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Intracellular Iron Minerals in a
Dissimilatory Iron-Reducing

(]
Bacterium
Susan Glasauer,* Sean Langley, Terry }. Beveridge

Among prokaryotes, there are few examples of controlled mineral formation;
the formation of crystalline iron oxides and sulfides [magnetite (Fe,0,) or
greigite (Fe,S,)] by magnetotactic bacteria is an exception. Shewanella putre-
faciens CN32, a Gram-negative, facultative anaerobic bacterium that is capable
of dissimilatory iron reduction, produced microscopic intracellular grains of iron
oxide minerals during growth on two-line ferrihydrite in a hydrogen-argon
atmosphere. The minerals, formed at iron concentrations found in the soil and
sedimentary environments where these bacteria are active, could represent an
unexplored pathway for the cycling of iron by bacteria.

Many of the metabolic pathways affecting min-
eral-bacterium interactions in anaerobic subsur-
face environments are poorly defined, despite
their potential impact on the lithosphere and
hydrosphere. Metal-reducing Shewanella spp.
are known to use mineral-bound Fe(IIl) [e.g.,
Fe (hydr)oxides] as the terminal electron accep-
tor for the membrane-bound electron transport
chain during respiration, and Fe?* from the
reduction forms extracellular fine-grained min-
erals (/). Little is known about changes to the
cell and its structure during the reduction of
Fe(IIT) minerals; investigators often use readily
soluble organo-Fe(IIl) complexes (e.g., Fe-cit-
rate), rather than Fe(II) minerals, for metabolic
studies on Fe reduction [e.g., (2)] because these
allow easy isolation of cells without their prob-
lematic separation from the granular mineral
matrix. Growth on soluble Fe could, however,
be quite different from growth on particulate
Fe(hydr)oxides, where the substrate is more
tenaciously bound. Tracking the fate of the
Fe?* produced during dissimilatory reduction
of Fe(Ill) minerals requires the monitoring of
changes in the cell during growth as well as in
the minerals produced. Such a study can eluci-
date the pathways of Fe and its toxic analogs
(e.g., U, Tc, and Cr) in natural systems, where
Fe minerals can be abundant but Fe chelates are
rare (3).

Cells of S. putrefaciens CN32 were grown
in a defined medium (I, 4). The initial cell
density was 2 X 107 colony-forming units
(CFU)/ml, which rapidly decreased to 6 X 10°
CFU/ml during the first day and slowly cycled
at this level for 2 weeks before declining again.
A plateau in CFU/ml was eventually reached,
indicating that cells remained active and viable,
replacing themselves as others died so that a
steady state was reached. This slow growth
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reflected the relatively poor nutrient conditions
relative to traditional batch culture methods.
Hydrous ferric oxide [termed two-line fer-
rihydrite because of the two broad diffraction
lines seen by x-ray diffraction (XRD) (5)]
was the electron acceptor. These ~50- to
150-nm fine-grained aggregates of ferrihy-
drite, when added to the medium, immediate-
ly adsorbed to the cells (Fig. 1) and were the
source of cellular Fe. The Fe concentrations
were representative of natural levels com-
monly found in marine and soil sedimentary
environments (6, 7). Significant Fe2* (rela-
tive to an uninoculated control) was detected
after 1 to 4 days by the ferrozine method (8),
and Fe?™* increased for ~2 weeks before
decreasing slowly (Fig. 2). Intracellular fine-
grained (30 to 50 nm) granules were first
observed by transmission electron microsco-
py (TEM) 3 to 5 days after inoculation and
were never seen before the appearance of
Fe?* in the reaction mixture (9). By 14 days,
the proportion of cells with visible granules
had increased to >90% of the population,

Table 1. Electron diffraction data for crystalline
intracellular particles formed by S. putrefaciens
CN32.

Standard Sample (nm)
magnetite* (nm) P

0.2967 (30)F
0.2532 (100) 0.2525 (311)}
0.2424 (8)
0.2099 (20) 0.2044 (400)
0.1715 (10) 0.1780 (422)
0.1616 (30) 0.1570(511)
0.1485 (40) 0.1506 (440)
0.1419 (2)
0.1328 (4)
0.1281(10) 0.1301(533)
0.1266 (4)
0.1212 (2)
0.1122 (4)
0.1093 (12) 0.1040 (731)

*ASTM card 19-629.
{Denotes hk! values.

tDenotes XRD intensity.
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and the granules were clearly concentrated in
the cytoplasm at one or both cell poles (Fig.
3). In contrast to the tightly aggregated, ir-
regularly sized and shaped masses of the
two-line ferrihydrite, the intracellular gran-
ules had a fairly regular polyhedral shape and
were more homogeneous (Fig. 1).

