. of predicted ORFs 4,268 4,559 4,925 3,716
No. of genes with similarity to genomesDB” 3,726 4,044 4,011 3,074
No. of genes with similarity to COG 2,797 2,937 2,851 1,486
No. of organism-specific genes® 542 515 914 642
No. of 165/23S/5S rRNA genes 2/2/2 2/2/NA 2/2/2 3/3/3
No. of tRNA genes 47 50 44 45

“ Data are from Matsunaga et al. (27). NA, not annotated in the original publication.

® Based on genomesDB and comprising 426 whole-genome sequences.
¢ Based on genomesDB.

predicted ORFs of the MSR-1 genome were initially searched with the BLAST
algorithm against the entire set of predicted ORFs of the strain AMB-1, MS-1,
and MC-1 genomes, and vice versa (“BLAST all against all”). The results were
searched with variable cutoff E values in order to identify sets of genes shared
either by all four MTB strains, or at least within the genus Magnetospirillum. (ii)
The identified sets of genes were further searched with BLAST against the
in-house genomesDB and subsequently extracted with variable cutoff E values. A
match was defined as follows: if E values of all BLAST hits of a particular ORF
are within the ORF set of one or more group members in the genomesDB and
are below the defined cutoff for a given group, there is a match. All extracted
group-specific ORFs were manually inspected, and the final set was selected
based on high pairwise sequence similarity or the availability of additional in-
formation yielded by one of the bioinformatic tools mentioned above.

Phylogenetic affiliation estimation. To evaluate the phylogenetic assignment
of the conserved ORFs in the datasets, all conserved ORFs were tested by
BLAST for the phylogenetic distribution of best hits against a local genomes
database (genomesDB) comprising a hit with an expectation value of E <le-05.

Comparison of the shared gene content by reciprocal best matches (RBMs).
To compare the datasets for gene content determination, a BLAST search
between all predicted ORFs in the four MTB was performed. Reciprocal best
matches were counted by a BLAST result with an expectation value E of <le-05
each and a subject coverage of over 65%.

Functional classification with COG. All predicted ORFs were also searched
for similarity against the initial cluster of orthologous groups (COG) database
(containing 44 organisms; http:/www.ncbi.nlm.nih.gov/COG/). A match was
counted if the similarity search resulted in an E value below 1e-05.

Phylogenetic trees. A phylogenetic tree was calculated using maximum-likeli-
hood analysis with the PROML program of the PHYLIP 3.65 package (9).
Bootstrap analysis was carried out by generating datasets with the SEQBOOT
program (100 replicates), and a majority rule consensus tree was calculated using
the CONSENSE program of the same package.

Nucleotide sequence accession numbers. The M. gryphiswaldense strain MSR-1
draft genome sequence has been deposited in the GenBank, EMBL, and DDBJ
nucleotide sequence databases under the accession number CU459003; the plas-
mid sequence was deposited under accession number CU45900.

RESULTS

General features of the genome sequences. General fea-
tures of the four magnetobacterial genome sequences are
summarized in Table 1. The genome draft sequence of M.
gryphiswaldense strain MSR-1 comprises 4,264,908 bp of
chromosomal sequence and a 35,803-bp plasmid sequence.
The closely related Magnetospirillum strains MSR-1,
AMB-1, and MS-1 have a comparable genome size, GC
content, number of rRNA genes, and COGs, whereas dif-
ferences are found in the absolute number of predicted
ORFs. Despite their close phylogenetic relationship, the

genomes of all four strains contain a significant proportion
(11 to 18%) of organism-specific ORFs, which is within the
average range typical for most microbial genomes (44). The
more remotely related coccoid strain MC-1 displays similar-
ities in the number of rRNA genes but strongly differs with
respect to the GC content and the number of conserved
ORFs in the COG database.

A further test revealed that 48 of 49 genes, which typically
occur in single copy in microbial genomes, are found only
singular in the sequence assembly of MSR-1. In general, it can
be concluded from the retrieval of characteristic genome fea-
tures known from the closely related AMB-1, such as the
absolute number of tRNA genes and rRNA genes, the con-
formance of the ratio of total predicted to conserved ORFs,
and the single-copy gene distribution, that the available data
for MSR-1 represent the nearly complete genome sequence.

