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The so-called Fe/Mn-oxidizing bacteria have long been recognized for their potential to form extracellular
iron hydroxide or manganese oxide structures in aquatic environments. Bacterial species belonging to the
genus Gallionella, one type of such bacteria, oxidize iron and produce uniquely twisted extracellular stalks
consisting of iron oxide-encrusted inorganic/organic fibers. This paper describes the ultrastructure of Gallio-
nella cells and stalks and the visualized structural and spatial localization of constitutive elements within the
stalks. Electron microscopy with energy-dispersive X-ray microanalysis showed the export site of the stalk
fibers from the cell and the uniform distribution of iron, silicon, and phosphorous in the stalks. Electron
energy-loss spectroscopy revealed that the stalk fibers had a central carbon core of bacterial exopolymers and
that aquatic iron interacted with oxygen at the surface of the carbon core, resulting in deposition of iron oxides
at the surface. This new knowledge of the structural and spatial associations of iron with oxygen and carbon
provides deeper insights into the unique inorganic/organic hybrid structure of the stalks.

Some microorganisms convert metal ions to their oxidized
forms by enzymatic removal of electrons, causing physico-
chemical reactions associated with the resulting change of the
local pH (19). The so-called Fe/Mn-oxidizing bacteria have
long been recognized for their potential to form extracellular
iron hydroxide or manganese oxide structures in aquatic envi-
ronments (5, 8, 12, 15, 16, 17). Bacteria belonging to the genus
Gallionella are ubiquitous inhabitants of ocherous deposits
that form in bodies of freshwater (5). They form a uniquely
twisted extracellular iron oxide-encrusted bundle of fibers
(commonly called a twisted stalk) (5). It is presently thought
that the extracellular polysaccharides from the cell, which are
the major organic components of the stalk, are closely linked
with its mineralization by Fe, Si, and P (2, 4, 5, 7) and other
minor elements (5). However, the structural origin and the
presence of the stalk polysaccharides and the spatial associa-
tion of elements within their structure remain unsolved in spite
of a number of ultrastructural studies (2, 7, 11, 14, 18).

Iron-oxidizing bacteria such as Gallionella, Leptothrix,
Mariprofundus, and Rhodobacter (3, 5, 8, 12, 15, 16, 17), with
the ability to form extracellular iron oxides, have evoked great
interest in biological and geochemical fields of research. The
potential for future industrial use of these biologically derived
iron oxides clearly indicates the need for detailed systematic
study of the interactions of the biological organics with the

aquatic metals and minerals in the stalks. The aim of this study
is to examine the ultrastructure of Gallionella cells and stalks
and to define the structural and spatial localization of consti-
tutive elements within the stalks. Our analyses included the use
of scanning electron microscopy (SEM)/transmission electron
microscopy (TEM) with energy-dispersive X-ray (EDX) spec-
troscopy, high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM), and STEM electron
energy-loss spectroscopy (STEM-EELS).

MATERIALS AND METHODS

Sampling sites and methods. Ocherous flocs associated with microbial mats
attached to the wall of the groundwater-receiving tank were collected from a
freshwater purification pilot plant at the farm of Okayama University (see Fig. S1
and S2 and Table S1 in the supplemental material). Although typical twisted
stalks produced by Gallionella ferruginea were confirmed by light microscopy as
the predominant deposits in the flocs, it was unavoidable that we would be
looking at a mixed population because we were sampling natural products.

Light and electron microscopy. The collected samples were washed repeatedly
with sterilized ultrapure water. The specimens were observed using a differential
interference contrast microscope to confirm the prevalent presence of G. ferrug-
inea stalks. For TEM, the precipitate was collected by centrifugation and fixed
with a mixture of 2.5% glutaraldehyde, 1% OsO4, and 4.5% sucrose in 100 or 60
mM cacodylate or phosphate buffer (pH 7.4) on ice for 2 h, followed by embed-
ding in 2% agar. Small pieces of the washed agar block were dehydrated in a
graded series of ethanol and again embedded in resin mixture. Ultrathin sections
were stained with uranyl acetate and lead solution and then observed by TEM.
For SEM, the suspension of the washed specimens was dropped onto an alumi-
num stub, vacuum dried, and Pt coated.

Structural and elemental analysis. A vacuum-dried uncoated specimen on a
stub was subjected to analysis of element distribution in secondary electron
images using an SEM/EDX detector.

The uranyl acetate-lead-stained ultrathin sections on copper grids were cov-
ered with a Formvar film and then coated with carbon. The sections were
subjected to HAADF-STEM imaging and EDX elemental mapping by using a
JEOL JEM-2100F TEM equipped with CEOS Cs corrector (for spherical cor-
rection) and an EDX detector (JED-2300T; JEOL), respectively.

