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Vibrioid- to helical-shaped magnetotactic bacteria phylogenetically related to the genus Magnetospirillum were isolated in ax-
enic cultures from a number of freshwater and brackish environments located in the southwestern United States. Based on 16S
rRNA gene sequences, most of the new isolates represent new Magnetospirillum species or new strains of known Magnetospiril-
lum species, while one isolate appears to represent a new genus basal to Magnetospirillum. Partial sequences of conserved mam
genes, genes reported to be involved in the magnetosome and magnetosome chain formation, and form II of the ribulose-1,5-
bisphosphate carboxylase/oxygenase gene (cbbM) were determined in the new isolates and compared. The cbbM gene was chosen
for comparison because it is not involved in magnetosome synthesis; it is highly conserved and is present in all but possibly one
of the genomes of the magnetospirilla and the new isolates. Phylogenies based on 16S rRNA, cbbM, and mam gene sequences
were reasonably congruent, indicating that the genes involved in magnetotaxis were acquired by a common ancestor of the Mag-
netospirillum clade. However, in one case, magnetosome genes might have been acquired through horizontal gene transfer. Our
results also extend the known diversity of the Magnetospirillum group and show that they are widespread in freshwater
environments.

Magnetotactic bacteria (MTB) are a metabolically, morpho-
logically, and phylogenetically heterogeneous group of

aquatic prokaryotes that passively align and actively swim along
magnetic field lines (3). This behavior, termed magnetotaxis, is
due to the presence of intracellular single-magnetic-domain crys-
tals of magnetite (Fe3O4) and/or greigite (Fe3S4) surrounded by a
lipid bilayer. These unique structures, called magnetosomes, are
generally organized into a chain(s) within the cell and impart a
permanent magnetic dipole to the cell, resulting in the cells’ mag-
netotactic behavior (3). MTB are ubiquitous in aquatic habitats
typified by the presence of oxygen concentrations and redox gra-
dients in the water column or sediments (3).

Among the MTB, members of the genus Magnetospirillum are
the most studied and well understood in terms of the biomineral-
ization of magnetite and the construction of the magnetosome
chain. Most of this knowledge is based on the genetic analysis of
two species: Magnetospirillum gryphiswaldense strain MSR-1 (35)
and M. magneticum strain AMB-1 (31). Three Magnetospirillum
species are well characterized. The genome of M. magneticum
strain AMB-1 has been completed, and while most of the genomes
of M. gryphiswaldense strain MSR-1 and M. magnetotacticum
strain MS-1 have been sequenced, they have not yet been closed as
a chromosome (8, 29). Known magnetotactic Magnetospirillum
species are facultatively anaerobic microaerophiles that biominer-
alize a chain of cuboctahedral crystals of magnetite, although
some strains do not produce magnetosomes (e.g., M. bellicus
[45]). Morphologically, all known Magnetospirillum species are
helical and are bipolarly flagellated. Metabolically, they all appear
to have only a strictly respiratory form of metabolism. They all
grow chemoorganoheterotrophically using organic acids as elec-
tron and carbon sources (4), while some species have been shown
to grow chemolithoautotrophically using reduced sulfur com-
pounds as an electron source and the Calvin-Benson-Bassham
cycle for autotrophy (14, 15). Several other Magnetospirillum

strains have not yet been shown to grow autotrophically but show
a strong potential for this metabolic feature, as they possess a form
II ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCO)
gene (cbbM) (6).

Three possible evolutionary hypotheses have been described to
explain the phylogenetic diversity of MTB. The first states that the
trait of magnetotaxis is monophyletic and that all MTB originated
from a single common ancestor of the MTB (1, 23). In the second
hypothesis, the magnetotactic trait is polyphyletic, that is, evolved
independently several times (e.g., based on iron oxide or sulfide
production [11]) and was then lost in several lineages, resulting in
bacteria that lost their ability to produce magnetosomes while
remaining phylogenetically closely related to MTB. The third sce-
nario involves multiple events of horizontal gene transfer while
the original magnetosome genes could still have originated from a
single ancestor (22, 36, 46).

The genes putatively responsible for the biomineralization of
magnetite were originally discovered in Magnetospirillum species
and are referred to as the mam and/or mms genes (17, 18, 21, 25).
Many of these genes encode proteins in the cytoplasmic mem-
brane-derived magnetosome membrane, some of which are not
present anywhere else in the cell (26, 39, 44). Most, if not all, of
these genes are located in the genome as clusters within a genomic
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magnetosome island (MAI) in Magnetospirillum species and other
MTB that is thought to be distributed between nonmagnetotactic
species via horizontal gene transfer (22).

Although the precise roles of many of the magnetosome (mam)
genes remain unknown, mamAB, mamGFDC, mamXY, and mms6
clusters have been implicated in magnetite biomineralization (29,
33). Some of the genes within these clusters are responsible for
controlling the size and morphology of magnetite crystals in MTB
as well as the magnetosome chain organization (21, 25). Compar-
isons between the MAIs of different cultured magnetite-produc-
ing MTB show that the gene contents and organizations differ
among them and are thought to be responsible for differences in
magnetosome crystal morphology, size, and organization (21).
Magnetosome genes are also conserved in the magnetotactic
Deltaproteobacteria, including Desulfovibrio magneticus (34),
“Candidatus Magnetoglobus multicellularis” (1), and “Candida-
tus Desulfamplus magnetomortis” (27), and in magnetotactic Ni-
trospirae, including “Candidatus Magnetobacterium bavaricum”
(24). Results from some of those studies appear to contradict the
polyphyletic model described previously by DeLong et al. (11) and
suggest a model in which the ability to produce magnetosomes
and the possession of the mam genes were monophyletic and de-
rived from a common ancestor (1, 23). However, the number of
magnetosome gene sequences available from cultured and uncul-
tured MTB is not sufficient to build robust phylogenies to be used
in elucidating the evolution of magnetotaxis and how the magne-
totactic trait was acquired by different clades of MTB.

