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Magnetotactic bacteria are ubiquitous microorganisms that synthesize intracellular magnetite particles (magnetosomes)

by accumulating Fe ions from aquatic environments. Recent molecular studies, including comprehensive proteomic,

transcriptomic, and genomic analyses, have considerably improved our hypotheses of the magnetosome-formation

mechanism. However, most of these studies have been conducted using pure-cultured bacterial strains of a-proteobac-

teria. Here, we report the whole-genome sequence of Desulfovibrio magneticus strain RS-1, the only isolate of magnetotactic

microorganisms classified under d-proteobacteria. Comparative genomics of the RS-1 and four a-proteobacterial strains

revealed the presence of three separate gene regions (nuo and mamAB-like gene clusters, and gene region of a cryptic

plasmid) conserved in all magnetotactic bacteria. The nuo gene cluster, encoding NADH dehydrogenase (complex I), was

also common to the genomes of three iron-reducing bacteria exhibiting uncontrolled extracellular and/or intracellular

magnetite synthesis. A cryptic plasmid, pDMC1, encodes three homologous genes that exhibit high similarities with those of

other magnetotactic bacterial strains. In addition, the mamAB-like gene cluster, encoding the key components for mag-

netosome formation such as iron transport and magnetosome alignment, was conserved only in the genomes of magne-

totactic bacteria as a similar genomic island-like structure. Our findings suggest the presence of core genetic components

for magnetosome biosynthesis; these genes may have been acquired into the magnetotactic bacterial genomes by multiple

gene-transfer events during proteobacterial evolution.

[Supplemental material is available online at http://www.genome.org. The sequence for Desulfovibrio magneticus strain RS-1

has been submitted to the DNA Data Bank of Japan (http://www.ddbj.nig.ac.jp) under accession nos. AP010904–

AP010906.]

Magnetotactic bacteria are phylogenetically diverse microorgan-

isms that produce well-ordered intracellular magnetic particles, also

knownasmagnetosomes (Bazylinski et al. 1994). The various crystal

morphologies and compositions observed are species or strain de-

pendent, implying a high degree of biological control (Spring and

Schleifer 1995). Recent comprehensivemolecular studies, including

proteomic (Okamura et al. 2000;Grünberg et al. 2001, 2004; Arakaki

et al. 2003; Tanaka et al. 2006), transcriptomic (Schübbe et al. 2006;

Suzuki et al. 2006; Würdemann et al. 2006), and whole-genomic

analyses (Matsunaga et al. 2005; Schübbe et al. 2009), have revealed

that the proteins associated with these particles play key roles in

magnetosome biomineralization (Nakamura et al. 1995; Arakaki

et al. 2003; Komeili et al. 2006; Scheffel et al. 2006). On the basis of

the results of these studies, it has been described that the mecha-

nism underlying magnetosome formation involves multiple pro-

cesses including vesicle formation and alignment (Komeili et al.

2006; Scheffel et al. 2006), vesicular iron accumulation (Nakamura

et al. 1995), and iron-oxide crystallization (Arakaki et al. 2003).

Moreover, genome sequence analyses have revealed that the genes

encoding magnetosome membrane proteins are conserved in the

closely related magnetotactic bacteria in the form of a genomic

island, also referred to as magnetosome island (MAI) (Grünberg

et al. 2001; Ullrich et al. 2005; Fukuda et al. 2006; Jogler et al. 2009).

However, most intricacies involved in the complete processes of

magnetosome formation remain unclear. In addition,most of these

studies have been conducted using a-proteobacteria.

On the basis of 16S rDNA sequence analyses of environmental

samples,magnetotactic bacteria have also been categorized in other

groups such as the subphyla d-proteobacteria (DeLong et al. 1993;

Kawaguchi et al. 1995; Simmons et al. 2006) and g-proteobacteria

(Simmons et al. 2004) and the phylum Nitrospirae (Spring et al.

1993). Various unique characteristics of bacterial morphotypes

and magnetosome compositions have specifically been identified

among the d-proteobacteria. Large spherical magnetotactic bacte-

ria, also called multicellular magnetotactic prokaryotes, collected

from sulfidic environments, produce iron-sulfide magnetosomes;

further, these bacteria can biomineralize iron oxide (Bazylinski

et al. 1995). Barbell-shaped magnetotactic bacteria forming chains

of two to five cocci have recently been reported (Simmons et al.

