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Ultrastructure of a Magnetotactic Spirillum
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Department of Microbiology, University of New Hampshire, Durham, New Hampshire 03824

The ultrastructure of a magnetotactic bacterium (strain MS-1) was examined
by transmission, scanning, and scanning-transmission electron microscopy. The
organism resembled other spirilla in general* cell morphology, although some
differences were detected at the ultrastructural level. Electron-dense particles
within magnetotactic cells were shown by energy-dispersive X-ray analysis to be
localizations containing iron. A non-magnetotactic variant of strain MS-1 lacked
these novel bacterial inclusion bodies. A chain of these particles traversed each
magnetotactic cell in a specific arrangement that was consistent from cell to cell,
seemingly associated with the inner surface of the cytoplasmic membrane. Each
particle was surrounded by an electron-dense layer separated from the particle
surface by an electron-transparent region. The term “magnetosome” is proposed
for the electron-dense particles with their enveloping layer(s) as found in this and
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other magnetotactic bacteria.

Magnetotactic bacteria of diverse morpholog-
ical types live in marine and freshwater sedi-
ments, from which they can be separated by
using small permanent magnets (4). All magnet-
ically responsive cells examined to date (4, 10,
23) have contained one or two intracellular
chains of electron-dense, iron-rich particles, each
measuring 40 to 100 nm in width. Recently, a
helical, heterotrophic, freshwater, magnetotactic
bacterium was isolated and designated strain
MS-1 (10). This isolate has been characterized
and appears to be a new species of the genus
Aquaspirillum (17) by criteria separate from its
magnetic properties (5; unpublished data).
Strain MS-1 possesses a single chain of electron-
dense particles, each approximately 40 nm wide.
Results of ’Fe Mossbauer resonance spectros-
copy established that iron in magnetotactic cells
of strain MS-1 is present primarily as magnetite
(10). A non-magnetotactic variant of this orga-
nism (obtained by culturing in a medium with
reduced iron content) lacked electron-dense par-
ticles and magnetite.

Ultrastructural characteristics of magnetotac-
tic bacteria have not been described in detail.
The objective of this study was to characterize
the ultrastructure of magnetotactic and non-
magnetotactic variants of strain MS-1. The de-
tailed structure of the electron-dense, iron-rich
particles and their relationship to the remainder
of the cell were of central interest because (i)
they appear to differ from other types of inclu-
sion bodies reported to occur in bacterial cells
(31), and (ii) they are assumed to be responsible
for magnetic orientation of this organism.

MATERIALS AND METHODS

Medium and growth. Magnetotactic and non-
magnetotactic variants of strain MS-1 were cultured
in growth medium containing: 0.25 ml of 0.01 M ferric
quinate, 1.0 ml of vitamin elixir (38), 1.0 ml of mineral
elixir (38), 0.5 ml of 1.0 M KH,PO,, 0.2 ml of 0.01%
(wt/vol) resazurin, 0.075 g of tartaric acid, 0.01 g of
NaNOs, 0.005 g of sodium thioglycolate, and water to
make 100 ml. The pH was adjusted to 6.75 with 10 N
NaOH before sterilization.

Cells were cultured in serum-stoppered bottles un-
der microaerobic conditions. The atmosphere of each
bottle was displaced with N». After autoclaving, sterile
air was injected to produce a final O: concentration of
1 to 3% (vol/vol). Incubation was at 30°C after the
addition of a 5% (vol/vol) inoculum.

Preparation of whole cells for electron micros-
copy. Cells were concentrated from the growth me-
dium by centrifugation. For negative staining, concen-
trated cell suspensions were placed on parlodion-
coated, carbon-reinforced, 400-mesh copper grids and
mixed with 0.5% (wt/vol) uranyl acetate (pH 4.2). The
excess liquid was drawn off the grid surface, after
which the cell preparations were allowed to air dry.
For critical-point drying, cell suspensions were placed
on grids (as above) for 20 min to absorb cells onto the
grid surface. These grids were then prefixed for 30 min
in 3.6% (vol/vol) glutaraldehyde (in 0.1 M sodium
cacodylate, pH 7.0), rinsed twice in 0.1 M sodium
cacodylate, postfixed for 20 min in 1% (wt/vol) OsO,
(in 0.1 M sodium cacodylate), and rinsed again. After
dehydration through a graded ethanol series, the sam-
ples were critical-point dried with CO. in a Sam-Dri
PVT-3 critical-point dryer (Tousimis Research Corp.,
Rockville, Md.). Dried-cell preparations were
shadowed with platinum-carbon at an evaporation
angle of 45°.