Phylogenetic distribution of the best BLAST hits of all con-
served ORF's from MSR-1. To evaluate the phylogenetic affil-
iation of all ORFs with known similarities (conserved ORFs)
from MSR-1, all ORFs were searched with BLAST for the
distribution of the best hit against genomesDB. This revealed
that 63% (2,695 ORFs) yielded best hits (lowest BLAST E
value) either in AMB-1 (1,549 ORFs) or MS-1 (1,146 ORFs)
(Fig. 1A). The remaining 37% are predominantly distributed
among different genera of Alphaproteobacteria with most hits
to ORFs in the genomes of Rhodospirillum rubrum (Rhodospi-
rillaceae, 134 ORFs) and of Sphingopyxis alaskensis (Sphin-
gomonadaceae, 44 ORFs). Remarkably, a substantial number
yielded best hits to ORFs in the betaproteobacterium Dechlo-
romonas aromatica (30 ORFs) and in the gammaproteobacte-
rium Methylococcus capsulatus Bath (23 ORFs).

To eliminate the bias generated by closely related species
like AMB-1, MS-1, or R. rubrum, hits to these three organisms
were excluded for further analysis (Fig. 1B). This revealed that
with only one exception (D. aromatica), all organisms yielding
top-10 numbers of hits belong to the Alphaproteobacteria. In-
terestingly, even after exclusion of hits to the other Magneto-
spirillum strains, ORFs with best hits to MC-1 represent only
the second-largest group after Granulobacter bethesdensis.

Distribution of RBMs between MTB genomes. The RBM
analysis was performed by searching all predicted MSR-1
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Magnetospirillum magneticum AMB-1 1549 Granulobacter bethesdensis _ 272
M irillum magnetotacticum MS-1 1146 Magnetococeus sp. MC-1 | 166
Rhodospirillum rubrum ATCC 11170 134

Sphingopyxis alaskensis RB2256 44

Magnetococcus sp. MC-1 40
Dechloromonas aromatica RCB 30
Bradyrhizobium japonicum 28
Methylococcus capsulatus Bath 23

Rhodopseudomonas palustris BisA53 22

Sinorhizobium meliloti 20

Limit: 1E-05 Limit: 1E-05

Dechloromonas aromatica RCB | 110
Bradyrhizobium japonicum 110
Rhodopseudomonas palustris BisA53 103
Caulobacter crescentus 98
Maricaulis maris MCS10 9%
Rhodopseudomonas palustris CGA009 80
Gluconobacter oxydans 621H 79
Mesorhizobium loti 74
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FIG. 1. Phylogenetic affiliation of best BLAST hits of all conserved ORFs from MSR-1. Bars represent the top-10 numbers of the best E-value
hits from each conserved gene in MSR-1. (A) Distribution with all database species from genomesDB included. (B) Distribution after closest

relatives AMB-1, MS-1, and R. rubrum were excluded from analysis.

ORFs against all ORFs from each individual genome of strains
AMB-1, MS-1, and MC-1. This revealed that 2,232 genes are
conserved between MSR-1 and AMB-1 (52% of MSR-1). A
similar number (2,127 genes) is conserved between MSR-1 and
MS-1 (50% of MSR-1), whereas only 1,122 genes (26% of
MSR-1) display RBM characteristics between MSR-1 and
MC-1.

Comparison of RBMs between the three Magnetospirillum
strains revealed that a much higher number of genes are
shared between strains AMB-1 and MS-1 (2,886) than between
strains MSR-1 and AMB-1 (2,232) and between MSR-1 and
MS-1 (2,127). Overall, a conserved core set of 1,931 genes
(equivalent to 45% of the MSR-1 genome) is shared between
all three Magnetospirillum species (Fig. 2A). As expected, a
much smaller proportion of genes are conserved between the
magnetospirilla and the magnetic coccus MC-1: if MS-1 is

A B

MSR-1 MSR-1
542 542

2127

MS-1 AMB-1  MC-1 AMB-1

FIG. 2. Comparative gene content analysis of MTB based on re-
ciprocal best matches. The Venn diagrams illustrate the shared gene
content between the four genomes. For visualization, individual dia-
grams for three genomes are shown. The numbers of species-specific
genes and shared genes are indicated. (A) Shared gene content be-
tween MSR-1, AMB-1, and MS-1. (B) Shared gene content between
MSR-1, AMB-1, and strain MC-1.

replaced by MC-1 in the three-genome comparison, only 23%
(978 genes) of the MSR-1 genes are shared between the three
strains (Fig. 2B). Intercomparison of all four MTB identified a
magnetobacterial “core genome” that comprises 891 genes,
corresponding to approximately 20% of the overall gene con-
tent of MSR-1.

Identification of group-specific ORFs in MTB. Magnetotaxis
and magnetite biomineralization are unique metabolic traits
that require very specific metabolic pathways. We reasoned
that putative magnetosome genes should be conserved in most
MTB genomes or even be universally shared by all MTB while,
on the other hand, they should be either entirely restricted to
MTB or exhibit weaker similarity to homologous genes iden-
tified in related but nonmagnetotactic organisms. Based on
this, each gene was scored for the presence or absence of
homologs in nonmagnetotactic bacteria from the genomesDB
and classified according to one of the groups described in the
following sections.