In this study, degenerate primers were designed for the ampli-
fication of 8 mam genes (mamA, mamB, mamK, mamM, mamO,
mamP, mamQ, and mamT) of Magnetospirillum species using
PCR on 13 newly isolated, mainly freshwater MTB phylogeneti-
cally related to Magnetospirillum species. These 8 mam genes were
chosen because they show high levels of similarity in all MTB
characterized thus far and are thought to play an important role in
magnetosome formation (39). We sequenced these gene frag-
ments and compared phylogenies based on these mam gene se-
quences with those based on 16S rRNA and on ribulose-1,5-bis-
phosphate carboxylase/oxygenase form II (cbbM) gene sequences
to investigate whether phylogeny based on mam genes could give
insight into whether the origin of magnetotaxis in the magneto-
spirilla is monophyletic. Indeed, if the phylogenies based on mam
genes are congruent with the phylogenies based on genes that are
known to have evolved monophyletically, such as the 16S rRNA
gene, it seems likely that the genes diverged similarly, and thus, it
also seems likely that magnetotaxis evolved in the same way. The
cbbM gene was chosen for comparison because it is not involved in
magnetosome synthesis, is highly conserved, and is present in all
but possibly one of the genomes of the newly isolated MTB.

MATERIALS AND METHODS
Study sites and sample collection. Water and sediment samples were
taken from various aquatic ecosystems: three sites, Boulder Beach, Saddle
Island, and Callville Bay, in Lake Mead, NV; a small pond near Zion
National Park in Utah; a spring at the Corn Creek Field Station in the
Desert National Wildlife Refuge in Nevada; a pond near Mono Lake, CA;
Kolob Reservoir, UT; the Alamo River near the Salton Sea in California,
and Lake Ely, PA (see Table S1 in the supplemental material).

Samples were collected from the shore. One- or two-liter plastic or
glass bottles were filled to about 20 to 30% of their volume with sediment,
and the reminder of the bottles were filled to their capacity with water that

overlaid the sediment. Air bubbles were excluded. Once in the laboratory,
samples were stored under dim light at room temperature (�25°C).

Isolation of MTB. Cells of MTB were magnetically concentrated by
placing the south pole of a magnetic stirring bar next to sample bottles at
the sediment-water interface for �30 min and then further purified by
using the capillary magnetic racetrack technique (48). These cells were
used as inocula in a modified semisolid oxygen concentration gradient
enrichment medium similar to that described previously by Bazylinski et
al. (6). Five milliliters of modified Wolfe’s mineral elixir (5, 49), 0.2 ml 1%
aqueous resazurin, 0.3 g NH4Cl, 0.1 g MgSO4 · 7H2O, and 0.68 g sodium
acetate were added to a liter of water, and the pH was adjusted to 7.0. A
total of 2.0 g of Bacto agar (Difco Laboratories, Detroit, MI) was then
added, after which the medium was autoclaved. After autoclaving, the
following ingredients were added as sterile stock solutions (per liter): 0.5
ml of vitamin solution (13), 2.8 ml of 0.5 M KHPO4 buffer (pH 7.0), 5 ml
of neutralized 100 mM sodium sulfide (Na2S · 9H2O), 3 ml of 10 mM
FeSO4 · 7H2O (in 0.02 N HCl), 1.8 ml of 0.8 M sodium bicarbonate
(NaHCO3) solution, and 10 ml of a filter-sterilized, freshly made, 4%
neutralized cysteine · HCl · 2H2O solution. The medium was dispensed
into sterile, screw-cap glass tubes at �80% of their volume. The medium
was incubated at room temperature for several hours to solidify and to
allow the O2 concentration [O2] gradient to form, as evidenced by the
presence of a pink (oxidized) zone near the surface and a colorless (re-
duced) zone in the lower portion of the tubes.

Axenic cultures were obtained by first plating the cells onto solid ACA
medium, as described previously by Schultheiss and Schüler (41), except
that the iron source added after autoclaving was 3 ml of 10 mM FeSO4 ·
7H2O per liter of growth medium. After �10 days of growth on solid
medium, a single, dark-colored colony was transferred into semisolid
[O2] gradient medium, from which cells were diluted to extinction in the
same medium. Light microscopy was used to assess whether the cultures
were magnetotactic through the various transfers. Finally, to determine
the 16S rRNA gene sequence of each strain (see details below), three clones
from each culture were used. In all cases, for each individual culture, the
sequences of the three clones were identical.