For examination of the stalk suspension, a sample of the suspension was
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dropped onto a copper grid covered with a carbon-coated porous thin membrane
(NEM, Japan) and then vacuum dried. The stalk suspension was then subjected
to HAADF-STEM imaging, followed by STEM-EELS mapping to examine
distribution of C, O, and Fe within the stalks. High-spatial-resolution STEM and

EELS analyses were performed using aberration-corrected STEM (JEM-2100F
with CEOS Cs corrector) operated at 200 kV with an electron beam of about 0.3
nm. The EELS spectra of C, O, and Fe were acquired using a Gatan imaging
filter ranging from 180 to 1,024 eV with a dispersion of 0.4 eV and a collection
angle of 21 mrad. EELS mapping was performed using the Digiscan function of
the Gatan digital micrograph software. The energies of the C-K, O-K, and
Fe-L2,3 edges are 284, 532, and 708 eV, respectively. The maps of C-K, O-K, and
Fe-L2,3 edges were reconstructed from the accumulated spectra on all pixels
following the standard protocol of EELS quantitative analysis, which included
subtracting background values.

RESULTS AND DISCUSSION

Ocherous flocs collected from the sampling site exhibited an
assembly of twisted (tightly to loosely) or stretched ribbon-like
stalks of irregular shapes and sizes (length, �10 to �200 �m;
width, 0.5 to 3 �m) (Fig. 1a). The stalk comprised numerous
electron-dense, closely arrayed, parallel fibers (20 to 100 nm
thick) attached to a kidney-shaped bacterial cell (Fig. 1b and
c). The high electron density of the fibers suggests deposition
of heavy metals. The fibers were readily detached from the
apical cells, and, thus, the cell-free stalks were most frequently
observed in the flocs (Fig. 1a). Morphology of the stalks and
fragility of the cell-stalk connection are very similar to features
of Mariprofundus ferrooxydans, a stalk-forming iron bacterium,
which was isolated from Fe3�-rich microbial mats in the ocean
in Hawaii (3). SEM/EDX detected major peaks of Fe and O
and minor peaks of Si, P, and Ca in the fibers (see Fig. S3 in the
supplemental material). This suggested that iron oxides were
the major inorganic constituent of the fibers and that other
minor elements were somehow linked with the fiber matrices.

Cross-sectional analysis revealed that the respective fibers
emerged from the wall region with a low electron density (Fig.
2a) along the concave side of the bacterial cells (Fig. 1b and c).
The fibers were extremely thin at their export sites from the

FIG. 1. Micrographs of G. ferruginea twisted stalks. (a) Light mi-
crograph of typical twisted stalks of ocherous flocs collected from the
groundwater-receiving tank (see Fig. S1 and S2 in the supplemental
material). Scale bar, 20 �m. (b) TEM image of long stalk fibers orig-
inating from the concave side of the bacterial cell. Scale bar, 1 �m. (c)
SEM image of closely arrayed, parallel long fibers of the twisted stalk.
Scale bar, 0.5 �m.

FIG. 2. TEM images and elemental maps showing the intimate association of the G. ferruginea cell and its stalk. (a) TEM image showing the
connecting site of the bacterial mother cell and the fibers. Fibers originate from the wall region (stars) of the cell. At the export sites (arrows), fibers are
extremely thin but become thicker within about 500 nm of the cell wall. (b) HAADF-STEM image of the cell with stretched stalk fibers from panel a.
Note the uneven electron density of the fibers. Also shown are elemental maps of Fe (c), Si (d), and P (e) in the same image site with the same
magnification as used for panel b. Note the following: (i) intense signals of Fe are detected in the fibers, but only traces are detected in the cell; (ii) a
larger number of Si signals are detected in the fibers than in the cell; (iii) P is distributed almost evenly in the cell and fibers; and (iv) a noticeable number
of Si and P signals occur in the background outside the cell and stalks. Scale bars, 0.1 �m (a) and 500 nm (b to e).
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cell (Fig. 2a) but became thicker at a distance of approximately
500 nm from the export sites and elongated with a relatively
consistent thickness thereafter, similarly to the stalk fibers of
M. ferrooxydans (3). The clearly linear structure of the fibers
(Fig. 1) suggests that the extracellular polymeric material com-
prising the fiber had a viscosity sufficiently high for protection
from diffusion into the surrounding solution. Although Fig. 2a
does not show the presence of pores in the Gallionella wall
zone, this finding led us to hypothesize that the polymeric
material could be excreted from the fine pores present in the
bacterial cell wall in a manner similar to the excretion of
cellulose fibers from Acetobacter xylinus cells (1, 9, 21).