(i) MTB-specific genes. MTB-specific genes are a subset of
known genes, such as mamC, that are either confined to the
three Magnetospirillum strains (“Magnetospirillum specific”) or
all four MTB but do not have any obvious homologs in non-
MTB (17, 18, 41). To systematically extract members of this
class, all genes from MSR-1 with counterparts in strains
AMB-1, MS-1, and optionally MC-1 (E value of <1e-05) but
no similarity in nonmagnetotactic bacteria (E value of >1e-05)
were filtered from the list of BLAST hits. Two groups of
MTB-specific genes were distinguished based on their absence
or presence in MC-1. A total of 152 genes from MSR-1 are
shared only by other species of Magnetospirillum; i.e., they are
also absent from strain MC-1 (see Table S1 in the supplemen-
tal material for a complete list). It must be noted, however,
that the lack of further constraints (e.g., minimum coverage)
has the risk of generating false positives, in particular, for short
or modular genes. Twenty-six of these 152 genes are located on
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TABLE 2. Summary of MTB-specific genes and characteristics of their encoded products”
: E value Located .
Gene ﬁ.?\;{ﬁf No. of 1IEP E]l;e Gene product within Qolilgerrled d I,deg/t[ﬂif
aa (kDa)  AMB1 MS-1  MC-1 the MAT  neighborhoo as
Magnetospirillum-specific
genes”
mms6 1 135 9.6 127 2e-14  2e-14 Magnetosome protein Mms6, + + +eh
control of crystal growth®
mamG* 2 83 9.5 7.6 Te-22 Te-23 Magnetosome protein MamG + + +5
mamR 72 8.9 8.0 2e-28 Te-29 Magnetosome protein MamR + + +
mamJ 425 3.8 442 2e-44 2e-52 Magnetosome protein MamJ], + + +
control of chain assembly
mamlL 2 122 115 132 2e-29 le-28 MamL protein + +
mamW 1 137 128  15.0 le-42 8e-43 Magnetosome protein MamW + +1
MGR4045 135 43 150 2e-68 3e-66 Conserved hypothetical protein +
MGR4047 102 9.0 112 8e-11 2e-16 Conserved hypothetical protein +
MGR4052 115 50 128 2e-48 2e-48 Conserved hypothetical protein +
MGR4063 160 10.0 172 2e-28 4e-29 Conserved hypothetical protein +
MGR4066 1 108 129 118 2e-10 2e-10 Conserved hypothetical protein +
MGR4114 1 68 10.0 6.8 1e-06 1e-07 Conserved hypothetical protein +
MGR4115 114 50 118 2e-06 3e-07 Conserved hypothetical protein +
mamY (MGR4150) 2 370 45 408 2e-137  5e-138 Conserved protein + + +&
MGR4153 307 103 334 2e-139  2e-140 Conserved hypothetical protein +
mmeA (MGR1900)* 364 7.6 384 6e-124  1le-124 Conserved protein +5
MTB specific genes
present in MC-1
mamD 1 313 104 123 8e-87  3e-87  de-11 Magnetosome protein MamD + + +ieh
mamT (1) 173 104 18.8 le-84 1e-80 le-24  Magnetosome protein MamT; + + +&
conserved cytochrome ¢
heme-binding site
mamsS 1 179 72 186 2e-57  1e-57  Se-11  Magnetosome protein Mam$S + + +/h
mamF 3 110 9.7 122 6e-40 6e-40 5e-15 Magnetosome protein MamF + + +f_€
mamC 2 124 48 123 3e-18  2e-18  4e-05 Magnetosome protein MamC + + +/eh
maml 2 76 9.2 8.2 2e-12 2e-12 le-02 Maml protein + +
mtxA (MGRO0208) 313 6.5 331 4e-84 6e-99 2e-77  Conserved hypothetical protein, + +
secreted
MGR2333 69 11.3 79 2e-29 2e-29 1e-07  Conserved hypothetical protein;
possible phage related
MGR2349 118 55 13.0 2e-55 6e-06 9e¢-07 Conserved hypothetical protein;
possible phage related
mmsF (MGR4072) 3 124 10.0  13.87  8e-42 le-42  7e-15 MamkF-like, conserved + + +8
hypothetical protein,
membrane )
mamX (MGR4149) (1) 268 55 262 2e-106  2e-106  2e-32  Weakly similar to MamE and + + +/

MamS proteins

¢ TMH, transmembrane helices (numbers in parentheses indicate possible overprediction of the number of transmembrane helices); aa, amino acids; IEP, isoelectric point.
 Only genes located within the MAI are shown. For a complete list see the supplemental material.
¢ Not extracted by the described algorithm because of low complexity sequence structure.