2006). These organisms are phylogenetically affiliated to the genus

Desulforhopalus. Moreover, the d-proteobacteria include several

iron-reducing microorganisms that also produce iron-oxide min-

erals extracellularly (Lovley et al. 1987; Roden and Lovley 1993).
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Production of iron oxides is highly dependent on the growth

conditions and is considered to be associated with the anaerobic

respiration pathway (Fredrickson and Romine 2005). Despite the

availability of the genomes of two Geobacter strains (JGI Microbial

Genomics) (Methe et al. 2003), no comparative study has been

conducted between magnetotactic bacteria and these iron-

reducing microorganisms thus far.

Desulfovibrio magneticus strain RS-1 is the only isolate of

magnetotactic bacteria classified under the d-proteobacteria

(Sakaguchi et al. 1993). Except for its magnetosome formation

ability, strain RS-1 has the typical physiological and biochemical

characteristics observed in othermembers of theDesulfovibrio spp.,

as it reduces sulfate and/or fumarate. Strain RS-1 therefore repre-

sents a bacterium with a novel metabolic feature among the

magnetotactic bacteria (Sakaguchi et al. 2002). Moreover, this

bacterium synthesizes irregular bullet-shaped magnetite crystals;

the crystals are morphologically irregular, but share distinct crys-

tallographic characteristics (Posfai et al. 2006), suggesting the

presence of a unique biological regulation system of crystal mor-

phology (Sakaguchi et al. 2002).

In the present study, we examined the whole-genome se-

quence of D. magneticus strain RS-1 and performed comparative

genomic analysis with fourmagnetotactic bacteria classified under

thea-proteobacteria. Further, we compared the genomewith those

of other Desulfovibrio members and dissimilatory iron-reducing

bacteria, which exhibit uncontrolled synthesis of extracellular

magnetite. By systematic analyses, we clarified common genome

features and genes in the magnetotactic bacterial genomes.

Results and Discussion

General genome features

We used the whole-genome shotgun strategy to analyze the com-

plete nucleotide sequence of the RS-1 genome. The genome con-

sists of a circular chromosome of 5,248,049 base pairs (bp) and two

circular plasmids, pDMC1 and pDMC2, of 58,704 and 8867 bp,

respectively (Supplemental Table S1). The chromosome contains

4629 ORFs, and pDMC1 and pDMC2 contain 65 and 10 ORFs,

respectively. Both plasmids are not similar to those identified in

the otherDesulfovibrio spp. andmagnetotactic bacteria or bacterial

strains. It is noteworthy that the genome size of strain RS-1 is;1.5-

Mbp larger than the genome sizes of the otherDesulfovibrio strains

(Heidelberg et al. 2004), because of which the RS-1 genome con-

tains 854 to 1688 more ORFs than those genomes. Although the

average G+C content and ORF length in the RS-1 chromosome are

similar to those of the chromosomes of other Desulfovibrio strains

(Heidelberg et al. 2004), strain RS-1 is distinguishable by the

nonuniform distribution of the G+C content along the chromo-

some (Fig. 1, eighth circle). The RS-1 chromosome contains nu-

merous long genomic segments, as long as 115 kb, whose local

G+C contents are considerably lower than the average content

(Fig. 1, represented by dark-green ‘‘troughs’’). The total length of

the regionswith the local G+C content below 50% (calculatedwith

a window size of 100 bp) is ;700 kb, corresponding to 12% of the

total genome size. This percentage is significantly higher than that

obtained from the genome ofD. vulgarisHildenborough (2%). The

chromosomal segments with low G+C content often contain in-

sertion sequence (IS) elements and their remnants. We found 55

copies of the IS elements, of which 18 encode imperfect trans-

posase genes, almost exclusively within the chromosomal seg-

ments having low G+C content and in pDMC1. Furthermore,

dot-plot comparison of the RS-1 genome revealed no colinearity

with the D. vulgaris Hildenborough genome (Supplemental Fig.