Theoretically, the contrast in HAADF-STEM images de-
pends on the square value of the atomic number (20). The
fibers derived from a Gallionella cell, and not the cell itself,
showed high contrast (Fig. 2b), suggesting that the fibers but
not the cell contained considerable amounts of heavy metals.
In the STEM-EDX distribution map (Fig. 2c), the elongated
fibers show strong Fe signals, but the bacterial cell shows only
traces. Lutters and Hanert (11) found that an intracytoplasmic
membrane system invaginated from the concave side of the
Gallionella cell and concluded that this system was involved in
Fe2� oxidation and Fe3� excretion. Kucera and Wolfe (10)
noted that Gallionella cells possessed the unusual ability to
secrete twisted, Fe3�-encrusted stalks. However, the current
detection of trace Fe within cells in contrast to heavily con-
centrated Fe within fibers (Fig. 2b and c) suggests that intimate
organic-metal/mineral interactions could occur outside the
cells without intracellular deposition (2). This situation is sim-
ilar to that of M. ferrooxydans, in which the Fe content is at
trace levels in the cell but at relatively high levels in the stalk
(3). Chan et al. (3) concluded that most of the Fe3� from

metabolic Fe oxidation (and abiotic mineralization) was lo-
cated on the stalk.

In contrast, Si and P, which are essential elements for all
organisms, are distributed in both the fibers and the cell (Fig.
2d and e), consistent with the SEM/EDX results presented in
Fig. S3 in the supplemental material. The detection of Si and
P signals in the background (outside the cell/stalk) likely re-
flects their ubiquitous presence in the sampled groundwater,
from which they were not eliminated during specimen prepa-
ration. Note that Fig. 2d may include less precise information
concerning Si distribution because overlapping of the proximal
peaks of Si-K� and Pb-M in the EDX spectrum cannot be
avoided when Pb-stained sections are analyzed. Nevertheless,
the presence of Si is undoubtedly supported by the SEM/EDX
data obtained from uncoated dried specimens (see Fig. S3).
Heterogeneous electron density (Fig. 2a and b) and uneven
distribution (heavy to sparse) of each element in the fibers
(Fig. 2c to e) may result from the irregular distribution of
metals or minerals and/or from the uneven thickness of sec-
tioned fibers at the analyzed plane because of the twisted form
of the stalks. Si, but not P, was detected almost always in the
Gallionella stalks (5, 14), whereas neither element was de-
tected in the stalks of M. ferrooxydans (3). The constitutional
difference of these ubiquitous elements in the stalks of both
organisms, regardless of their structural similarity, could be
attributable to preferential and selective affinity of the ele-
ments for the stalk, which may provide a clue to understanding
the mechanism of stalk formation in both organisms.

In EELS mapping (Fig. 3d to f), fine, bright signal spots
represent the sites of energy loss of the incident electron beam
by the elements present. Because the energy loss for the re-
spective elements occurs at specific electron voltages, the pre-

FIG. 3. HAADF-STEM images of the stalk fibers and STEM-EELS maps of Fe, O, and C in a single fiber. (a) HAADF-STEM image of a stalk
comprised of fibers arrayed in parallel. Scale bar, 500 nm. (b) Enlarged HAADF-STEM image of a single fiber from the boxed area shown in panel
a. Scale bar, 20 nm. (c) Enlarged HAADF-STEM image of the boxed area shown in panel b on which EELS mapping was performed. Shown are
EELS spectrum images of Fe-L2,3 (d), O-K (e), and C-K (f) edges. Fe and O are distributed relatively evenly, with some darker spots caused by
the lower density of both elements but not by the absence of both elements (arrows) (d and e). C is distributed throughout, but intense signals of
C are concentrated in places in the fiber core regions although not at the marginal edge (f). Asterisks in panels d to f indicate background areas
without specimens. The precise localization of the target element can be defined by comparing the site density with the background darkness. Scale
bar, 5 nm (c to f).
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cise nanometer-level localization of the specific element is
defined by comparing the site density with the background
darkness produced by the lack of the target element (Fig. 3d to
f). Thus, the observation of some darker regions (Fig. 3d and
e) indicates a lower density but not the absence of the target
element. In the HAADF-STEM images (Fig. 3a and b), the
parallel fibers measure 20 to 70 nm thick. For EELS analysis,
a single fiber was selected from the framed STEM image (Fig.
3a and b). In an enlargement of the same image (Fig. 3b and
c), some fine, darker spots of varied sizes were observed in the
rather smooth, bright signal region. The heterogeneous bright-
ness observed likely reflects a structural unevenness of the fiber
matrix. In the Fe distribution map shown in Fig. 3d, darker
spots with low electron density are apparent in some areas,
indicating heterogeneous distribution of Fe over the entire
fiber matrix. Oxygen in the fiber is distributed in a manner
similar to Fe, but more evenly and with fewer low-density spots
(Fig. 3e). In contrast, C distribution (Fig. 3f) is characterized
by numerous signals, with a high concentration in some areas.
Interestingly, the intense C signals are not detected at the
marginal region, as is evident in comparisons of the images of
Fig. 3c to f obtained from the same framed area at the same
magnification, suggesting that C is localized in the core but to
a lesser degree, or not at all, at the margin of the fiber. The
concentrated distribution of C (Fig. 3f) led us to hypothesize
that the fiber could consist of structural units that might form
an intermingled or folded fibril C network of bacterial poly-
saccharides (Fig. 4). Moreover, the signal of regions of con-
centrated C could correspond to the crossing point of unit
fibrils (Fig. 3f). According to current understanding, chemoau-
totrophic Gallionella uses Fe2� as an energy source by oxidiz-
ing it to Fe3� in the bacterial cells, most likely in the cell
envelope, including the plasma membrane (2, 4, 6). However,
the nearly identical localization patterns of Fe and O, even at
the fiber margin (Fig. 3d and e), suggests that Fe oxidation
might occur in the entire fiber, leading to the formation of iron
oxides even at the fiber surface, and that the residual O might