4 Additionally identified as MMP; also conserved in R. rubrum (1e-75).
¢ Arakaki et al. (3).

/Tanaka et al. (41).

& Griinberg et al. (17).

" Matsunaga et al. (27).

! Ullrich et al. (42).

the previously identified 480-kb genomic fragment which en-
closes the MAI, and 15 are located immediately within the
135-kb MAL Six of these 15 MAI genes represent previously
known genes located within the mam and mms operons
(mamW, mms6, mamG, mamR, mamJ, and mamL), for which
an essential role in magnetosome formation has already been
confirmed experimentally (3, 17, 37, 39, 42). The other nine
Magnetospirillum-specific MAI genes represent previously un-
recognized genes (Table 2).

Eleven of the extracted MTB-specific genes were found
present in all four MTB including MC-1 (Table 2). Six of them
encode previously identified MMPs (mamD, mamF, mamC,
mamT, mamS, and maml) or are cotranscribed with other
MMP-encoding genes within the mamAB, mamGFDC, and
mms6 operons located within the MAI (39). In this study, five
new candidate genes, which are not located within the MAI,
were identified.

We asked if the overlap in gene content is just a reflection of
the close phylogenetic relationship of the four MTB strains
within the Alphaproteobacteria or whether it is due to the com-
mon trait of magnetotaxis. We tested this hypothesis by tenta-
tively including R. rubrum as a control in our analysis, because
it represents the closest nonmagnetic 16S-rRNA relative of
Magnetospirillum strains with a complete genome sequence
available. This analysis yielded no genes that occurred in all
four MTB and in R. rubrum. However, the intercomparison
between the three magnetospirilla and R. rubrum yielded 41
conserved genes with no homologs in other organisms. Inter-
estingly, one of them (MGR1900) matches an as yet unas-
signed peptide sequence (LLTELSDDVNR) obtained by a
previous proteomic analysis of the MM (17) and thus repre-
sents another MMP, which we designate mmeA (magnetosome
membrane associated). MmeA has no known function and
contains a predicted signal peptide sequence (Table 2).
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(ii) MTB-related genes. A subset of known genes involved in
magnetosome formation (exemplified by mamH, mamkK,
mamQO, mamP, mamQ, mamA, mamB, mamM, and mamFE)
belongs to gene families that also occur in nonmagnetic bac-
teria, although exhibiting lower similarity. We reasoned that
this class defined as MTB-related genes is extractable by a
systematic approach, provided that the genes display a phylog-
eny consistent with their functional adaptation in MTB, i.e., if
the degree of similarity within the magnetotactic members of
these families is significantly higher than the similarity to genes
in nonmagnetotactic organisms. In order to define cutoff values
appropriate to achieve this discrimination within the gene fam-
ilies, we analyzed the set of known magnetosome genes of
strain MSR-1 with similarity to genes outside the group of
MTB for their degree of conservation within and without the
MTB by BLAST analysis.

The analysis of other known magnetosome genes shared by
all four MTB revealed that, with the exception of mamQ,
which has a closer homolog in Thermotoga maritima than in
MC-1 based on the BLAST E value, all analyzed genes form
coherent groups within their respective gene families and can
be discriminated from nonmagnetotactic homologs by their E
values. These are consistently between 5e-05 and 1e-48 for the
closest homologs in non-MTB, whereas they are generally be-
low 1e-80 for the Magnetospirilla and below 1e-30 for Magne-
tococcus. A characteristic example for the relationship between
these homologous genes is illustrated by the phylogenetic anal-
ysis of the MamH protein (Fig. 3). MamH (MGR4089) be-
longs to the major facilitator superfamily (MFS), a family of
transporters capable of transporting small solutes. MamH or-
thologs from the four MTB form a coherent group com-
pared to the remotely related genes from nonmagnetotactic
MTB protein to members of the Chlorobia phylum. Inter-
estingly, an additionally identified MamH-like MTB-related
gene (MGR4148 in MSR-1) forms another distinct branch.

Based on the inspection of relationships between known
mam genes and nonmagnetobacterial homologs, the following
criteria were set up to search for MTB-related genes: (a) best
BLAST hit to MC-1 E value of <l1e-30, (b) best BLAST hit to
MS-1 E value of <1e-80, (c) best BLAST hit to AMB-1 E value
of <1e-100, and (d) best BLAST hit to nonmagnetic genomesDB E
value of >1e-50.

Seventeen MTB-related genes were identified by these cri-
teria (Table 3, extracted genes), including nine mam genes. In
addition, eight novel candidate genes were extracted, which,
with the exception of MGR4148, are located outside the MAI
(Table 3).