S1). The significantly large chromosome size, nonuniform dis-

tribution of the G+C content, presence of a large number of IS

elements and their remnants, and lack of orthology in the chro-

mosomal segments with low G+C content suggest that the RS-1

genome has acquired large stretches of genomic DNA through

horizontal DNA transfer from distantly related organisms. The

high plasticity of the genome is a unique characteristic of strain

RS-1 in the genus Desulfovibrio.

BLAST search and functional categories

We searched all of the 4704 genes identified in the RS-1 genome by

referring to the Universal Protein Resource (UniProt) database.

Following a blast local alignment search tool (BLAST) search of the

deduced amino acid sequences, 1726, 215, and 200 genes revealed

the best BLAST hits with the genes of themembers ofDesulfovibrio,

Syntrophobacter, and Geobacter, respectively (Supplemental Table

S2). These genes encode the major metabolic components for en-

ergy production, including oxidative phosphorylation, and for the

sulfate and fumarate respiration pathways. Among all of the genes

of the RS-1 genome, 31, 28, and 15 genes revealed top BLAST hits

with the genes from Candidatus Magnetococcus sp. strain MC-1,

Magnetospirillum magneticum strain AMB-1, and Magnetospirillum

gryphiswaldense strain MSR-1, respectively (Supplemental Table

S2). To identify previously reported magnetotactic bacterial core

genes (Richter et al. 2007), we also performed analyses of reciprocal

best matches between five magnetotactic bacterial genomes

(strains RS-1, AMB-1,MSR-1,MS-1, andMC-1). The results revealed

that there are 456 core genes that correspond to ;9.6% of the

genetic content of RS-1.

Figure 1. Representation of the circular chromosome of D. magneticus
strain RS-1 in the form of concentric circles. The circles (from the periphery
toward the center) indicate the following: first, scale in Mbp; second, ORFs
predicted on the plus strand; third, ORFs predicted on the minus strand;
fourth, ORFs orthologous to those in D. vulgaris Hildenborough; fifth,
putative transposases (blue) and recombinases (red); sixth, rRNA operons;
seventh, tRNA genes; eighth, G+C content; and ninth, GC skew.
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We compared the distribution patterns of the ORFs predicted

in the functional categories of the Clusters of Orthologous Group

(COG) database between the magnetotactic bacteria and the other

Desulfovibrio strains. The number of magnetotactic bacterial genes

categorized in ‘‘Transcription;’’ ‘‘Replication, recombination, and

repair;’’ ‘‘Signal transduction;’’ ‘‘Cellmotility;’’ ‘‘Energy production

and conversion;’’ ‘‘Inorganic ion transport and metabolism;’’

‘‘Unknown;’’ and ‘‘General function prediction only’’ was greater

than that of the genes present in the genomes of the other Desul-

fovibrio strains (Supplemental Table S3). The extra number of ORFs

identified in the RS-1 genome was due to the presence of these

genes. Although the genes categorized in ‘‘Inorganic ion transport

and metabolism’’ were determined in the RS-1 genome, they only

included ubiquitous ferrous and ferric ion transporters, also ob-

served in the genomes of the other Desulfovibrio strains (Supple-

mental Table S4). Interestingly, the numerous genes categorized in

‘‘Signal transduction’’ were commonly observed in the genomes of

D. magneticus strain RS-1 (383 genes),Magnetospirillummagneticum

strain AMB-1 (308 genes) (Matsunaga et al. 2005), and Candidatus

Manetococcus sp. strain MC-1 (265 genes) (Schübbe et al. 2009).

The presence of numerous signal transduction components in

magnetotactic bacteria suggests that the organisms greatly regulate

their cellular function in order to adapt to varying environmental

conditions. Therefore, in the case of magnetotactic bacteria, the

strict regulationmechanism is considered to enable them to switch

between magnet/nonmagnet synthesis and magnetotaxis.

Energy metabolism

Strain RS-1 produces energy by oxidation of substrates, such as

lactate, pyruvate, malate, and oxaloacetate, coupled with the re-

duction of sulfate, thiosulfate, and fumarate (Sakaguchi et al.

2002). The genome sequence revealed the presence of sets ofmajor

metabolic components for the sulfate and fumarate respiration,

acetyl-coenzyme A (acetyl-CoA), and oxidative phosphorylation

pathways as reported in the otherDesulfovibrio.We determined the

genes encoding enzymes for terminal electron transfer including

two sulfate adenylyltransferases (DMR_02810, DMR_39470), a set

of adenylylsulfate reductases (DMR_05390, DMR_05400), a set of

sulfite reductases (DMR_03600, DMR_03610, DMR_15890), and

two sets of fumarate reductases (DMR_34270-90, DMR_05760-80).