Light and electron microscopy. The presence and behavior of the
newly isolated MTB were determined by using a Zeiss AxioImager M1
light microscope (Carl Zeiss MicroImaging, Inc., Thornwood, NY)
equipped with phase-contrast, fluorescence, and differential interference
contrast capabilities. The hanging-drop technique (38) was used routinely
for the examination of samples and for the quantification of MTB. The
local magnetic field used to determine magnetotaxis was a large stirring
bar magnet placed onto the microscope stage.

Cell morphology and the presence and morphology of magnetosomes
were determined by using transmission electron microscopy (TEM) with
a Tecnai (FEI Company, Hillsboro, OR) model G2 F30 Super-Twin or a
G2 Biotwin transmission electron microscope. Cells were deposited onto
carbon-coated grids and dried in air; for the observation of flagella, cells
were negatively stained with 1% aqueous uranyl acetate for 1 min.

Determination of 16S rRNA, cbbM, and mam gene sequences. Prim-
ers used for the amplification of genes are shown in Table 1. Degenerate
primers were designed by using AmplifX software, version 1.44 (Nicolas
Jullien [http://ifrjr.nord.univ-mrs.fr/AmplifX-Home-page]), based on
the sequence alignment of previously sequenced mam genes of strains
AMB-1, MS-1, and MSR-1, also taking into consideration the sequences
of “Candidatus Magnetovibrio blakemorei” strain MV-1 (D. A. Bazylinski
et al., submitted for publication) and Magnetococcus marinus strain MC-1
(7, 37). The position of the forward primers was selected to be as close as
possible to the start codon and the position of the reverse primers was
selected to be as close as possible to the stop codon in order to obtain a
sequence that was nearly full length. Whole-cell PCR was performed by
using fresh cell lysates from pure cultures obtained by boiling cell suspen-
sions for 5 min with JumpStart Red Taq ReadyMix PCR mix (Sigma-
Aldrich Co. LLC, St. Louis, MO) and/or GoTaq Green master mix (Pro-
mega Corporation, Madison, WI) and the same basic protocol consisting
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of an initial denaturation step at 94°C for 2 min, then 35 cycles of 30 s of
denaturation at 94°C, annealing for 30 s (the temperature varied depend-
ing on the GC% contents of the primer sets), and extension at 72°C (the
time varied depending on the sequence length to be amplified), followed
by a final extension step at 72°C for 7 min; the reaction mixtures were then
held at 4°C. Chromosomal DNA was occasionally used in PCRs where it
was difficult to obtain PCR products by using whole-cell PCR. In this case,
DNA was extracted from cell pellets by using a DNeasy blood and tissue kit
(Qiagen, Valencia, CA). PCR products of the 16S rRNA gene were cloned
into the pGEM-T Easy vector (Promega Corporation, Madison, WI), and
three clones for each isolate were sequenced to ensure that the cultures
were pure. PCR products of the mam and cbbM genes were directly puri-
fied and sequenced (Functional Biosciences, Inc., Madison, WI).

Phylogenetic tree construction. The alignment of 16S rRNA, mam, or
cbbM genes was performed by using the CLUSTAL W multiple-alignment
accessory application in the BioEdit sequence alignment editor (20). Phy-
logenetic trees were constructed by using MEGA, version 5 (43), applying
the maximum likelihood algorithm (19). Bootstrap values were calculated
with 100 replicates.

Nucleotide sequence accession numbers. Partial sequences of the 16S
rRNA, cbbM, mamA, mamB, mamK, mamM, mamO, mamP, mamQ, and
mamT genes determined in this study were assigned the GenBank acces-
sion numbers listed in Table 2.

RESULTS

Description of sampling sites and samples. All water and sedi-
ment samples collected from numerous aquatic environments lo-
cated in the southwestern United States (see Table S1 in the sup-
plemental material) contained MTB of various morphologies.
These included cocci, large ovoid cells, vibrios, and rods as well as
spirilla morphologically similar to Magnetospirillum species. All
sites were freshwater sites having salinities of �1 ppt, except the
Alamo River near the Salton Sea, which was brackish, with a sa-
linity of �4 ppt. In most of the sites, the concentration of mag-
netic spirilla was relatively low compared to that of other magne-
totactic morphotypes, and in some cases, none were observed
prior to their cultivation.

Isolation and axenic cultures of MTB. Magnetically purified
cells from the different sample sites were used for inoculation into
semisolid, O2 concentration ([O2]) gradient growth medium. Af-
ter approximately 1 week of incubation at 25°C, most of the tubes
inoculated with MTB showed evidence of growth. Microaero-
philic bands of cells were present in these tubes at the pink-color-
less, oxic-anoxic interface (OAI). Microscopic examination of the

TABLE 1 Primer sets used for PCR amplifications of specific mam and cbbM genes

Primer set

Primer sequence (5=¡3=)