MGRO0611 and MGR1882/83 contain a weak conserved me-
tallo-beta-lactamase superfamily domain (Pfam lactamase_B),
which can be found apart from beta-lactamases in a couple of
other proteins with uncertain functions. In addition, MGR0611
contains a cyclic nucleotide-binding domain (Pfam cNN_bind-
ing) and hemerythrin HHE cation binding domain (Pfam he-
merythrin). Multiple hemerythrin genes have already been
identified within the MAI of MSR-1 that are known to bind
and transport oxygen and iron (11), and all four MTB show a
significantly higher number of predicted proteins with a he-
merythrin domain. For comparison, the closely related R.
rubrum contains only 5 genes, whereas AMB-1 contains 30
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genes. This might imply an important function in magnetotaxis
for these proteins.

The genes MGR0611 and MGR1882/83 represent a special
case because they have only weak similarity to hits in the
genomesDB but display significant similarities (E value of
<1e-200; 49% identity) to genes found in the draft genome of
the planctomycete “Candidatus Kuenenia stuttgartiensis.”
Since Planctomycetes, in common with the MTB, have intra-
cellular membranes and form unique compartments (pirellu-
losome) (15), it might be speculated that these shared genes
are somehow related to the formation of similar subcellular
organelles in both organisms.

If hits to R. rubrum with an E value of <1e-80 are included,
only one gene (MGRO0464) was identified that meets the re-
quired criteria. MGRO0464 (in R. rubrum annotated as ArgK
protein) is related to genes that encode proteins having
ATPase and kinase activity and is possibly involved in lysine-
arginine-ornithine/arginine-ornithine transport systems.

Analysis of conserved neighborhoods. Genes involved in the
same pathway tend to cluster in prokaryotic chromosomes.
This can be exploited to infer functional coupling between
genes (31). All identified MTB-specific and MTB-related
genes present in the four MTB strains were manually inspected
for conserved content. Three of the group-specific genes dis-
play no synteny (MGRO0611, MGR1564, and MGR1882/
MGR1883). Two genes (MGR2333 and MGR2349) showing a
conserved neighborhood were identified as phage related and
therefore were not further considered. Four genes display a
conserved cluster organization in the three Magnetospirillum
strains (MGR0292, MGR0267, MGR0626, and MGR3500),
and five display a conserved cluster organization in all four
analyzed MTB (MGR0208, MGR3500, MGR4072, MGR4148,
and MGR4149). These genes, which are highly conserved with
respect to both sequence and organization, are discussed in
detail in the following paragraphs (Fig. 4).

The mamXY cluster encodes several group-specific MMPs.
In all four MTB, MGR4148 and MGR4149 are part of a
cluster containing four genes. However, only two of them are
identical between the Magnetospirillum strains and MC-1. In
the latter strain, one gene encodes a protein that exhibits the
highest similarity to the MamD protein, which in MSR-1 was
identified as one of the most abundant MMPs containing an
LG repeat domain (17).

The highly conserved MTB-related gene MGR4148 (Fig.
4A, top) is located within the MAI and encodes a protein that
exhibits a unique two-domain organization exclusively found in
MTB (Fig. 4A, bottom): the N-terminal domain is similar to
the Pfam MFS (Pfam MFS_1) and is homologous to the
MamH protein. The C-terminal domain is similar to a ferric
reductase-like transmembrane component (Pfam Ferric_re-
duct). Interestingly, a mutant lacking the Ferric_reduct domain
of frp1 in Schizosaccharomyces pombe is deficient in ferric iron
uptake (36).

MGR4148 is preceded in all four MTB by the MTB-specific
gene MGR4149, whose product displays a weak and partial
similarity to both the magnetosome proteins MamE (N-termi-
nal domain) and MamS (central domain). Since this protein
(amb1017) was experimentally identified as MMP in AMB-1
(41), we designate MGR4149 as MamX.

The Magnetospirillum-specific gene MGR4150, which in all
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FIG. 3. Phylogenetic tree of MamH (MGR4089) orthologous and paralogous proteins including the MTB-related MGR4148 (maximum-
likelihood analysis). MamH represents a typical example for an MTB-related protein defined in this study; i.e., it forms a coherent phylogenetic
branch within its family tree. In addition, the newly identified MTB-related MGR4148 gene is related to MamH but forms a distinct group. The
three major clusters are indicated by different colors. The numbers indicate the bootstrap support for selected nodes.

magnetospirilla is the first gene of the cluster, encodes a frag-
ment (VLSQEITQELSHIAQSR) that shows a 100% match to
a peptide sequence obtained by previous analysis of the mag-
netosome subproteome but that could not been assigned yet
to a known gene sequence (17). We therefore designated
MGR4150 as MamY. The last gene of this operon in the
magnetospirilla is a ftsZ-like gene fragment consisting of Pfam
Tubulin and Tubulin_C domains. These domains are present
in prokaryotic homologs of eukaryotic tubulins or bacterial
FtsZ-like proteins, which are involved in cell division (25). The
colocalization of magnetosome proteins with genes potentially
involved in signal transduction and cytoskeletal elements
makes it tempting to speculate that they might be involved in

environmental regulation of magnetosome biomineralization
and perhaps in signal transduction to the magnetosome chain.