Preparation of electron-dense particles for
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electron microscopy. Intracellular, electron-dense
particles of the magnetotactic variant of strain MS-1
were released from cells by sonicating a cell suspension
for 1.5 min (three 30-s bursts) at 175-W acoustical
energy (20 KHz). The sonicated preparations were
treated for 30 min at 60°C in 0.5% (wt/vol) sodium
dodecyl sulfate. Suspensions of the sodium dodecyl
sulfate-treated particles were placed on grids (as
above) and were allowed to air dry after the excess
liquid was drawn off the grid surface.

Preparation of thin sections. Cells of strain MS-
1 were prepared for thin sectioning by (i) the Kellen-
berger procedure, (ii) the ruthenium red procedure, or
(iii) the glutaraldehyde-osmium tetroxide double-fix-
ation procedure. In the Kellenberger procedure, cells
were prefixed by adding 1% OsO, (in Kellenberger
buffer; 19) to the culture medium to bring the final
0s0; concentration to 0.1%. Cells were then concen-
trated by centrifugation, washed in Kellenberger
buffer, suspended in tryptone-salt solution (1%
tryptone, 0.5% NaCl), and embedded in 2% (wt/vol)
Noble agar (Difco). The agar was cut into small blocks,
which were postfixed for 18 h in 1% OsOs (in Kellen-
berger buffer) and prestained for 3 h in 0.5% (wt/vol)
uranyl acetate (in Kellenberger buffer). The ruthe-
nium red procedure was a variation of that reported
by Cagle et al. (6). Cells were prestained for 1 h in
0.15% (wt/vol) ruthenium red (in 0.1 M sodium caco-
dylate, pH 7.0) and prefixed for 1 h in a mixture of
3.6% glutaraldehyde and 0.15% ruthenium red (in 0.1
M sodium cacodylate). Prefixed cells were washed
twice in 0.1 M sodium cacodylate and postfixed for 1
h in a mixture of 1% OsO,4 and 0.15% ruthenium red
(in 0.1 M sodium cacodylate). Postfixed cells were
embedded in agar as described above. For the glutar-
aldehyde-osmium tetroxide double fixation, cells were
prefixed for 1 h in 3.6% glutaraldehyde (in 0.1 M
sodium cacodylate), rinsed twice in 0.1 M sodium
cacodylate, and postfixed for 1 h in 1% OsO4 (in 0.1 M
sodium cacodylate). Postfixed cells were embedded in
agar as above.

Samples from all fixations were dehydrated through
a graded ethanol series and embedded in Spurr’s low-
viscosity epoxy resin (33). Sections were cut with glass
knives on a LKB Ultratome III ultramicrotome, using
a cutting speed of 2 mm/s and a clearance angle of 2
to 3°. Sections were retrieved with uncoated, 400-mesh
copper grids, then poststained for 15 min with 5% (wt/
vol) uranyl acetate in 50% (vol/vol) methanol and for
2 min with 0.4% (wt/vol) lead citrate (29).

Electron microscopy. Samples for transmission
electron microscopy were viewed and recorded with a
JEOL JEM-100S electron microscope at an acceler-
ating potential of 80 kV. Scanning electron micros-
copy, scanning-transmission electron microscopy, and
energy-dispersive X-ray analysis were performed at 80
kV on a JEOL JEM-100CX electron microscope fitted
with a Kevex X-ray analyzer.

Dimensions of whole cells and flagella were meas-
ured from micrographs of critical-point-dried,
shadowed cell preparations. At least 50 measurements
were taken for each dimension. Subcellular dimensions
were measured from micrographs of thin-sectioned
Kellenberger preparations. At least 30 measurements
were taken for each dimension. Measurements from
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micrographs of samples prepared by the other two
fixation procedures did not differ significantly from
these values. Numbers of electron-dense particles in
each of 300 cells were determined from negatively
stained preparations. Sizes of 200 electron-dense par-
ticles that had been released from cells with sonication
were measured from transmission electron micro-
graphs.