ReferenceForward Reverse

16S rRNA AGAGTTTGATCMTGGCTCAG TACGGHTACCTTGTTACGACTT 25a
mamA ATGTCTAGCAAGCCGTCG GATGCACCTTGCCTTCATTG
mamB ATGAAGTTCGAAAATTGCAGRGA TACCGCCTCGGCCACCAT
mamK TCGACCTTGGGACTTCCCATAC CCAAGCTGACYCCAATACTG
mamM ATGAGGAAGAGCGGTTGC TTATCCACCTTSGACARCATGAC
mamO ATGATTGAARTYGGCGAGACCATG TCACACCGWKGTCAGCATCTTGA
Middle GATCACCCATCTGYTGCGBT CGGATCAGATACATGCCATAGC
mamP GAATAGCAARSTSGYSCTKCTG TSACGTGGCARGCTTCGCA
mamQ CTRCAACGGGTSAAGCAGT TCCTGCGMATGGKTGAGAG
mamT TCGGRCTGGGACTCTATTGGGA CTTKTCCACMGGCACCTTGACC
mamA, mamO, and mamP (strains UT-2

and UT-4 only)
GGCGGTTTCCTTTCTGCACGG TCGCGATAGAAGGACAAACGG

RuII-1 GGHAACAACCARGGYATGGGYGA CGHAGIGCGTTCATGCCRCC 42
RuII-2 GGIACVATCATCAARCCVAA TGRCCIGCICGRTGRTARTGCA 42

TABLE 2 GenBank accession numbers of the partial 16S rRNA, cbbM, mamA, mamB, mamK, mamM, mamO, mamP, mamQ, and mamT genes
from the new MTB strains described in this study

Strain

GenBank accession no.a

mamA mamB mamK mamM mamO mamP mamQ mamT cbbM 16S rRNA

LM-1 JN406508 JN406511 ND ND ND JN406510 JN406509 ND JF429825 JF490044
LM-2 JF429738 JF429755 JF429768 JF429776 JF429785 JF429795 JF429804 JF429812 JF429822 JF490039
LM-4 ND ND ND ND ND ND ND ND JF429831 JF490036
LM-5 JF429739 JF429759 JF429769 JF429777 JF429786 JF429796 JF429805 JF429819 JF429826 JF490040
CB-1 JF429733 JF429763 JF429764 JF429773 JF429782 JF429798 JF429809 JF429818 JF429830 JF490037
UT-1 JF429740 JF429757 JF429772 JF429779 JF429790 JF429799 JF429808 JF429815 JF429827 JF490042
UT-2 JF429741 ND ND ND JF429788 JN406512 ND ND JF429829 JF490035
UT-4 JF429737 ND ND ND JF429789 JN406513 ND ND JF429828 JF490034
KR-1 JF429736 JF429756 JF429766 JF429780 JF429783 JF429793 JF429810 JF429813 JF429824 JF490038
CC-2 JF429734 JF429760 JF429765 JF429774 JF429791 JF429800 JF429802 JF429817 JF429823 JF490043
LEMS JF429735 JF429761 JF429767 JF429775 JF429784 JF429794 JF429803 JF429811 JF429820 JF490046
NML-1 JF429742 JF429758 JF429770 JF429781 JF429792 JF429801 JF429806 JF429816 ND JF490041
SS-4 JF429743 JF429762 JF429771 JF429778 JF429787 JF429797 JF429807 JF429814 JF429821 JF490045
a ND, not determined.
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cells in these cultures showed that the cells were magnetotactic and
vibrioid to helical in morphology. MTB from different tubes were
inoculated onto solid agar plates of modified ACA medium to
obtain single colonies. Five strains were isolated from various lo-
cations in Lake Mead, including three strains from Boulder Beach,
designated LM-1, LM-4, and LM-5; one strain from Saddle Island,
named strain LM-2; and one strain from Callville Bay, named
CB-1. In addition, three strains were isolated from a small pond in
Utah and designated UT-1, UT-2, and UT-4. Single strains were
isolated from the Kolob Reservoir in Utah (strain KR-1), from
Corn Creek in Nevada (strain CC-2), from Lake Ely in Pennsylva-
nia (strain LEMS), from a pond near Mono Lake in California
(strain NML-1), and from the Alamo River near the Salton Sea in
California (strain SS-4) (see Table S1 in the supplemental mate-
rial). While magnetospirilla related to the genus Magnetospirillum
were isolated from all freshwater sources studied, we were unable
to isolate them from any saline environment examined.

Morphology, magnetotaxis, and magnetosomes of the newly
isolated MTB. Most of the newly isolated MTB are similar in
morphology to Magnetospirillum species (Fig. 1). When grown in
semisolid [O2] gradient medium, cells were mostly long spirilla (3
to 5 �m in length and 0.4 to 0.6 �m in width) that were bipolarly
flagellated. Cells of strains UT-2 and UT-4 were slightly smaller
than the others (Fig. 2A and B). One strain, LM-1, was considered
a vibrio because of the presence of a single polar flagellum
(Fig. 2C).

Using the hanging-drop technique, all the new isolates dis-
played north-seeking, polar magnetotactic behavior (i.e., swam

persistently toward the south pole of a bar magnet). With the
exception of strain LM-1, all isolates synthesized cuboctahedral
crystals (Fig. 1 and 2A and B) identical to those found in other
known Magnetospirillum species. Strain LM-1 synthesizes elon-
gated prismatic crystals (Fig. 2C and D) resembling crystals of
“Candidatus Magnetovibrio blakemorei” strain MV-1 (32; Bazy-
linski et al., submitted). A shape factor (defined as width/length)
distribution analysis was performed on the magnetosome magne-
tite crystals of strain LM-1, which had an average shape factor of
0.78 � 0.10 (n � 81) (see Fig. S1 in the supplemental material).
The distribution and shape factor averages of LM-1 magnetite
crystals are typical of elongated prismatic magnetosome magne-
tite crystals from other MTB (12).