The mtx cluster is putatively involved in magnetotaxis. The
MTB-specific protein MGR0208 contains a predicted signal
peptide sequence. Its corresponding orthologs in AMB-1,
MS-1, and MC-1 exhibit high amino acid identity (60%, 60%,
and 50%, respectively) and have identical lengths. In the pub-
lished original annotation of AMB-1 (27), the corresponding
ORF is apparently mispredicted and yields a truncated
polypeptide (251 amino acids) lacking the signal peptide. How-
ever, manual inspection revealed a start codon in a conserved
position yielding a longer sequence, as shown in Fig. 4B. Re-
markably, this polypeptide was recently identified as an MMP
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FIG. 4. Gene neighborhood representation of selected group-specific genes. Identical colors indicate homologous genes in the corresponding
genomes. Arrows in bold lines indicate identification of the gene product within the magnetosome membrane. (A) mamXY cluster. Conserved gene
neighborhood of MGR4148, mamX (MGR4149), and mamY (MGR4150) (top). Schematic representation of the different Pfam domain structure
of the MTB-related gene MGR4148 compared to mamH (bottom) (B) Gene neighborhood of mtxA. The corrected annotation for the MGR0208
homolog of AMB-1 is shown. (C) Gene neighborhood of MGR3500. (D) Gene neighborhood of mmsF (MGR4072).

by a proteomic approach in AMB-1 (41), and accordingly we
propose to designate it mxA (mtx for magnetotaxis).

MixA is part of a conserved cluster of genes. In all four MTB
strains, it is followed by a highly conserved gene with similar-
ities to Pfam’s adenylate cyclase family model and CHASE2
domain. This domain organization belongs to a widespread
group of transmembrane receptors that function as sensors for
monitoring environmental changes and regulatory circuit func-
tion in catabolite repression in microorganisms (45).

MGR3500 contains two cystathionine-beta-synthase do-
mains. A further highly conspicuous candidate protein is en-
coded by the MTB-related gene MGR3500 (Fig. 4C). This
gene is embedded within a gene cluster that displays some
variation yet exhibits recognizable conservation between all
four MTB. The cluster consists of MGR3500, MGR3497 (a
symporter family protein), and MGR3499 (containing the
Pfam domain of unknown function, DUF485). However,
MGR3499 is missing in MC-1.

The mamGFDC and mms6 operons. The MTB-specific gene
MGR4072 located within the mms6 operon (Fig. 4D) also
matches to an unassigned peptide sequence (LPVVSWVA
DRI) obtained by proteomic analysis of the MM (17) (and thus
represents another MMP designated as mmsF). The predicted
protein sequence resembles the magnetosome protein MamF
with 62% identity. Additionally, the genome of AMB-1 con-
tains three mamF-like genes ranging from 83% to 59% amino
acid identity, whereas MC-1 contains two mamF-like genes

(with a lower conservation level). MSR-1 and MS-1 contain no
further copies of mamF-like genes. Although MamF is one of
the most abundant proteins in MM in M. gryphiswaldense, its
function is still unknown.

MGRA4072 is followed by two conspicuous genes: MGR4071
is an Alphaproteobacteria-specific gene, which narrowly es-
caped the filter criteria for a Magnetospirillum-specific gene
(best hit to non-MTB Sinorhizobium meliloti of 1e-05 with 55%
coverage). MGR4070 contains a weak hit to the tetratricopep-
tide-like helical domain (InterPro IPR011990), which is known
from other magnetosome proteins (MamA) and assumed to be
involved in protein-protein interactions. Most genes of this
region have counterparts also in strain MC-1, in which, how-
ever they are not clustered but are scattered around the ge-
nome.

DISCUSSION

In this study, we determined the nearly complete genome
sequence of M. gryphiswaldense strain MSR-1 and used these
data for the first detailed report on the computational identi-
fication of magnetosome-specific genes by a straightforward
comparative genomics approach. Consistent with the 16S
rRNA-based phylogeny and the common morphology and phys-
iology, the MSR-1 genome is similar to the genomes of the two
other Magnetospirillum species with respect to size, gene con-
tent, and phylogenetic distribution of genes. Analysis at the
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genome level also confirmed the close relationship of members
of the genus Magnetospirillum to the Rhodospirillaceae, in par-
ticular R. rubrum. The magnetotactic coccus strain MC-1 ap-
pears to be only distantly phylogenetically related to Magneto-
spirillum, based on 16S rRNA analysis. The genomic
comparisons support this conclusion and show that a magne-
totactic phenotype is only weakly reflected by the overall gene
content of the genome.