Micrographs of both critical-point-dried, shadowed
and negatively stained whole cells were chosen to
illustrate the general morphology of strain MS-1. A
thin section of cells fixed by the ruthenium red pro-
cedure was chosen to illustrate extracellular polysac-
charide material. Thin sections of Kellenberger-fixed
cells were chosen to illustrate internal cell ultrastruc-
ture because these preparations provided the greatest
contrast and resolution. The results of both the ruthe-
nium red and the glutaraldehyde-osmium tetroxide
double fixations were otherwise equivalent to those
obtained with the Kellenberger technique.

RESULTS

Cell morphology and flagellation. Mag-
netotactic cells of strain MS-1 possessed a right-
handed (34) helical morphology as seen both in
critical-point-dried and shadowed preparations
and in negatively stained preparations (Fig. 1).
Critical-point-dried cells had relatively constant
diameters (0.28 to 0.36 um; average, 0.32 um),
but their lengths varied considerably (2.3 to 11.1
pm; average, 4.3 um). This variation resulted
from the fact that individual cells comprised
from one to eight turns of a helix, even though
85% of the cells examined consisted of three
turns or less. The wavelength of the helix varied
from 0.9 to 2.4 pum (average, 1.7 um), and the
amplitude ranged from 0.14 to 0.44 um (average,
0.36 pum).

Each cell, regardless of its length, appeared to
have single bipolar flagella (Fig. 1). However, it
was necessary to handle cells carefully to obtain
a reliable indication of their flagellation pattern;
flagella were easily sheared off during centrifu-
gation or shaking of cell suspensions. Each fla-
gellum was 22 nm in diameter and 1.5 to 2.5 um
(average, 1.9 um) long. Pili or other appendages
besides flagella were not observed.

Ultrastructure of the cell envelope. The
cell envelope of strain MS-1 appeared in thin
sections to consist of two distinct layers (Fig. 2
and 5), outer membrane or “wall membrane”
(25) and cytoplasmic membrane. The outer
membrane was trilaminate in cross sections, con-
sisting of two 1.8-nm-thick electron-dense layers
separated by a 2.5-nm-thick electron-transpar-
ent layer. The overall configuration of the outer
membrane in thin sections was markedly con-
voluted, as was the cell surface in critical-point-
dried, shadowed preparations of whole cells (Fig.
1a). Small loops or blebs of membranous mate-
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F1G. 1. Transmission electron micrographs of whole cell preparations of the magnetotactic variant of
strain MS-1. Note single bipolar flagellation pattern. Bars = 1.0 um. (a) Critical-point-dried and platinum-
carbon-shadowed cell (negative image). (b) Negatively stained cell, showing electron-dense particle chain

(PC).

rial sometimes extended outward from the sur-
face of the outer membrane (Fig. 2). These struc-
tures ranged from 24 to 91 nm in diameter. The
ultrastructural characteristics and dimensions of
the cytoplasmic membrane were the same as
those of the outer membrane, except that the
former was slightly less convoluted. The outer
and cytoplasmic membranes were separated by
an electron-transparent periplasmic region that
varied considerably in width. Peptidoglycan ma-
terial, if present in this region, was not visible as
a distinct structure in these preparations.

The cell envelope of strain MS-1 did not ap-
pear to include any type of hexagonally packed
superficial layer (24) on the external side of the
outer membrane. However, the cells did secrete
an extracellular polysaccharide substance that
was visible after staining with ruthenium red
(Fig. 3). This material was amorphously depos-
ited outside of the cells; an organized capsular
configuration was not observed.

Intracellular ultrastructure of strain MS-
1. The cytoplasm consisted largely of nuclear
material and ribosomes (Fig. 2). These usually
comprised equal volumes. The nuclear material
was generally confined to discrete, centrally lo-
cated packets. The ribosomes were distributed
freely throughout the periphery of the cell. In

many cells, portions of the cytoplasm were oc-
cupied by loops of membranous material (Fig.
2). These membrane loops appeared to be invag-
inations of the cytoplasmic membrane, and they
ranged from 0.05 to 0.17 ym in diameter (aver-
age, 0.1 pm). The membrane-bound areas were
readily distinguished from the rest of the cyto-
plasm because they lacked a definite substruc-
ture and were relatively electron transparent.