interact with the other elements including C, Si, and P. These
hypotheses led us to assume that such oxidation processes
might occur independently of the bacterial cells. Chan et al. (2)
demonstrated colocalization of Fe and C on Gallionella stalks
by scanning transmission X-ray microscopy and suggested that
iron oxyhydroxide mineralization of the polysaccharide strands
possibly explains the natural formation of mineralized struc-
tures. Our EELS mapping (Fig. 3) showing colocalization of Fe
and O, rather than C, on a single fiber suggests that Fe could
exist as iron oxide and/or oxyhydroxide in the fibers. Chan et al.
(2) demonstrated that Gallionella polysaccharides spatially
correlated with iron oxyhydroxide distribution patterns as de-
termined by X-ray fluorescence microscopy, suggesting that
organic fibrils could collect iron oxyhydroxide and control its
recrystallization in the stalks. Likewise, Hallberg and Ferris (7)
revealed minute flaky iron precipitates in the fibers by SEM
and showed that the Fe/O atomic ratio is nearly 0.67 in indi-
vidual crystallites, suggesting stoichiometric formulation of
Fe2O3. Their conclusion (7) is not inconsistent with our Fe/O
distribution pattern in Fig. 3d and e. They believed that with
time the fibers became covered with iron oxyhydroxide because
of inorganic, rather than organic, chemical processes within the
stalk. These Fe ion conversion processes in the fibers are con-
sistent with the report of Rentz et al. (13) that in Gallionella
stalks and Leptothrix sheaths the abiotic oxidation included the
chemical oxidation of aqueous Fe2�, as well as the surface-
mediated Fe2� oxidation on abiogenic iron oxides. Chan et al.
(3) presented a model of stalk formation and the mineraliza-
tion process of M. ferrooxydans based on their systematic mi-
croscopical and spectroscopical work. In the model, they illus-
trated that as stalks aged, Fe oxyhydroxide minerals (for
example, lepidocrocite) nucleated on the surfaces of fibrils and
grew into larger crystals, whereas the minerals within the fibrils
remained small, and that abiotic Fe oxidation was typical of
Fe-oxidizing bacteria. Although their model serves as an in-
valuable reference for understanding the stalk formation of
Gallionella, we certainly need to collect more basic data con-
cerning the biotic versus abiotic oxidation of Fe catalysis and
the spatial and structural linkages of inorganic and organic
constituents in the fibers before considering a similar model
for Gallionella stalks.

Si and P represent major inorganic components of fibers
although they are present in lesser amounts than Fe (Fig. 2d
and e), thus resembling their distributions in the Leptothrix sp.
sheath (8, 15). However, further elucidation of the interactions
of both elements with the fibers is certainly required, and it will
provide significant insights relevant for the industrial use of the
stalks as a novel functional material.

EELS technology provides a powerful analytical tool for
understanding the nanometer-scale spatial relationships of
constitutive elements in the stalks. Since the in vitro synthesis
of Gallionella stalks has not been possible, our understanding
of their structural and compositional associations will rely on
future developments in three-dimensional tomographic con-
struction of EELS maps.
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FIG. 4. Schematic of the putative carbon fibril network comprising
a single fiber (approximately 30-nm width) of the stalk. Fibrils of a few
nanometers were intermingled and folded at the fiber core region but
not at the extreme margin. These C fibrils were excreted from the
export pores located in the wall region of the bacterial cell. Oxidized
iron could interact with C in the entire fiber.
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