In thin section, each intracellular mineral
granule appeared to be surrounded by a mem-
brane (Fig. 1B). The determination of the mem-
brane was made difficult because of the so-
called “phase” or “out-of-focus” effect often
accompanying electron-dense particles visual-
ized by TEM. If such granules are not in exact
focus, a ring will appear at the granule’s periph-
ery that artificially suggests the presence of a
bilayered membrane. For this reason, two series
of images were taken: through-focus images to
ascertain the presence of a phase effect, and
tilted images for stereo viewing to ensure that
juxtaposed granules were not contributing to
such an effect. All analyses verified the exis-
tence of a membrane of similar thickness as the
lipid bilayer in magnetosomes (10). It is possi-
ble that this membrane assists the cell as it
manufactures the new intracellular mineral.

The number of granules per cell increased
with time. Although accurate counting was
difficult (the uppermost ones obscured the
view of ones beneath), we estimate that there
were as many as 60 granules per cell. They
first formed near the plasma membrane and
appeared to be pushed into the cytoplasm as
subsequent granules developed. Cells con-
taining granules appeared particularly healthy
relative to those without them, as judged
from the density of the cytoplasm in whole
mounts and thin sections. Energy-dispersive
spectroscopy (EDS) confirmed that the gran-
ules were rich in Fe and O with no other
metal or counterions detectable above cellu-
lar background levels, except for traces of P
(Fig. 4) (11), contributed by DNA, RNA, and
phospholipid.

After 1 week, selected area electron diffrac-
tion (SAED) (12) showed that the extracellular
minerals, both free and bound to the cells,
remained as randomly oriented two-line ferri-
hydrite, as indicated by the pattern of two dis-
tinct rings. Lattice (d) spacings at 0.15 and 0.25
nm agreed well with published results (13). The
intracellular granules also showed two rings
centered at 0.15 and 0.25 nm that overlapped
the rings contributed by the carbon-coated
Formvar support film and were somewhat
broader and more diffuse than for the extracel-
lular mineral. Similar broad rings have been
reported for a hydrous ferric oxide phase found
within the abdominal cells of honeybees, which
contain abundant Fe-rich granules 0.1 to 0.9
jum in diameter (/4). A small fraction (less than
10%) of the granule clusters gave SAED pat-
terns indicative of a mineral in S. putrefaciens
distinct from hydrous ferric oxide. The reflec-
tions established that the mineral was both dif-

REPORTS

Fig. 1. TEM images of S. putrefaciens CN32 cells showing sorbed extracellular two-line ferrihydrite
(arrows) and intracellular granules of an iron oxide mineral phase (arrowheads) formed during
anaerobic growth. (A) Cell prepared for viewing as an unstained whole mount under a H,/Ar
atmosphere. Scale bar, 250 nm. (B) Cell in cross section, showing membranes associated with the

intracellular particles. Scale bar, 100 nm.
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Fig. 2. Change in Fe?* as a percentage of total
Fe (closed diamonds) and change in cell num-
bers (open circles), expressed as CFU/ml, over
time for anaerobic liquid cultures of S. putre-
faciens CN32 during growth in a defined medi-
um with two-line ferrihydrite.

ferent from and more crystalline than the hy-
drous ferric oxide phase; because the mineral
was small and unstable in the electron beam,
these reflections were faint and difficult to in-
terpret. We repeatedly observed several reflec-
tions that were consistent with magnetite or
maghemite, which have very similar d spacings
(Table 1; standard data are shown for magnetite
only). The patterns differed from those typical
for extracellular biogenic magnetite formed
during Fe reduction, which show random ori-
entation of the tiny (<10 nm) magnetite grains
(1). Neither were the patterns identical to those
we observed with bacterial magnetite from the
magnetotactic bacterium MV-1 (/5). It is diffi-
cult to form a clear diffraction image through
the bacterial membrane; in the case of the in-
tracellular granules, imaging was complicated
by the extremely small size and clustering of
the minerals to one cellular location (i.e., the
poles), as well as by the presence of extracel-
lular minerals that could not be separated from