Two types of inclusion bodies were present
within the cytoplasm, (i) those with a structure
resembling  poly-B-hydroxybutyrate (PHB)
granules (8, 31) and (ii) electron-dense particles
(described below). The structures presumed to
be PHB granules appeared in thin-sectioned
cells as electron-transparent areas bounded by
a single, electron-dense layer (Fig. 2). Except for
this boundary, they were similar in appearance
to the membrane-bound regions of the cyto-
plasm described above. Similar structures were
sometimes visible as electron-transparent areas
in negatively stained whole cells. These are be-
lieved to be the regions of the cytoplasm which
were stained by Sudan black B, as evidenced by
light microscopy. They ranged from 0.09 to 0.30
pm in diameter, and the numbers per cell varied
from none to eight.

Electron-dense particles. Magnetotactic
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cells of strain MS-1 contained a series of elec-
tron-dense particles that were readily observed
in negatively stained or thin-sectioned (Fig. 1b,
2, and 5) preparations. These particles were re-
leased from cells by sonication and purified by
treatment with sodium.dodecyl sulfate. Scan-
ning electron microscopy of these purified par-
ticles (Fig. 4) indicated that most of them were
cubic with rounded corners, although some of
them were probably octahedral. The particles
tended to remain in chains after release from the
cells. These chains frequently formed closed
loops on the grid surface. The particles varied
from 25 to 55 nm (average, 42 nm) in width, but
66% ranged between 39 and 49 nm.

In negatively stained preparations of whole
cells (Fig. 1b), the electron-dense particles were
arranged in a single chain that longitudinally
traversed the cell in a reasonably straight line.
The largest particles were situated in the center
of the chain, while those at the ends were often
smaller. The numbers of particles in each chain
varied from 5 to 41 (average, 17.6), but approxi-
mately 19% of the cells lacked the particles
entirely. The particle chains were intracellular;
i.e., they were located inside of the cytoplasmic
membrane as evidenced by thin-sectioned prep-
arations (Fig. 2 and 5). The particles were usu-
ally seen in close proximity to the inner surface
of the cytoplasmic membrane in longitudinal
sections, provided that these sections traversed
the actual diameter of the cell at the point where
the particles were visible. In approximately 50
cross sections examined, the particles were al-
ways situated adjacent to the inner surface of
the membrane.

The intracellular particle chains possessed a
regular substructure in thin-sectioned prepara-
tions (Fig. 5). Each particle was surrounded by
a 1.4-nm-thick electron-dense layer which was
always separated from the particle surface by an
electron-transparent layer of uniform width (1.6
nm). The electron-dense layers of adjacent par-
ticles in a chain were sometimes in direct contact
with each other, but were usually separated by
a distance of 3 to 18 nm. The regions between
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separated particles appeared to contain cyto-
plasmic materials. No distinct structures ap-
peared to physically link the particles. Similarly,
no linking structures were seen in negatively
stained preparations of whole cells. In these
preparations, however, the particles always ap-
peared to be separated from each other. The
substructures of the particle chains observed in
thin sections were not detected in the whole cell
preparations.

Scanning-transmission electron microscopy
(Fig. 6a) and energy-dispersive X-ray analysis
(Figs. 6b and 6¢) of thin-sectioned preparations
indicated that the electron-dense particles of
strain MS-1 were localizations containing iron.
Other elements detected included osmium, lead,
uranium, and copper. These were attributable
to either the fixation and staining procedures or
the copper specimen grid. No iron was detected
in particle-free regions of the cytoplasm, al-
though the other elements listed above were
present (Fig. 6¢).

Coccoid bodies. Substantial numbers of
magnetically responsive coccoid bodies (17)
formed in magnetotactic cultures of strain MS-
1 when they were stored for several weeks at
4°C, or when they were incubated at 36°C. Thin-
sectioned preparations of coccoid bodies (Fig. 7)
indicafed that their cell morphology, although
roughly spherical, was actually quite irregular.
They were bounded by an intact layer of outer
membrane, but this material lacked the rigid
configuration of the outer membrane in normal
cells. This layer was also considerably less con-
voluted than that of helical cells. The cytoplasm
of coccoid bodies was contained within a typical
cytoplasmic membrane, which was separated
from the outer membrane by a large and variable
electron-transparent periplasmic region. The cy-
toplasm was composed largely of nuclear mate-
rial and ribosomes, and portions of it were closed
within loops of membranous material. The areas
within the membrane loops were electron
transparent (as in helical cells), but it could not
be determined whether they originated as invag-
inations of the cytoplasmic membrane. Electron-