Phylogenetic analysis of the new isolates based on 16S rRNA
gene sequences. 16S rRNA gene sequences of the newly isolated
MTB indicate that they phylogenetically belong to the family Rho-
dospirillaceae of the class Alphaproteobacteria (Fig. 3) and that they
are closely related to known Magnetospirillum and Phaeospirillum
species. The new isolates form 4 distinct groups within these two
genera (Fig. 3). The first group contains the three known MTB,
AMB-1, MS-1, MGT-1, and the two new isolates CB-1 and CC-2.
The second group is composed of LEMS, NML-1, and SS-4. The
third group comprises M. gryphiswaldense strain MSR-1, M. belli-
cus, M. aberrantis, and the new isolates KR-1, LM-5, UT-1, LM-2,
and LM-4. Finally, the fourth group, which appears basal to all the
other Magnetospirillum species, contains strains UT-2 and UT-4.

Based on current criteria (10), LM-2 and UT-1 represent new
strains of M. gryphiswaldense, CC-2 and CB-1 represent new

FIG 1 Transmission electron microscopy (TEM) images of cells of newly isolated magnetotactic bacteria (MTB) morphologically similar to Magnetospirillum
species. (A) Strain CB-1. The inset shows a magnetosome chain at a higher magnification. (B) Strain SS-4. (C) Strain LM-4. (D) Strain LM-5 negatively stained
with 1% uranyl acetate. (E) Strain KR-1. (F) Strain NML-1. Note that all strains biomineralize cuboctahedral crystals, which consist of magnetite. When
negatively stained, two polar flagella were visible.
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strains of M. magneticum, and the remaining isolates, except strain
LM-1, represent novel species of the genus Magnetospirillum.
Based on its 16S rRNA sequence (Table 3), LM-1 can be consid-
ered a new genus, with its closest relative in culture being M.
magneticum strain AMB-1, with a 16S rRNA gene sequence simi-
larity of 91.0%.

Phylogenetic analysis of mam gene sequences. Using degen-
erate primers and PCR (Table 3), we amplified and determined
partial sequences of 8 mam genes in the new isolates (Table 4). For
UT-2 and UT-4, mamA, mamO, and mamP were sequenced by
using a forward primer designed from the start of mamO and a
reverse primer designed from the end of mamA of the alignment
of known Magnetospirillum mam gene sequences; the sequencing
of these three genes using this technique indicated that mamO,
mamP, and mamA are also in synteny in the genomes of UT-2 and
UT-4.

For strain LM-1, only partial sequences of mamA, mamB,
mamP, and mamQ were amplified and sequenced. For LM-4, only
a partial sequence of mamT was obtained. Based on phylogenetic
analysis, the evolution of this gene is not congruent with the phy-
logeny based on the 16S rRNA gene sequence. For the acquisition
of this gene in LM-4, it may be more likely due to a horizontal gene
transfer event. Considering the difficulty in obtaining other mam
genes from LM-4 with degenerate primers designed from other
Magnetospirillum species, it seems that the other mam genes of this
strain have a high level of divergence from those of the other
Magnetospirillum species.

Partial sequences of the 8 mam genes were determined for all
the other newly isolated strains, LM-2, LM-5, CB-1, UT-1, KR-1,
CC-2, NML-1, SS-4, and LEMS. All phylogenetic trees based on

mam gene sequences are congruent with the phylogeny based on
the 16S rRNA gene sequence (Fig. 4), with the exception of strains
LM-4, LM-5, and LEMS, which are positioned differently in the
tree based on 16S rRNA gene sequences and those based on mam
genes. The separation of the four different groups in the 16S rRNA
phylogeny is conserved in the phylogenies based on mam genes,
except that in the phylogenies based on mam genes, LM-5 belongs
to group 1 and strain LEMS appears to be related to group 3 and
not to group 2. Phylogenies based on mam genes confirm the basal
position of UT-2 and UT-4 in the Magnetospirillum group. The
phylogenetic position of strain LM-1 remains basal to the entire
Magnetospirillum group.

Phylogenies based on amino acid sequences of the correspond-
ing Mam proteins were also constructed. The phylogenetic posi-
tions of the new MTB strains in the Mam protein trees were sim-
ilar to those based on mam gene nucleotide sequences (see Fig. S2
in the supplemental material).

Phylogenetic analysis of the cbbM gene sequences. The phy-
logeny and relatedness of the new MTB strains based on cbbM
gene sequences are reasonably consistent with those based on 16S
rRNA genes (Fig. 5; see also Table S2 in the supplemental mate-
rial). Strains UT-2 and UT-4 do not form a separate branch; they
form a clade with KR-1, which belongs to group 3. Strains LM-4
and LM-5 belong to group 3, as they do in the phylogenetic tree
based on 16S rRNA gene sequences. A phylogenic tree based on
amino acid sequences of the CbbM protein was also constructed
and was consistent with that based on cbbM gene sequences (see
Fig. S3 in the supplemental material). However, some differences
were observed between these phylogenies and can be explained by
bootstraps values that are �50%.