Pyruvate-flavodoxin oxidoreductase (DMR_20070) and pyruvate-

formate lyase (DMR_14270) catalyze the conversion of pyruvate to

acetyl-CoA. However, unlike the other Desulfovibrio, we did not

identify authentic forms of the NAD- or cytochrome-dependent

lactate dehydrogenases in the RS-1 genome. We therefore consid-

ered the existence of alternative NAD- or NADP-dependent dehy-

drogenases substituting for this function.

We also determined the components for hydrogen cycling as

reported in the other Desulfovibrio strains (Heidelberg et al. 2004;

Matias et al. 2005). A cytoplasmic membrane-bound Ech hydrog-

enase (DMR_02730-02780) catalyzes hydrogen production from

protons and electrons generated in the lactate and pyruvate oxi-

dation. Hydrogen is then reoxidized by periplasmic hydrogenases,

such as four Fe-only hydrogenases (DMR_02480, DMR_07830,

DMR_12950-60, DMR_43510) and two NiFe hydrogenases (DMR_

15600-15610, DMR_02730-02780). A generated proton gradient

between cytoplasm and periplasm could be used for ATP syn-

thesis through F1F0ATP synthase (DMR_04760-04830, DMR_

42160-42170). Ten c-type cytochromes (DMR_02420, DMR_

02560, DMR_12830, DMR_18010, DMR_21540, DMR_29160,

DMR_33620, DMR_35740, DMR_35840, DMR_42490) are proba-

bly involved in electron delivery through the cytoplasmic mem-

brane via membrane-bound redox complexes for reduction of the

terminal electron acceptors (Heidelberg et al. 2004). Interestingly,

the genome sequence of strain RS-1 predicted the presence of six

transmembrane redox complexes: Dsr (DMR_03600-03630, DMR_

15890), Hmc (DMR_12830-12880), TpII-c3 (DMR_42490-42510),

Qmo (DMR_05410-05430), and two sets of NADH:quinone oxi-

doreductase (complex I). Dsr, Hmc, TpII-c3, and Qmo have com-

monly been observed in the genus Desulfovibrio, but NADH:

quinone oxidoreductase (complex I) has not been identified in this

group (Matias et al. 2005). We found a gene set encoding NADH:

quinone oxidoreductase (complex I) as a single-gene operon,

nuoABCDEFGHIJKLMN (DMR_13310-13420), and another set in

two separate gene regions (DMR_02470, DMR_27770-27880). The

presence of nuo genes in strain RS-1 is therefore a unique charac-

teristic in the genus Desulfovibrio.

Membrane-bound NADH:quinone oxidoreductase (complex

I) is a ubiquitous enzyme that catalyzes the electron transfer from

NADH to ubiquinone (UQ) in facultative anaerobic and aerobic

microorganisms (Schneider et al. 2008). In contrast, anaerobic

microorganisms including Desulfovibrio spp. generally utilize

menaquinone (MQ) as an electron carrier in the electron transport

chain. MK-7(H2) have previously been determined as a major MQ

in strain RS-1 (Sakaguchi et al. 2002). UQ andMQbiosynthesis and

relative concentration in facultative anaerobic microorganisms is

regulated by growth conditions and oxygen supply, with UQ and

MQ being the primary quinone under aerobic and anaerobic

conditions, respectively. Quinone biosynthesis is therefore con-

sidered essential for bacterial survival (Collins 1981). In addition to

the nuo genes encoding NADH:quinone oxidoreductase (complex

I), the genome sequence in this study revealed the presence of

multiple genes that may account for ubiquinone biosynthesis

(DMR_04390, DMR_06940, DMR_11640, DMR_11910, DMR_

21400, DMR_33520, DMR_33540, DMR_33560, DMR_35770,

DMR_39330). Strain RS-1 may use both MQ and UQ to adapt to

various environmental conditions, as the organism is known to

change to either magnetic or nonmagnetic forms by utilizing

electron acceptors during growth (Sakaguchi et al. 2002).