Fig. 3. TEM image showing a whole mount of S.
putrefaciens CN32 cells associated with extra-
cellular two-line ferrihydrite (F). Note the con-
centration of granules at the cell polar regions
(arrows). Scale bar, 0.5 um.

the cells. For these reasons we cannot accurate-
ly identify the intracellular mineral at this time,
although the crystallinity of the intracellular
granules appeared to be highest in older cul-
tures. '
The rate of reduction and amount of in-
tracellular mineral changed with inoculation
density. For example, a high inoculum (10°
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Fig. 4. (A) Energy-dis-

persive x-ray spectrum A
from an intracellular
granule formed by S. pu-
trefaciens CN32, show-
ing peaks for Fe, O, Si, P,
Cu, and S. (B) Back-
ground spectrum from a
granule-free portion of
the cell, with the same
vertical full scale as for
(A). Silicon is derived
from the culture glass-
ware; the large copper
peaks are from the cop-
per EM grid. The spectra
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CFU/ml; same external ferrihydrite concen-
tration; 5 to 8 mM Fe) resulted in higher
reduction rates and fewer granules formed
per cell (5 to 10 granules) compared to initial
results. Varying the concentration of Fe af-
fected the iron reduction rate and the appear-
ance of granules. Because these external fac-
tors do not alter internal Fe granule forma-
tion, their intracellular deposition could be
tightly regulated and integral to cellular me-
tabolism when grown on Fe minerals.

As cells accumulated intracellular gran-
ules, new crystalline and poorly crystalline
mineral phases were observed to form outside
the cells. The variety of different minerals,
resolved by XRD and SAED, indicates that
the overall Fe chemistry was dynamic and
variable throughout the experiment. We de-
tected green rust, magnetite, vivianite, goe-
thite, and poorly crystalline Fe phases be-
tween day 7 and day 46, at which time highly
crystalline vivianite [Fe,(PO,),*8H,0] pre-
dominated (16). Of these minerals, only fer-
rihydrite was detected in the abiotic control,
which suggests that cells regulate the Fe
geochemistry.

Cells failed to grow when the Fe(III) min-
erals goethite (a-FeOOH) and hematite (o-
Fe,0;) replaced ferrihydrite, as shown by a
continuous decrease in CFU/ml counts from
the time of inoculation. In these cases, no Fe
reduction took place and no internal Fe gran-
ules were seen. Similarly, no granules formed
in cells when fumarate replaced ferrihydrite
as the electron acceptor, or when cells were
grown under aerobic conditions.

The presence of extracellular magnetite,
both in the bulk matrix and sorbed to the cell,
prevented us from determining whether the in-

3 4 5 6 7 8 9 10
Energy (keV)

clusions were magnet-sensitive. The magnet-
sensitive properties of a variety of organisms
within the Proteobacteria, a group that includes
Shewanella, were attributed to intracellular
structures after cells were grown at high con-
centrations of soluble Fe (7). These structures
are nonetheless very different from those we
observed with respect to appearance, composi-
tion, and location within the cell.

At this point in our studies, we can only
speculate on the function of the intracellular
Fe particles. The size and morphology of the
particles argues against an easily accessible
storage depot for iron, such as bacterial fer-
ritin (18, 19). In the magnetotactic bacteria,
the chains of magnetosomes aligned parallel
to the cell axis are thought to play a role in
cellular navigation (20, 27). However, such
high concentrations of intracellular magnetic
mineral are not necessary to affect organism
behavior, as was shown for honeybees (14,
22). Magnetosomes are possibly an exception
to a generally more profligate use of Fe min-
erals by cells, either for navigation or for an
as yet unknown purpose.

Bacteria are capable of forming a number of
inorganic ion-rich particles in their cytoplasm
(23), yet the ability to form intracellular fine-
grained Fe minerals within prokaryotes is re-
markably rare (20, 21). Because of the impor-
tance of iron metabolism in S. putrefaciens
CN32, it is possible that the internal Fe oxide
granules we detected are essential for growth or
are by-products of growth.
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