FIG 2 TEM images of cells of the newly isolated MTB that are slightly different in morphology from Magnetospirillum species. (A) A cell of strain UT-2 negatively
stained with 1% uranyl acetate. Note the more vibrioid morphology. (B) Magnetosome chain of strain UT-4 showing cuboctahedral crystals. (C) Cell of strain
LM-1 negatively stained with 1% uranyl acetate. Note the presence of a single polar flagellum. (D) High-magnification TEM image of a chain of elongated
prismatic crystals of magnetite in a cell of strain LM-1.
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We were unable to amplify the cbbM gene of NML-1. The
nested PCR program, using the primer sets RuII-1 and RuII-2
(Table 1), has been used for the amplification of the partial cbbM
gene sequences of SS-4 and LEMS but was unsuccessful for
NML-1. Spiridonova et al. (42) previously used this program to
amplify the cbbM gene of Phaeospirillum fulvum, a close relative of
LEMS, SS-4, and NML-1, which have 16S rRNA gene sequence
identities of 95.69, 96.59, and 96.73% with P. fulvum, respectively.
It is also possible that the cbbM gene is absent in the genome of
strain NML-1. In the phylogeny based on cbbM gene sequences,
the genus Phaeospirillum (only one cbbM sequence is available in
the GenBank database, that of P. fulvum) is also included in the
group formed by all the Magnetospirillum species.

DISCUSSION

In this study, 13 new vibrioid-to-helical MTB strains were isolated
in axenic cultures. Among the new isolates, 10 are clearly members
of the genus Magnetospirillum. Strains UT-2 and UT-4 have a

maximum 16S rRNA sequence identity of �95% with some char-
acterized Magnetospirillum strains. Based on current criteria, this
borderline value (10) does not convincingly demonstrate that
these strains are actually species of the genus Magnetospirillum.
Therefore, more information (e.g., results from DNA/DNA hy-
bridization experiments) is needed to conclude whether they be-
long to the genus Magnetospirillum or represent another closely
related genus basal to the group formed by the genera Magneto-
spirillum and Phaeospirillum.

Strain LM-1 unequivocally represents a new genus basal to the
branch formed by the genera Magnetospirillum and Phaeospiril-
lum. Interestingly, this strain not only differs from Magnetospiril-
lum species phylogenetically but also differs morphologically in
having only a single polar flagellum and elongated prismatic crys-
tals of magnetite. The mam gene sequences from LM-1 exhibit
high levels of identity (between 90.38 and 94.07%) to those pres-
ent on Fos002, a fosmid carrying a metagenomic mam gene cluster
from an unidentified, uncultivated, magnetotactic bacterium

FIG 3 Phylogenetic tree based on 16S rRNA gene sequences showing the phylogenetic positions of the newly isolated MTB (boldface type) and other MTB (gray).
“Candidatus Magnetobacterium bavaricum” (phylum Nitrospirae) was used to root the tree. Bootstrap values (higher than 50) at nodes are percentages of 100
replicates. GenBank accession numbers are given in parentheses. The bar represents 2% sequence divergence.
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magnetically collected from the environment (23). Unfortunately,
Fos002 does not contain a copy of a 16S rRNA gene, and thus, it is
not known whether organisms similar to strain LM-1 are present
in the habitat from where Fos002 was recovered.

When the data are taken in their entirety, the magnetospirilla
are a large group that appears to phylogenetically span a number
of genera. Current data suggest that species of Phaeospirillum
should be reclassified and included in the genus Magnetospirillum.
Indeed, the genus Phaeospirillum contains spiral-shaped, pho-
totrophic, purple nonsulfur bacterial species (e.g., see reference
2), a physiological trait that is not shared with species of the genus
Magnetospirillum, although the presence of intracellular mem-
branes is common to both Phaeospirillum (16) and magnetosome-
forming Magnetospirillum species. However, considering the
phylogenetic relationship between Phaeospirillum and Magneto-
spirillum, it would be necessary to modify the classification of the

branch grouping Magnetospirillum and Phaeospirillum species by
including the Phaeospirillum species in the genus Magnetospiril-
lum or by dividing members of the genus Magnetospirillum into
several different genera. Schüler et al. (40) also noticed that, de-
pending on the analysis, Phaeospirillum fulvum and P. molischia-
num (the only Phaeospirillum species available at the time of the
study) did not form a separate branch and were phylogenetically
positioned among Magnetospirillum strains.

The relatively small number of MTB in pure culture is a major
limitation in studying the evolution of genes involved in magne-
totaxis and the transfer of the MAI. However, in this study, we
showed that the targeted isolation of freshwater magnetospirilla
provided important insights into the evolution of mam genes in
this group. Indeed, the isolation of 13 new MTB from freshwater
environments and the subsequent sequencing of 8 of their mam
genes indicated a vertical inheritance (evolving from a common
ancestor of the magnetospirilla) of these mam genes, and perhaps
the entire mam gene cluster or island, for at least 10 species. For
strain LEMS, the situation appears to be more complicated, and
differences between the phylogenies based on the 16S rRNA gene,
cbbM, and the 8 mam gene sequences can be explained by the
position of LEMS basal to group 2 in the phylogeny based on
the 16S rRNA gene sequence. Thus, it is difficult to conclude if the
mam genes of LEMS evolved from those acquired by a common
ancestor, as apparently occurred in other Magnetospirillum
strains, or if these genes evolved polyphyletically and were ac-
quired by LEMS by horizontal gene transfer. To determine how
LEMS acquired the ability to form magnetosomes, it would be
necessary to isolate other strains closely related to it that are phy-
logenetically positioned between groups 1 and 2 and to have the
sequences of their mam genes. The closest phylogenetic relative of
strain LM-5 in culture, based on the 8 mam gene sequences, is M.
magneticum strain AMB-1 (gene sequence identity of between
98.98 and 99.62%), while the phylogeny based on 16S rRNA gene
sequences positions LM-5 more closely with M. gryphiswaldense
strain MSR-1 (16S rRNA gene sequence identity of 96.93%). In-
terestingly, the sequence identity shared by the 16S rRNA genes of
LM-5 and MSR-1 is lower than the sequence identities shared by
the 8 individual mam genes of LM-5 and AMB-1, suggesting that
for strain LM-5, the mam genes under study, and perhaps the