F16. 2. Transmission electron micrograph of thin-sectioned magnetotactic cell. BL, Membranous blebs
extending from cell surface; CM, cytoplasmic membrane; ML, membranous loop; OM, outer membrane; PC,
electron-dense particle chain; PHB, structures resembling PHB granules; PR, periplasmic region. Kellenber-

ger fixation. Bar = 0.25 ym.

Fi1c. 3. Transmission electron micrograph of thin-sectioned magnetotactic cell with extracellular polysac-
charide material (EP) stained with ruthenium red. Bar = 0.25 pm.
F1G. 4. Scanning electron micrograph of electron-dense particles released from the magnetotactic variant

of strain MS-1. Bar = 0.15 pm.

F1G. 5. Transmission electron micrograph of the electron-dense particle chain in a thin-sectioned magne-
totactic cell. CM, Cytoplasmic membrane; DL, electron-dense layer surrounding each particle; LL, electron-
transparent layer separating DL from particle surface; OM, outer membrane; PR, periplasmic region.

Kellenberger fixation. Bar = 50 nm.
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F1G. 6. Scanning-transmission electron micrograph and energy-dispersive X-ray spectra of thin-sectioned
magnetotactic cell. (@) Scanning-transmission electron micrograph showing points where cell was analyzed
to obtain spectra in b and c. Kellenberger fixation. Bar = 0.25 um (b) Spectrum obtained from one electron-
dense particle in the chain. (c) Spectrum obtained from particle-free region of the cytoplasm near the particle

chain.

dense particles, which were present in the cyto-
plasm of most coccoid bodies, remained in
chains. Structures resembling PHB granules
were not observed in coccoid bodies.
Non-magnetotactic variant of strain MS-
1. Non-magnetotactic cells appeared similar or
identical to magnetotactic cells with respect to
(i) general cell morphology, (ii) cell dimensions,
(iii) flagellation, and (iv) lack of pili or other
appendages besides flagella (Fig. 8). They dif-
fered from magnetotactic cells in that they
lacked chains of electron-dense particles. A thin,
electron-dense filament was visible in negatively
stained preparations of non-magnetotactic cells
that were examined before this variant had been
repeatedly transferred in culture medium. This
filament traversed the cell (Fig. 9) in the same

manner as did the particle chain in magnetotac-
tic cells. After repeated transfers of the non-
magnetotactic variant, however, the filament
was no longer observed in negatively stained or
thin-sectioned preparations.

Thin sections of non-magnetotactic cells (Fig.
10) showed that their ultrastructure was also
similar to that of magnetotactic cells, except for
the absence of electron-dense particle chains.
The cytoplasm was composed largely of nuclear
material and ribosomes, but also contained the
presumed PHB granules and regions bound by
membranous loops.

DISCUSSION

The general cell morphology of strain MS-1 is
similar to that of other heterotrophic spirilla
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F1G. 7. Transmission electron micrograph of thin-
sectioned coccoid body of the magnetotactic variant
of strain MS-1. CM, cytoplasmic membrane; ML,
membranous structure possibly corresponding to
membrane loops in helical cells; OM, outer mem-
brane; PC, electron-dense particle chain; PR, peri-
plasmic region. Kellenberger fixation. Bar = 0.3 um.