Extraction of group-specific signature genes had to be suf-
ficiently stringent in order to exclude false positives but also
sensitive enough to not increase the number of false negatives.
It might be argued that the selection of our E-value thresholds
is somewhat arbitrary. However, the cutoff E values are con-
sistent with the range of similarity found in the previously
known MM proteins, and variation of the cutoff E value within
a conservative range did not affect the number of identified hits
(data not shown).

The first approximation of a magnetobacterial signature set
of genes will likely be subject to modification as further data
emerge. Apart from a small number of genes that might have
escaped detection because of the incompleteness of two of the
MTB genomes, the number of MTB-specific genes is likely to
shrink further, given the rapid growth of the protein database,
which will reveal homologous genes in non-MTB that so far
are classified as missing. On the other hand, the future addition
of genomes from currently unrepresented, uncultivated
branches and phenotypes of MTB will reveal further genes
specific for MTB, for example, those associated with the for-
mation of uncommon numbers, shapes (e.g., bullet and needle-
like), or arrangements (e.g., bundles of chains) of magnetite
crystals dissimilar from the investigated four strains or those
controlling the formation of greigite instead of magnetite crys-
tals in some uncultivated MTB. Regardless of uncertainties in
precisely defining the signature set, even this first approach
returned highly interesting results.

Out of the magnetobacterial core genome of about 8§91
genes, we identified 28 signature genes as magnetobacterial
group specific, i.e., which occur in all four analyzed MTB.
Eleven genes, designated as MTB specific, from this set do not
have any obvious similarity to genes in nonmagnetotactic or-
ganisms. In addition to MTB-specific genes, relaxing our con-
straints to include genes with similarity in non-MTB increased
this set with the risk of potentially increasing the number of
false positives. However, only as few as 17 MTB-related genes
present in all four genomes were extracted, which exhibit only
remote similarity to genes from nonmagnetotactic organisms
(MTB-related genes). Another subset of genes is conserved in
all Magnetospirillum strains, but they do not have counterparts
in MC-1 (Magnetospirillum-specific genes), as exemplified by
mamN and mamU (Table 3). We failed to extract further
members of this particular group with the algorithm described
above because of the general phylogenetic coherency of the
genes between the closely related Magnetospirillum strains,
which makes it impossible to discriminate between “general”
genes and putative magnetosome genes based on simple sim-
ilarity filtering.

Using a similar approach, Raymond et al. (34) described the
detection of photosynthetic-specific and photosynthesis-re-
lated genes by finding all genes shared within the subset of
photosynthetic genes and then subtracting from this set those
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genes found in nonphotosynthetic organisms. This revealed a
set of 53 photosynthesis-related and photosynthetic-specific
candidate proteins. A similar approach was used for the iden-
tification of potential genetic determinants of hyperthermoph-
ily (24). Fifty core cyanobacteria-specific COGs exclusively
shared by Cyanobacteria were extracted by genome analysis of
15 complete cyanobacterial genomes (30). In contrast, only
one protein, reverse gyrase, was encoded in the genomes of all
hyperthermophiles and not in any other genome, as identified
by a further comparative approach by phylogenetic profiling
(10). Compared to this latter situation, the set of MTB-specific
and -related genes seems to be rather complex and approaches
the number of genes implicated in bacterial photosynthesis.

A substantial number of Magnetospirillum-specific genes are
currently annotated as hypothetical in MC-1, MS-1, and
AMB-1. Since we found homologous genes in at least three of
the MTB, it is clear that these are actual genes of unassigned
function. In addition, four (mamY [MGR4150], mitxA
[MGRO0208], mmsF [MGR4072], and mamX [MGR4149])
novel MMPs were identified in MSR-1 by linking identified
signature genes to experimental evidence obtained from pre-
viously unassigned peptide sequences of purified magneto-
somes (17) or proteomic data from AMB-1 (27, 41).

MTB-related and MTB-specific proteins conserved in all
MTB are of special interest as they may represent a core set of
genes required for the magnetotactic phenotype. However, the
largest set of group-specific MSR-1 genes (152 genes) identi-
fied in this study is represented by Magnetospirillum-specific
genes (see Table S1 in the supplemental material). Remark-
ably, they include a number of genes encoding MMPs or which
have a confirmed role in magnetosome biomineralization. For
example, a crucial function in iron nucleation was attributed to
the magnetosome-associated Mms6 protein by in vitro crystal-
lization experiments (3). Another Magnetospirillum-specific
protein, the acidic protein MamJ, was demonstrated to have an
essential role in the proper alignment of magnetosome chains
along the cytoskeletal magnetosome filament (37).