Comparative genomic analysis of magnetosome genes reveals

common gene clusters in magnetotactic bacteria

Strain RS-1 exhibits the typical physiological and biochemical

properties reported in most of theDesulfovibrio spp., except for the

magnetosome-formation ability (Sakaguchi et al. 2002). The large

chromosomal size of strain RS-1 among themembers of this genus

is therefore considered to be due to the presence of additional gene

components, including the genes required for magnetosome bio-

mineralization. To extract the genes conserved in allmagnetotactic

bacteria, we compared the RS-1 genome with the whole genomes

of three Desulfovibrio strains and four magnetotactic bacteria clas-

sified under a-proteobacteria. First, we excluded 1841 genes

exhibiting prominent similarities (E-value <1e-05) with the three

Desulfovibrio strains (highlighted in gray in Supplemental Table

S5). These genes cover all of the COG categories and are consid-

ered to share the same origin as those ofDesulfovibrio spp.We then

compared the remaining 2858 genes with the genes of the four

magnetotactic bacterial strains, and extracted 314 genes revealing

significant similarities (E-value <1e-05) with all of the members

(highlighted in red in Supplemental Table S5). The numbers of the

extracted genes appearing in the different COG categories were

as follows: ‘‘Transcription,’’ 18; ‘‘Replication, recombination, and

Desulfovibrio magneticus genome
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repair,’’ 23; ‘‘Signal transduction,’’ 87; ‘‘Cell motility,’’ 20; ‘‘Energy

production and conversion,’’ 28; ‘‘Amino acid transport and me-

tabolism,’’ 17; ‘‘Inorganic ion transport and metabolism,’’ 27; and

‘‘General function prediction only,’’ 27. The distribution patterns

were similar to those described earlier.

Several copies of the same transposase gene sets were identi-

fied in the RS-1 chromosome (eight sets) and pDMC1 (three sets).

The gene sets consisted of three transposase genes and revealed

best BLAST hits with those of a d-proteobacterium, strainMLMS-1.

Inmost of the cases, two setswere colocated in the genomic region.

The transposases may play vital roles in gene acquirement and

translocation events occurring in the genome. Moreover, three

conspicuous gene regions (the nuo gene cluster, mamAB-like gene

cluster, and gene region in pDMC1), wherein the genes common

to all magnetotactic bacteria were concentrated, were elucidated

by the comparative analysis. These gene regions showed lower

G+C contents than those of the flanking regions, suggesting that

the genes were acquired from other organisms during evolution.

One of the two nuo gene subsets encoding NADH:quinone oxi-

doreductase (complex I) in strain RS-1 (DMR_13310–420) was

identified in all the five magnetotactic bacteria as a conserved

single gene cluster in their genomes. The gene cluster was also

found in the genomes of dissimilatory iron-reducing bacteria,

namely, Geobacter metallireducens strain GS-15 (Lovley et al. 1987),

G. sulfurreducens strain PCA (Caccavo et al. 1994), and Shewanella

putrefaciens strain CN32 (Glasauer et al. 2002), which exhibit un-

controlled synthesis of extracellular magnetites. These genes seem

to be common in magnetite-forming bacteria. Furthermore, we

identified orthologous genes encoding putative magnetosome

membrane proteins such as MamA, MamB, MamK, MamE, and

MamM. The corresponding gene region was called the mamAB

gene cluster in the a-proteobacterial group of magnetotactic bac-

teria (Grünberg et al. 2001). The cryptic plasmid pDMC1 encoding

three genes (DMR_p1_00060, DMR_p1_00260, DMR_p1_00380)

showed the best BLAST hits with those of strainMC-1, although its

role in with magnetosome formation is unknown.

The mamAB-like gene cluster

We also identified a large gene region containing several ortholo-

gous gene pairs encoding magnetosome membrane proteins in

a-proteobacterial strains in the RS-1 chromosome (Supplemen-

tal Table S5). Orthologs of mamA, mamB, mamE, mamK, mamM,

mamO, and mamQ were identified as conserved genes in all of the

magnetotactic bacteria. Furthermore, we found significantly sim-

ilar genes for mamP and mamT in the adjacent region (Table 1).