(20). Principal morphological similarities be-
tween this organism and other spirilla include
(i) helical cell shape, (ii) cell size, (iii) flagella-
tion, (iv) presence of structures resembling PHB
granules, and (v) a tendency to form “coccoid
bodies” (17, 37) in old cultures. The dimensions
(i.e., wavelength and amplitude) of the cell helix
vary over a considerable range. This variation,
which could be a natural cultural characteristic
or could result from methods used to prepare
cells for electron microscopy, suggests that cells
of strain MS-1 are somewhat flexible. Spirilla
have traditionally been described as rigid orga-
nisms (9, 20), but recent work (18) has demon-
strated that they are actually more flexible than
other bacteria tested. The flagella, which are
relatively short and comprise less than one com-
plete wavelength, are similar to those of other
spirilla (21). The single bipolar flagellation pat-
tern of strain MS-1 is somewhat unusual because
most spirilla possess bipolar tufts of flagella (20).
However, single bipolar flagellation has been
reported in Aquaspirillum (formerly Spirillum)
polymorphum (17) and Aquaspirillum (formerly
Spirillum) psychrophilum (35). The tendency to
form coccoid bodies is also somewhat rare
among freshwater spirilla, but has been reported
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in at least four species (20). As with other spirilla,
coccoid bodies of strain MS-1 were formed in
old cultures after active cell division had ceased.
They also formed in younger cultures grown at
elevated temperatures.

Some ultrastructural differences between
strain MS-1 and other spirilla that have been
studied in detail were apparent. Polar mem-
branes, which have been observed in several
other spirilla (12, 13, 25, 28, 30), were not found.
The organism’s cell envelope was typical of
gram-negative bacteria in general (7), but the
distinct peptidoglycan layer observed in Aqua-
spirtllum (formerly Spirillum) serpens (24-26)
was not seen. This may indicate that the pepti-
doglycan layer of strain MS-1 is thinner than
that of other spirilla. The cell envelope of strain
MS-1 also lacked the hexagonally packed super-
ficial (“RS”) layer reported for A. serpens (24)
and other spirilla (1-3, 16). Such RS layers are
found in a wide range of bacterial species (11,
14, 32, 36), but are not a universal characteristic
of the chemoheterotrophic spirilla. Martin et al.
(22) have suggested that the RS layer may con-
fer additional rigidity to the cell envelope of
spirilla. The absence of this layer in cells of
strain MS-1, along with the relative thinness of
their peptidoglycan, may account for the appar-
ent cell flexibility observed in this study.

Magnetotactic and non-magnetotactic cells of
strain MS-1 possessed a number of intracellular
membranous loops that originated at the cyto-
plasmic membrane and extended into the cyto-
plasm. Intracellular membranes were also pres-
ent in coccoid bodies of strain MS-1, but it was
not clear whether they were equivalent to the
membrane loops of helical cells. All magnetotac-
tic bacteria examined to date (4, 23) possess
similar intracellular membrane loops, but the
function of such loops is not known. Since the
areas they surround are structurally distinct
from the cytoplasm, they may be a compart-
mentalized storage system. Similar structures
have been observed in Azotobacter (27) and
photosynthetic bacteria (15), in which they pre-
sumably serve to compartmentalize specific cell
components. Moench and Konetzka (23) tenta-
tively identified similar structures in a freshwa-
ter magnetotactic coccus as PHB granules. How-
ever, PHB granules have not been reported to
possess a trilaminate membrane boundary in
other bacteria (8, 31). Blakemore (4) observed
trilaminate membrane loops surrounding intra-
cellular iron-rich particles and speculated that
they were sites of particle synthesis. As indicated
below, we have not obtained definitive evidence
that trilaminate membranes surround the elec-
tron-dense particles in cells of strain MS-1.
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F16. 8. Transmission electron micrographs of whole cell preparations of the non-magnetotactic variant of
strain MS-1. Note single bipolar flagellation pattern. Bars = 1.0 pm. (a) Critical-point-dried and platinum-
carbon-shadowed cell (negative image). (b) Negatively stained cell.

F16. 9. Transmission electron micrograph of negatively stained non-magnetotactic cell examined before
the non-magnetotactic variant had been transferred repeatedly in laboratory culture. Lightly stained to
delineate the electron-dense filament (EF) present. Bar = 1.0 pm.