A special case is MGR1900, which encodes an MMP and
was designated as MmeA. It represents an exception as it does
not strictly meet the criteria for MTB-specific genes because its
only known nonmagnetic homolog is in the genome of the
closely related R. rubrum but is not present in that of the
magnetic coccus MC-1. The significance of this finding is not
clear at the moment, but one might speculate that its presence
in nonmagnetotactic bacteria could be associated with com-
mon features of cellular organization shared by MTB and
photosynthetic bacteria, such as, for example, the ability to
synthesize intracytoplasmatic membrane vesicles invaginating
from the cell membrane (21).

The apparent absence of genes in MC-1 could, on the one
hand, mean that some of these genes are not essential for
magnetotaxis and have entirely unrelated functions or, on the
other hand, that they have functions specifically required for
magnetotaxis only in the magnetospirilla. For example, the
different shape, number, and organization of magnetosomes as
well the different mode of magnetotaxis and niche adaptation
between the freshwater magnetospirilla and the marine coccus
MC-1 might explain the genetic variability between them.
Moreover, the physiology of strain MC-1 is very different from
magnetospirilla. Another explanation could be that the same
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essential functions are performed in MC-1 by unrelated or at
least nonorthologous proteins, a phenomenon described as
nonorthologous gene displacement (22).

The predominant fraction of identified MTB-specific and
MTB-related genes displays synteny. Our screen of the signa-
ture set for genes of conserved context revealed three experi-
mentally proven and four predicted operons. Several group-
specific genes are colocalized with genes implicated in signal
transduction, suggesting that these operons might have a func-
tion in the control of magnetotactic motility. Interestingly,
several of the MTB-specific and -related genes were found in
close proximity to another signature gene, which corroborates
their suspected functions in magnetotaxis. The cotranscription
together with nonsignature genes within the same operon sug-
gests that less specialized gene functions may contribute to the
magnetotactic phenotype, perhaps by carrying out supporting
or accessory roles, such as coordinating and integrating mag-
netite formation and magnetotaxis with more general meta-
bolic activities.

With the exception of MTB-specific genes confined to the
genus Magnetospirillum, which are likely to include several
false positives, the majority of identified candidate genes are
located within the MAI in MSR-1. Many group-specific genes
are located within the mamAB, mamGFDC, and mms6 oper-
ons. In addition, multiple hits were found in another cluster
within the MAI, encoding two novel MMPs. This mamXY
operon in MSR-1 comprises four genes including one that
encodes multidomain MMPs with similarity to the MamE and
MamS proteins (MamX), an additional gene encoding a
MamH-like MFS paralogous protein with a ferric reductase-
like domain, and the Magnetospirillum-specific MMP MamY.
Altogether, this intriguing characteristic makes it a prime can-
didate operon for magnetosome formation within the MAI
in addition to the known mamAB, mamGFDC, and mms6
operons.

The fact that at least one MMP and a number of other
magnetobacteria-specific genes are located outside the MAI
suggests that the MAI encodes many, but apparently not all,
gene functions required for magnetotaxis. The scattering of
group-specific genes argues against a recent single horizontal
gene transfer event. In addition, the phylogeny of all analyzed
group-specific genes appears fully consistent with the 16S
rRNA-derived phylogeny of the four MTB. Several of the group-
specific genes located outside the MAI belong to gene families
involved in cell signaling and chemotaxis. For example, a large
chemotaxis protein (MGRO0611) exhibits striking conservation
between all four strains (approximately 50% amino acid iden-
tity). Another gene, encoding a previously unrecognized MMP
(MGRO0208, designated mtxA in this study) is located within a
predicted operon outside the MAI, which also contains a gene
encoding a putative sensor protein for monitoring environmen-
tal changes. Thus, the preliminary experimental analysis and
prediction of gene functions might, on the other hand, suggest
a scenario in which genes specifically required for the synthesis
and biomineralization of magnetosome particles are confined
within the MAI, whereas the genomic organization of gene
functions required for the “taxis” part of magnetotaxis is less
conserved and displays a wider distribution.

In conclusion, we identified a set of 28 group-specific genes
likely to be specifically associated with the magnetotactic phe-
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notype in MTB. Fourteen of them were previously unrecog-
nized and represent novel candidate genes for roles in magne-
tite biomineralization. Although we can only speculate on the
function of these unassigned genes at this time, the genes
described in this study will allow researchers interested in mag-
netotaxis and biomineralization to focus efforts to a small sub-
set of genes that are likely to be of key interest which can be
tested by experimental techniques.
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