These nine genes are most probably candidates of the core genes

essential for magnetosome formation. However, we could not

clearly identify the genes and gene region in strain RS-1 as in the

other four magnetotactic bacteria, because of their relatively low-

sequence similarity and complex gene rearrangement (Fig. 2). In

addition, no such gene cluster was determined in the other

microorganisms, including other Desulfovibrio spp. and Geobacter

spp., indicating that the gene region is unique to magnetotactic

bacteria. The presence of the conserved gene region in strain RS-1

strongly suggests that the genetic components of the magneto-

some formation apparatus have spread not only within the

a-group but also to other bacterial classes by lateral gene transfer.

We found direct repeats, including transposase genes, at both ends

of the conserved gene region in the RS-1 genome, as well as in the

genomes of the other magnetotactic bacteria. A gene encoding

integrase (xerC), accounting for horizontal gene transfer of the

MAIs inMagnetospirillum (Fukuda et al. 2006), was also observed in

the gene region (DMR_40740). Therefore, these characteristics

strongly suggest that the identified gene region is similar to cur-

rently identified MAIs. The MAI gene region in strain RS-1 was

considered to be the region containing DMR_40710–DMR_41430,

which corresponds to ;71 kbp (Supplemental Table S5). The size

accounts for ;5% of the size difference between the genome of

strain RS-1 and the genomes of otherDesulfovibrio strains. TheG+C

content of the putative MAI of strain RS-1 was 62.1%, slightly

lower than the chromosomal average (62.8%). G+C contents of

the flanking 50-kbp gene regions at both ends of the MAI were

62.2% and 52.2%. We found unusually high numbers of trans-

posases (18 genes) in the MAI. This gene region is considered to

have the same origin as the other magnetotactic bacteria via the

same gene transfer mechanism (Ullrich et al. 2005; Fukuda et al.

2006).

The nine conserved genes (mamA, mamB, mamE, mamK,

mamQ , mamM, mamO, mamP, and mamT ) in the RS-1 genome

seem to constitute a single operon, as the reportedmamAB operon

in the other magnetotactic bacteria (Grünberg et al. 2001; Fukuda

et al. 2006; Richter et al. 2007). However, the distinct characteristic

of the MAI-like gene region of strain RS-1 within magnetotactic

bacterial genomes is the absence of a number of genes including

mms6, mms7 (mamD), mms13 (mamC), mamF, mamG, mamJ,

mamX, and mamY. These genes were conserved in three Magneto-

spirillum strains and organized as mms6, mamGDFC, and mamXY

operons with other genes. A set of identical gene components

with rearrangements have also been identified in the genome of

strain MC-1 (Richter et al. 2007). In addition, Richter et al. (2007)

systematically extracted genes specific to the genomes of four

a-proteobacterial strains by comparative genomic analysis and

classified them into three gene groups: ‘‘Magnetospirillum-specific

genes’’ (152 genes), ‘‘magnetotactic bacteria-specific genes’’ (11

genes), and ‘‘magnetotactic bacteria-related genes’’ (17 genes). All

nine genes identified in the mamAB-like operon of strain RS-1

were categorized into ‘‘magnetotactic bacteria-related genes.’’ On

the other hand, we did not find any homologous genes classifi-

able as ‘‘magnetotactic bacteria-specific genes,’’ and only seven

gene homologs of ‘‘Magnetospirillum-specific genes’’ were found.

Three of the seven genes showed remote similarities (E-value

<1e-06) with function-known proteins, and the other four genes

encoded hypothetical proteins. Therefore, the gene groups of

‘‘magnetotactic bacteria-related genes’’ and ‘‘Magnetospirillum-

specific genes’’ do not seem to be specific to all of the magneto-

tactic bacteria. Multiple genes of hemerythrins that are known to

bind and transport oxygen and iron have been reported within

the MAI of Magnetospirillum spp. (Richter et al. 2007). In contrast,

the MAI of strain RS-1 contains only a single copy of hemerythrin.

These genes are considered to be acquired during a-proteobacterial

evolution or eliminated from the RS-1 genome. Furthermore, the

minimal gene set required for magnetosome formation is probably

smaller than that proposed in the previous report (Richter et al.

2007).