F16. 10. Transmission electron micrograph of thin-sectioned non-magnetotactic cell. ML, Membranous
loops; PHB, structures resembling PHB granules. Kellenberger fixation. Bar = 0.25 pm.
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Electron microscopy confirmed that magne-
totactic cells and coccoid bodies of strain MS-1
each contained an intracellular chain of electron-
dense, iron-rich particles similar to those ob-
served previously in other magnetotactic bacte-
ria (4, 23). These particle chains, which are not
known to occur in other spirilla, do not resemble
any of the various known types of inclusion
bodies in non-magnetotactic bacterial cells (31).
To the best of our knowledge, they are novel
bacterial components, the ultrastructure of
which has not yet been thoroughly described.
The electron-dense particles examined in this
study possessed a distinct and consistent sub-
structure. When observed in thin sections, each
particle was surrounded by an electron-dense
layer that was separated from the particle itself
by an electron-transparent region. The dense
layer was not an electron-imaging artifact caused
by the metallic nature of the particles because it
could not be resolved in negatively stained prep-
arations. The electron-dense layer could be a
protein “membrane,” similar to those that sur-
round certain other types of bacterial inclusion
bodies (31). However, the protein membrane of
other inclusion bodies is not separated from their
surface by an electron-transparent region. It is
conceivable that a true biological membrane
(i.e., lipid bilayer) surrounds the particles in-
stead of a protein layer, but definitive evidence
for this is lacking at this time.

The electron-dense particles of strain MS-1
were always arranged in chains; random ar-
rangements were not observed in this study.
These chains appear to be a stable structural
characteristic of the particles. The particles re-
mained in chains when coccoid bodies were
formed, even though considerable cell deforma-
tion had taken place. It is of special interest that
they remained in chains after being released
from the cells by sonication. Whereas particle-
to-particle magnetic forces promote a chained
configuration of single-domain particles (R. B.
Frankel and R. P. Blakemore, submitted for
publication), it seems likely that they are also
connected structurally. As described above, pro-
tein or lipid membranes could serve to do this.
In this regard, the filaments seen in non-mag-
netotactic cells before repeated transfer in lab-
oratory culture may have constituted a linking
structure enclosing noncrystalline accumula-
tions of iron.

The particle chains in cells of strain MS-1
appeared in this study to have a consistent in-
tracellular location or distribution. In negatively
stained preparations, they always appeared to
traverse the cell in a reasonably straight line.
This was also frequently true of cells viewed in
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thin sections. In cross sections, however, the
particles were always located near the inner
surface of the cytoplasmic membrane. This was
also observed in longitudinal sections that tran-
sected the entire cell diameter in a region occu-
pied by the particles. This suggests that the
particle chains are always in close proximity to
the inner surface of the cytoplasmic membrane.
A similar arrangement may occur in coccoid
magnetotactic bacteria, as described earlier (4,
23). It is possible that the particle chains in cells
of strain MS-1 are actually attached to the inner
surface of the membrane, although no connec-
tions were observed in thin sections. Isolated
chains frequently formed closed loops, but this
pattern was never observed in cells. Therefore,
some cell structural element(s) most likely main-
tains the elongated shape of the chains within
cells. Attachment to the cytoplasmic membrane
probably does not account for the integrity of
the chains, however, because they remained in-
tact after being released from the cells by soni-
cation. It is also somewhat difficult to envision
how the entire particle chain could remain close
to the (helical) cell surface and still traverse the
cell in a straight line. If this actually occurs in
cells of strain MS-1, the particles must have a
very precise placement in the cell for such a
pattern to be observed consistently. Serial sec-
tioning or other techniques of three-dimensional
analysis will be required to fully elucidate details
of the particle chain location.

Strain MS-1 has previously been shown to
contain a relatively large amount (2% of its dry
weight) of iron, present primarily as magnetite
(10). In the present study, scanning-transmission
electron microscopy and energy-dispersive X-
ray analysis showed that cellular iron is localized
in electron-dense particle chains. Moreover,
chains of isolated particles have magnetic re-
manence, orient in externally applied magnetic
fields (unpublished data), and recently were
shown to have an X-ray diffraction pattern char-
acteristic of magnetite (E. J. Alexander, Francis
Bitter National Magnet Laboratory, Massachu-
setts Institute of Technology, personal commu-
nication). Since they (or structures similar to
them) have been reported in all magnetotactic
bacteria reported to date (4, 23), but have not
been observed in any non-magnetotactic cells,
there can be little doubt that they are directly
responsible for the passive alignment of magne-
totactic cells in magnetic fields. As bacterial
inclusion bodies, then, the particles are as unique
functionally as they are structurally. We propose
that the electron-dense particles and their asso-
ciated bounding layers in magnetotactic bacteria
be termed “magnetosomes” in view of their
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structural and chemical nature, as well as their
functional role in bacterial magnetotaxis.
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