TABLE 3 16S rRNA sequence identity between the newly isolated MTB
and the known magnetotactic Magnetospirillum speciesa

Strain

% identity with strain:

MSR-1 AMB-1 MS-1

LM-1 90.35 91.02 90.01
LM-2 99.79 96.03 94.85
LM-4 96.51 95.75 94.59
LM-5 96.93 95.48 94.52
CB-1 95.61 98.95 98.02
UT-1 99.72 96.09 94.93
UT-2 94.94 94.46 93.49
UT-4 95.34 95.13 94.1
KR-1 97.28 95.68 94.73
CC-2 96.03 99.37 98.16
LEMS 96.15 96.58 95.63
NML-1 96.44 97.34 96.39
SS-4 96.65 97.62 96.68
MSR-1 95.97 94.86
AMB-1 95.97 97.95
MS-1 94.86 97.95
a MSR-1 represents M. gryphiswaldense (35), AMB-1 represents M. magneticum (31),
and MS-1 represents M. magnetotacticum (30). Values in boldface type indicate the
highest percent sequence identity shared between the new MTB and known
magnetotactic Magnetospirillum species.

TABLE 4 Maximum identities of mam gene sequences between MTB isolated in this study and known magnetotactic Magnetospirillum species

Strain

% maximum identity (% length of gene recovered)a

Strain sharing
maximum identitybmamA mamB mamK mamM mamO mamP mamQ mamT

LM-1 68.51 (99.5) 74.97 (100) ND ND ND 75.39 (90.9) 66.11 (94.1) ND MSR-1
LM-2 100 (80.6) 99.87 (86.8) 100 (83.2) 100 (86.9) 99.94 (92.4) 99.87 (94.6) 100 (87.7) 100 (79.8) MSR-1
LM-4 ND ND ND ND ND ND ND 73.9 (82.7) AMB-1
LM-5 99.62 (78.8) 98.94 (74.0) 99.54 (83.0) 99.57 (72.2) 99.10 (92.6) 98.98 (95.2) 99.15 (86.2) 99.51 (77.9) AMB-1
CB-1 100 (79.7) 99.49 (87.3) 99.44 (85.2) 99.72 (74.9) 99.27 (92.6) 99.48 (92.9) 99.15 (86.0) 99.29 (80.2) AMB-1
UT-1 100 (80.1) 99.87 (86.2) 99.89 (85.5) 100 (87.8) 99.83 (92.1) 100 (94.5) 100 (86.2) 100 (79.8) MSR-1
UT-2 81.82 (78.7) ND ND ND 78.08 (92.1) 81.6 (97.8) ND ND AMB-1
UT-4 81.21 (79.1) ND ND ND 78.18 (92.2) 81.4 (97.8) ND ND AMB-1
KR-1 96.95 (80.6) 96.64 (86.5) 97.62 (80.5) 95.87 (88.4) 98.75 (92.9) 96.10 (94.7) 97.32 (86.7) 98.36 (81.9) MSR-1
CC-2 100 (79.1) 99.74 (87.3) 99.54 (83.0) 99.66 (91.5) 99.21 (92.7) 99.49 (94.7) 99.00 (85.6) 99.72 (67.8) AMB-1
LEMS 90.48 (86.1) 91.59 (85.1) 93.36 (83.7) 93.76 (92.4) 95.46 (92.8) 89.48 (94.8) 92.79 (88.0) 92.06 (81.9) MSR-1
NML-1 92.03 (82.9) 94.45 (70.6) 91.30 (84.3) 96.63 (80.6) 91.83 (91.7) 89.11 (65.5) 91.45 (88.6) 87.57 (72.6) AMB-1
SS-4 92.27 (81.5) 95.43 (85.9) 91.10 (76.1) 96.14 (92.0) 92.16 (93.1) 87.52 (93.5) 90.77 (86.0) 88.33 (80.0) AMB-1
a Values in parentheses represent the percentages of the lengths of the genes recovered with degenerate primers.
b Indicates the species with the maximum identity of mam gene sequences.
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FIG 4 Phylogenetic trees based on mamA, mamB, mamK, mamM, mamO, mamP, mamQ, and mamT gene sequences (see Table 4 for lengths of the sequences)
from the newly isolated MTB and other characterized MTB. Bootstrap values (�50) at nodes are percentages of 100 replicates. Magnetosome gene sequences
from “Candidatus Magnetobacterium bavaricum” were used as an outgroup when its appropriate mam gene sequence was available; if not available, those from
“Candidatus Magnetoglobus multicellularis” were used.
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entire mam gene cluster or island, were acquired by horizontal
gene transfer from another Magnetospirillum species closely re-
lated to M. magneticum. The failure to amplify mam genes with the
degenerate primers for UT-2, UT-4, and LM-1 could be due to a
mismatch(es) in the sequences or to significant sequence diver-
gence, with the latter possibly being indicative of the phylogenetic
distance between these strains and the Magnetospirillum strains
that were used to design the degenerated mam genes primers.
These degenerate primers were also tested on Magnetococcus ma-
rinus strain MC-1 (7, 37) and “Candidatus Magnetovibrio
blakemorei” strain MV-1 (Bazylinski et al., submitted) of the class
Alphaproteobacteria and on strains BW-2 and SS-5 of the class
Gammaproteobacteria (28), which are magnetotactic species phy-
logenetically distant from Magnetospirillum, and failed to amplify
any mam gene. An important question raised here involves how
much divergence of these genes must occur before our PCR prim-
ers become ineffective in amplifying these genes. It seems likely
that strain LM-4 acquired the ability to form magnetosomes
through horizontal gene transfer because we were successful in the
amplification of only mamT, which presents a low level of simi-
larity with the mam genes of other Magnetospirillum species.