The presence of common gene sets suggested that magneto-

some formation in D. magneticus RS-1 basically involves a bio-

process similar to that described in other magnetotactic bacteria

(Bazylinski and Frankel 2004; Matsunaga et al. 2007). MamB and

MamM homologs may account for the transport of ferrous iron

from the cytoplasm into the magnetosome vesicle (Grünberg

et al. 2001, 2004). In addition, a homologous gene of magA

(DMR_28020) encoding the proton-driving H+/Fe2+ antiporter

protein inM. magneticum strain AMB-1 (Nakamura et al. 1995) was

Nakazawa et al.
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identified. The gene product might also be responsible for the iron

transport into the magnetosome vesicles in strain RS-1. A fila-

mentous structure formed by a bacterial actin-like protein, MamK

(Komeili et al. 2006), played a role in magnetosome alignment.

However, the mamGFDC cluster (Scheffel et al. 2008) and mms6

(Arakaki et al. 2003; Amemiya et al. 2007), playing important roles

in controllingmagnetosome size and/ormorphology, were absent.

The formation of irregular, bullet-shaped magnetosomes in strain

RS-1 may be due to the deficiency of these genes in its genome. In

place of these genes, we identified a number of RS-1-specific genes

in the adjacent gene region. Alternatively, these gene productsmay

have functional counterparts, which have only been identified in

other magnetotactic bacteria in a-proteobacteria.

Conclusions

The whole-genome sequence of Desulfovibrio magneticus strain

RS-1 revealed the unique characteristics of magnetotactic bacteria

in their genomes. The genomes contain numbers of IS elements

(55 genes) and integrases (28 genes), resulting in the acquirements

of foreign genes and recombination events in the genome.

The presence of numerous regulatory and signaling genes (383

genes) was also a common feature in the magnetotactic bacterial

genomes. We identified the mamAB orthologs as a magnetotactic

bacteria-specific gene cluster with the absence of other magneto-

some formation-associated genes identified in the other magne-

totactic bacteria. The gene region was located within MAI as

reported for othermagnetotactic bacteria. The nuo gene cluster was

identified as a common gene subset among magnetite-forming

microorganisms. Three genes revealing best BLAST hits with those

of strain MC-1 were identified in a cryptic plasmid, pDMC1. The

presence of the gene regions suggests that the genes were acquired

by multiple gene-transfer events during the evolution of in-

dividual magnetotactic bacteria. Further, we found a number of

novel genes, whichmay play specific roles in strain RS-1. Proteome

analysis of pure-cultured magnetotactic bacteria and the compar-

ison of genome sequences among various uncultured bacteria in

environmental samples will clarify the complex biomineraliza-

tion mechanism, origin, and transition pathway of magnetosome

synthesis in magnetotactic bacteria.

Methods

Preparation of genomic DNA

Desulfovibriomagneticus strainRS-1 (NBRC104933T =ATCC700980T

= DSM 13731T) was grown anaerobically at 25°C for 7 d in the

medium described by Sakaguchi et al. (2002). We extracted total

DNA from the cells using the standard protocol.

