enrichment cultures down to a depth of
500 m in Black Sea cultures, approximate-
ly 400 m below the suboxic-anoxic inter-
face. Although Jgrgensen et al. (27) found
that S,0;2 -oxidizing bacteria composed
0.01 to 0.6% of the total bacterial num-
bers near the interface (10! to 10° cells per
milliliter), Shewanella species made up 20
to 50% of the total bacterial counts in the
suboxic zone (10° cells per milliliter) (29).
Therefore, the lack of HS~ oxidation
products in the Black Sea and in other
environments where SO,*~ reducers are
absent may be due largely to the presence
of S. putrefaciens. This microorganism may
also be important where SO,*~ reducers
are present because of its ability to utilize
a wider range of carbon substrates (2, 3).

The manipulation of sulfur species by
S. putrefaciens can be summarized by reac-
tions 5 to 7 in Table 1. The respiratory
versatility of S. putrefaciens may give it
a distinct metabolic advantage in suboxic
and anoxic environments such as reducing
sediments or stratified basins like the
Black Sea, where the concentrations of
various electron acceptors change with
time and depth. This microorganism may
play an important role in both trace metal
and sulfur cycling between oxic and an-
oxic environments. Although S. putre-
faciens readily reduces solid-phase iron and
manganese, it also utilizes the more solu-
ble oxidation products of HS™ (for exam-
ple, S,0,427), released as iron and manga-
nese oxides settle and react with HS™.

Jorgensen and co-workers (1, 21-23)
have demonstrated that the S,0,%~ shunt
plays an important role in coupling the
oxidative and reductive pathways of the
sulfur cycle in both marine and freshwater
environments. The discovery of an abun-
dant group of organisms that can utilize
5,052~ and other partially oxidized sulfur
species as electron acceptors provides ad-
ditional biological mechanisms for estab-
lishing electron flow through sulfur com-
pounds. These findings indicate that there
is a direct, enzymatic connection between
marine sulfur and carbon cycles, which is
separate from SO,%*~ reduction.
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Multiple Evolutionary Origins of
Magnetotaxis in Bacteria

Edward F. DeLong,* Richard B. Frankel, Dennis A. Bazylinski*¥

Magnetosomes are intracellular, iron-rich, membrane-enclosed magnetic particles that
allow magnetotactic bacteria to orient in the earth’s geomagnetic field as they swim. The
magnetosomes of most magnetotactic bacteria contain iron oxide particles, but some
magnetotactic species contain iron sulfide particles instead. Phylogenetic analyses of small
subunit ribosomal RNA sequences showed that all known magnetotactic bacteria of the
iron oxide type are associated with the o subgroup of the Proteobacteria in the domain
Bacteria. In contrast, uncultured magnetotactic bacteria of the iron sulfide type are spe-
cifically related to the dissimilatory sulfate-reducing bacteria within the & subdivision of the
Proteobacteria. These findings indicate a polyphyletic origin for magnetotactic bacteria and
suggest that magnetotaxis based on iron oxides and iron sulfides evolved independently.

Magnetotaxis in bacteria (1) is the result
of a permanent magnetic dipole moment
that causes a cell to be oriented in the
earth’s geomagnetic field as it swims (2).
The magnetic dipole moment is caused by

E. F. DeLong, Department of Biology, University of
California, Santa Barbara, CA 93106.

R. B. Frankel, Department of Physics, California Poly-
technic State University, San Luis Obispo, CA 93407.
D. A. Bazylinski, Department of Anaerobic Microbiol-
ogy, Virginia Polytechnic Institute and State University,
Blacksburg, VA 24061.

*To whom correspondence should be addressed.

tPresent address: Department of Chemistry and
Chemical Engineering, Stevens Institute of Technolo-
gy, Castle Point on the Hudson, Hoboken, NJ 07030.