Phylogenetic trees based on amino acid sequences of Mam
proteins were also constructed for comparison. The phylogenetic
positions of the new MTB strains in these trees were similar to
those based on gene nucleotide sequences, indicating that the
mam genes are well conserved at the nucleotide level and can be
used to compare phylogenetically closely related MTB species.

Because most, if not all, of the magnetospirilla possess a cbbM
gene, and because this gene is relatively highly conserved (42) and
not involved in magnetosome synthesis, cbbM was used for com-
parisons of phylogenetic analyses. The phylogeny and relatedness
of the Magnetospirillum strains based on cbbM sequences were

reasonably consistent with those based on 16S rRNA gene se-
quences. These results suggest that the cbbM gene evolved simi-
larly to the 16S rRNA gene in the magnetospirilla and that it was
likely acquired by a common ancestor (monophyletic) and not by
horizontal gene transfer. A phylogenic tree based on amino acid
sequences of the CbbM protein was constructed and was similar to
that based on cbbM gene sequences.

This study raises an important question: were the common
ancestors of Phaeospirillum and nonmagnetotactic Magnetospiril-
lum species ever magnetotactic? Three scenarios are possible.
First, nonmagnetotactic Magnetospirillum species (e.g., M. bellicus
[45]) may have been magnetotactic in their natural environment
when sampled but lost the ability to produce magnetosomes dur-
ing their isolation in culture due to the use of nonappropriate
cultivation techniques for magnetosome formation. This is cer-
tainly plausible, as many cultivated MTB have been reported to
lose this trait upon repeated subcultivation in the absence of se-
lective pressure (9, 31, 36, 39), from the loss or rearrangement of
the MAI. It is also possible that some of these species contain the
necessary set of mam genes and need to be cultivated under the
appropriate conditions (e.g., under microaerobic conditions in
the presence of an appropriate iron source) and analyzed by using
the appropriate microscopic techniques to express magnetotaxis
(e.g., the hanging-drop technique). Another possibility is that
these strains were magnetotactic, having inherited this trait from a
common ancestor along with other Magnetospirillum species, but
lost this trait due to environmental and/or physiological pres-
sures, implicating multiple events leading to the loss of the MAI.
The last possibility is that the magnetotactic trait (magneto-
some biomineralization) was inherited by all magnetotactic
species of this group by horizontal gene transfer and that the
nonmagnetotactic strains never acquired the genes necessary
for magnetosome formation. However, the last scenario con-
tradicts the monophyletic evolution of the magnetosome gene
model obtained in this study.

The fact that strains LM-1, LM-4, and LM-5 were isolated from
the same sample collected from Lake Mead and that LM-2 and
CB-1 were isolated from other samples collected at the same lake
indicates that there is a large genetic diversity of vibrioid-to-heli-
cal MTB in this ecosystem. Such diversity would not be resolved
by light or electron microscopy observations because of the almost
identical morphologies and magnetotactic behaviors of these
MTB. Schüler et al. (40) also isolated several different Magnetospi-
rillum strains from a single environment (McFarland Pond,
located in Ames, IA). Among the McFarland pond strains, MSM-3
and MSM-4 are phylogenetically closely related to strains
LM-5 and KR-1 (�99.5% identities of the 16S rRNA gene se-
quences) and belong to the same clade in the Magnetospirillum
group (data not shown), while MSM-6 appears to be a new strain
of M. magneticum closely related to strain CC-2 of this study
(�99.9% identity of the 16S rRNA gene sequences). This indicates
that the biodiversity of Magnetospirillum-like MTB and, therefore,
MTB in general is much greater than what has been estimated thus
far. In addition, the isolation of new species is important to deter-
mine the diversity of the MTB, to understand how mam genes
originated and/or are transferred between different MTB, and to
know whether magnetotaxis is mono- or polyphyletic in different
phylogenetic branches containing MTB.

FIG 5 Phylogenetic tree based on cbbM gene sequences from the newly iso-
lated MTB. Bootstrap values (�50) at nodes represent percentages of 100
replicates. Strain SS-5 (28), Magnetospira thiophila strain MMS-1 (47), and
“Candidatus Magnetovibrio blakemorei” strain MV-1 (6) were used as out-
groups.
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