Construction and sequencing of shotgun libraries

For constructing a plasmid library, we fractured total DNA by hy-

drodynamic shearing using Hydroshear (Genomic Solutions) to

sizes between 1 and 3 kb, and then treated with BAL31 exonu-

clease. The DNA was further treated using Blunting High (Nippon

Gene), according to the supplier’s instructions, to clone it into the

BAP-treated pUC118-HincII (Takara Bio). We subjected the DNA

to electroporation into Escherichia coli DH10B-electrocompetent

cells (Invitrogen) to create a shotgun library, and extracted plas-

mid DNA from the E. coli transformants by using the alka-

line method. A cosmid library was also constructed by cloning

the Sau3AI-digested DNA into the SuperCos-1 cosmid vector

(Stratagene) cleaved by XhoI and BamHI. Approximately 120,000

plasmid clones and 5000 cosmid clones were sequenced from both

ends of the inserts with dye-terminator chemistry by using an ABI

3700 DNA Analyzer (Applied Biosystems) or a BST-0100 DNA

Figure 2. Comparative analysis of the gene organization in five magnetotactic bacteria: D. magneticus strain RS-1,Magnetospirillum magneticum strain
AMB-1, CandidatusMagnetococcus sp. strainMC-1,Magnetospirillum gryphiswaldense strainMSR-1, andMagnetospirillummagnetotacticum strainMS-1. The
predicted ORFs are represented by boxes, with arrowheads indicating the direction of transcription. Red arrowheads indicate the ORFs that were identified to
be common among all five magnetotactic bacteria: D. magneticus strain RS-1, Magnetospirillum magneticum strain AMB-1, Candidatus Magnetococcus
sp. strain MC-1,Magnetospirillum gryphiswaldense strain MSR-1, andMagnetospirillum magnetotacticum strain MS-1. Orange and green arrowheads indicate
the ORFs that were identified to be common in the a-proteobacterial magnetotactic bacteria and Magnetospirillum spp., respectively.
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Fragment Analyzer (MJ Research). Raw sequence data corre-

sponding to;123 coverage were assembled by using phred/phrap/

consed software (http://www.phrap.org).

Gap closure

To close gaps, we selected cosmid clones bridging two neighboring

contigs and determined their internal sequences by the primer-

walking method using custom oligonucleotide primers or the

transposon-mediated random insertion method with a TGS F-700

Template Generation System (Finnzyme). Alternatively, the gap-

ped regions were amplified by PCR using an LA PCR Kit Ver. 2.1

(Takara Bio) and custom-made oligonucleotides, and the amplified

DNA was sequenced. When high-quality sequence data could not

be obtained under the standard reaction conditions, we adopted

the following methods: (1) dye-terminator sequencing with dGTP

as a substrate in place of dITP; (2) dye-terminator sequencing on

the template PCR-amplified in the presence of 7-deaza-dGTP ( Jung

et al. 2002); or (3) transcriptional sequencing using the CUGA se-

quencing system (Nippon Genetech) on a MegaBace 1000 DNA

Analysis System (GE Healthcare).

Gene identification and annotation

The Glimmer and GeneHacker programs were used to predict the

positions of the ORFs. We further evaluated these predicted ORFs

by using the Frameplot program. For predicting ORFs in the ge-

nomic regions where G+C contents were considerably lower or

higher than the average values, followed by manual selection, we

translated the genome sequence in six frames to obtain potential

ORFs longer than 90 bp, considering ATG, GTG, and TTG as the

potential initiation codons. Protein-function prediction was based

on the following searches: (1) homology searches in the UniProt

protein database; (2) profile searches in the HAMAP protein family

database; and (3) domain or motif searches in the TIGRFAMs,

Pfam, and PROSITE databases by using the InterPro program. We

used the KEGG database for the reconstruction of metabolic

pathways, and predicted signal peptides in proteins by using the

SignalP program and transmembrane helices by using the

TMHMM program. All of the information was integrated into an

in-house database (OCSS; T Sekigawa and M Yamamoto, unpubl.)

for semiautomatic assignments of protein functions and compre-

hensive manual curation. The genome sequence of strain RS-1 was

deposited in the DDBJ database with the following accession num-

bers: AP010904 (chromosome), AP010905 (pDMC1), andAP010906

(pDMC2).

Comparative genomics

To compare the genome data sets, we conducted a BLAST search

between all predicted ORFs in Magnetospirillum magneticum strain

AMB-1 (Matsunaga et al. 2005), Magnetospirillum gryphiswaldense

strainMSR-1 (Richter et al. 2007),Magnetospirillummagnetotacticum

strain MS-1 (DDBJ/EMBL/GenBank), Candidatus Magnetococcus

sp. strain MC-1 ( JGI Microbial Genomics), Desulfovibrio vulgaris

Hildenborough (Heidelberg et al. 2004),Desulfovibrio vulgaris strain

DP4 ( JGI Microbial Genomics), Desulfovibrio desulfuricans strain

G20 ( JGIMicrobial Genomics), Geobacter metallireducens strain GS-

15 (NCBI), Geobacter sulfurreducens strain PCA (Methe et al. 2003),

and Shewanella putrefaciens strainCN-32 ( JGIMicrobial Genomics).

In addition, the gene pairs for the nuo andmam gene clusters were

manually inspected. A predicted probability score of <1e-05 was

used as the standard cutoff to define a likelymatch. Reciprocal best

matches were counted by a BLAST result with an E-value of <1e-05

and subject coverage of over 65%.
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