SCIENCE ° VOL. 259 ° 5 FEBRUARY 1993

the presence of magnetosomes (3), intracel-
lular, iron-rich, membrane-enclosed mag-
netic particles. In most magnetotactic bac-
teria, the particles consist of the ferrimag-
netic iron oxide magnetite (Fe;O,) (4-8).
However, some magnetotactic bacteria col-
lected from sulfidic, brackish-to-marine
aquatic habitats have recently been found
to contain iron sulfide particles (9, 10),
including ferrimagnetic greigite (Fe,S,) (9,
11, 12) and nonmagnetic pyrite (FeS,) (9,
11). Although magnetotactic bacteria of
both the iron oxide and iron sulfide types
are frequently found in the same habitats,
they grow in discrete locations, as indicated
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Fig. 1. Phylogenetic relations of iron oxide- and iron sulfide-type mag-
netotactic bacteria. Synechococcus PCC 6301 and Planctomyces staleyi
are included as outgroups to the Proteobacterial lineage. (A) Evolutionary
distances were estimated with the correction of Jukes and Cantor (27)
from 630 aligned, moderately to highly conserved nucleotide positions.
Phylogenetic tree topology was inferred with the least squares distance-
matrix analyses software of Olsen (28) obtained from the ribosomal RNA
database project (29). Scale bar represents five fixed mutations per 100-

by vertical oxygen and sulfide concentra-
tion gradients (13). However, iron sulfide—
type magnetotactic bacteria have not been
cultivated to date, and their relation to iron
oxide~type magnetotactic bacteria has not
been described.

Magnetotactic bacteria were collected
from sulfidic, brackish-to-marine sediment
and water from various coastal sites in New
England with the use of a modified race-
track technique (I14). A magnetotactic,
many-celled prokaryote (MMP) (15, 16) was
collected in large numbers, but could not be
cultured. Transmission electron microscopy
and energy-dispersive x-ray analysis of the
magnetosomes in this organism showed that
the magnetosomes contained only iron and
sulfur, consistent with the presence of
greigite and pyrite (9). Three magnetotac-
tic cell types were also isolated and cultured
for comparative purposes. These included
the first coccoid strain to be cultured axen-
ically, designated MC-1 (17), and two
vibrioid strains, designated MV-1 (8) and
MV-2 (17). Transmission electron micros-
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copy and electron diffraction have deter-
mined that strains MC-1 and MV-2 contain
particles of magnetite (18).

Nucleic acids were purified from magne-
totactic bacteria, and the small subunit
ribosomal RNA genes (ssu tRNA) were
amplified, cloned, and sequenced (19). Dis-
tance-matrix (Fig. 1A) and maximum-par-
simony analyses (Fig. 1B) of the ssu tRNA
sequences of the cultured, iron oxide—type
magnetotactic bacteria indicated that these
bacteria were members of the a subdivision
of the Proteobacteria (20) in the domain
Bacteria. The rRNA sequences of the mag-
netite-containing vibrioid strains MV-1
and MV-2 were identical and fell within
the a subdivision. However, these strains
were not closely related to any previously
characterized magnetotactic species, in-
cluding the magnetotactic spirilla Magneto-
spirillum (formerly Aquaspirillum) magneto-
tacticum (21) and M. gryphiswaldense (22) or
to several uncultured magnetotactic cocci
(23). Unrestricted rRNA sequence similar-
ity values between strain MV-1 and other a
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nucleotide sequence positions. (B) Results of maximum-parsimony anal-
ysis (PAUP version 3.0s) and bootstrap resampling of the dataset (30—
32). The tree topology summarizes the results obtained from 100 trees
generated from 100 individual bootstrap resamplings of the dataset.
Values indicate the percentage of bootstrap resamplings that yielded the
branching pattern to the right of that value in the majority-rule consensus
tree. Sequences (33) obtained in this study are in bold type.

Proteobacteria ranged from 0.83 to 0.87.
The magnetite-containing coccus, strain
MC-1, was more peripherally related to the
o Proteobacteria group. Ribosomal RNA
sequence similarities between strain MC-1
and its closest relatives, a group of different,
uncultured, freshwater magnetotactic cocci
(23) (CS103, CS308, and CS310; Fig. 1),
ranged from 0.85 to 0.87. Secondary struc-
tural analyses support the inclusion of the
magnetite-containing magnetotactic bacte-
ria within the a subdivision of .the Proteo-
bacteria. For example, strain MC-1 con-
tained a 3-base pair stem between nucleo-
tide positions 184 to 193 (Escherichia coli
numbering) and a shortened helix between
nucleotide positions 198 to 219. These
combined features distinguish members of
the a subdivision from those of the B, v,
and & subdivisions of the Proteobacteria
24).

Phylogenetic analyses of the ssu rRNA
sequence of the MMP indicated the affilia-
tion of this bacterium with the & subdivi-
sion of the Proteobacteria (Fig. 1). This



