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Magnetotactic bacteria synthesize intracellular magnetosomes comprising membrane-enveloped magnetite
crystals within the cell which can be manipulated by a magnetic field. Here, we report the first example of
tellurium uptake and crystallization within a magnetotactic bacterial strain, Magnetospirillum magneticum
AMB-1. These bacteria independently crystallize tellurium and magnetite within the cell. This is also highly
significant as tellurite (TeO3

2�), an oxyanion of tellurium, is harmful to both prokaryotes and eukaryotes.
Additionally, due to its increasing use in high-technology products, tellurium is very precious and commercially
desirable. The use of microorganisms to recover such molecules from polluted water has been considered as
a promising bioremediation technique. However, cell recovery is a bottleneck in the development of this
approach. Recently, using the magnetic property of magnetotactic bacteria and a cell surface modification
technology, the magnetic recovery of Cd2� adsorbed onto the cell surface was reported. Crystallization within
the cell enables approximately 70 times more bioaccumulation of the pollutant per cell than cell surface
adsorption, while utilizing successful recovery with a magnetic field. This fascinating dual crystallization of
magnetite and tellurium by magnetotactic bacteria presents an ideal system for both bioremediation and
magnetic recovery of tellurite.

Magnetotactic bacteria are known to synthesize magneto-
somes that comprise membrane-enveloped magnetic crystals
(e.g., Fe3O4 and Fe3S4) (4, 6, 23). These crystals allow them to
be directly manipulated with magnetic force (35, 40). This
biomineralization process is highly regulated by the cell, ren-
dering the crystals highly chemically pure. However, there have
been reports of magnetite and iron sulfide magnetosome crys-
tals containing manganese and copper, respectively, found in
environmental magnetotactic bacteria, but the nonferrous
metal quantities within the crystals were not consistent or con-
trolled (5, 15, 30). Recently, the controlled cobalt doping of
magnetite magnetosome crystals was also reported in magne-
totactic bacteria (37). Until now, however, there has been no
report of other toxic metal or metalloid (e.g., tellurium) being
taken up by magnetotactic bacteria. Additionally, all reports so
far show metal incorporated into the magnetosome. There has
been no report of separate crystallization independent from
the magnetite within magnetotactic bacteria. In this study, we
investigate the tellurium uptake and crystallization in a mag-
netotactic bacterial strain, Magnetospirillum magneticum
AMB-1.

The rare metalloid tellurium is used as an alloy component
in a wide range of high-technology products, including optical
discs, solar cell materials, and thermoelectric elements (27,
42). Although it is naturally rare, due to its use in the technol-
ogies described, it is becoming more and more in demand and
is therefore highly commercially desirable. This chalcogen is
rarely found in the nontoxic elemental state Te(0), but is more

commonly present in the environment in its highly toxic soluble
oxyanion form, tellurite(IV) (9). The increasing use of tellu-
rium has indirectly led to the increased contamination of water
with tellurite, which raises serious concerns for both ecological
systems and mammalian health (12, 17). There is thus a grow-
ing need to recover tellurium from the environment to both (i)
remove a toxic chemical and (ii) recycle a valuable element.

The recovery of metals and metalloids using microorganisms
has emerged as a potentially attractive (33, 34, 47) and envi-
ronment-friendly alternative to conventional techniques such
as reclamation treatments (46). The crystallization of target
molecules within the microorganisms has the potential to pro-
vide some advantages over other bioremediation technology,
such as increased accumulation efficiency over cell surface ad-
sorption or nonprecipitous uptake within the cell, decreasing
the toxicity of the pollutant by reductive (or oxidative) precip-
itation/crystallization, and additional potential to utilize the
pollutant product for further material applications. The uptake
and crystallization of Pb(II), Ag(I), Au(III), U(VI), Se(IV),
and other metals by many species has been well documented
previously (11, 14, 16, 19, 24). Some bacteria in particular have
been the subject of increased study due to the reduction and
crystallization of tellurite within or onto the cell (2, 16, 25, 45).
However, although these bacteria have been adapted and uti-
lized for the accumulation of various metals and metalloids,
cell recovery remains a bottleneck in this approach. Therefore,
modification of the system is needed to improve this step.

Recently, the potential of combining a cell surface modifi-
cation technology with magnetic recovery of heavy metals us-
ing magnetotactic bacteria was proposed (40). Here, we
present the serendipitous discovery of the simultaneous bio-
mineralization of tellurium and magnetite as discrete nanopar-
ticles within magnetotactic bacteria during cell growth. This
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has great potential for development of a bioremediation sys-
tem that incorporates tellurite removal from polluted water
with magnetic recovery.

MATERIALS AND METHODS

Determination of the MIC of tellurite for M. magneticum AMB-1 growth. M.
magneticum AMB-1 was microaerobically cultured in magnetic spirillum growth
medium (MSGM) at 28°C as previously described (39, 41). Microaerobic con-
ditions were established by purging the cultures (250 ml) with argon gas for 5
min. The MIC of tellurite for M. magneticum AMB-1 in MSGM was determined
by growing the cells in various concentrations of tellurite: 0 (control), 10, 20, 40,
60, 80, and 100 �g/ml. The cells were directly counted with a hemocytometer and
an optical microscope (Olympus BH-2) for 6 days.

Tellurite removal using magnetotactic bacteria. For tellurite removal, M.
magneticum AMB-1 was inoculated into the medium containing tellurite and
grown until the stationary phase. The medium was filtered (pore size, 0.45 �m),
dried, and dissolved with a nitric acid solution (0.1 N) at 180°C. These samples
were analyzed with an atomic absorption spectrophotometer (AA-6700; Shi-
madzu, Japan) (214.3 nm). All assays were performed in triplicate.

TEM and EDX analyses of M. magneticum AMB-1 grown in different tellurite
concentrations. M. magneticum AMB-1 cells grown in the presence of tellurite
were observed by transmission electron microscopy (TEM) (H7100; Hitachi,
Japan). Cells harvested from MSGM containing tellurite (0 and 40 �M) were
washed with phosphate-buffered saline (PBS) buffer (pH 7.4) and spotted onto
150-mesh copper grids (Nisshin EM). The samples were analyzed by TEM
operated at an accelerating voltage of 100 kV. To measure the number of
magnetite and tellurium crystals, over 30 cells were manually counted.

To verify the biomineralization of tellurium within the cell, ultrathin-section
TEM analysis was also conducted. Magnetotactic bacteria in the stationary phase
cultured in the presence of 20 �M tellurite were washed and fixed overnight with
2% glutaraldehyde in a 0.05 M sodium cacodylate buffer. After being washed
overnight with 0.05 M sodium cacodylate buffer, the material was postfixed with
2% osmium tetroxide for 2 h at 4°C, washed with Milli-Q at 4°C, dehydrated with
ethanol, and embedded in Epon 812. Ultrathin sections were obtained from
several blocks, stained with lead citrate and uranyl acetate, and observed in a
JEOL JEM1200EX electron microscope operated at 80 kV. Scanning TEM
(STEM)–energy-dispersive X-ray spectrometry (EDX) analysis was performed
with a JEOL JEM-2500SE electron microscope operating at 200 kV and was
performed with a beam current of 10 nA for 20 s (live time). Selected-area
electron diffraction SAED analysis was conducted with TEM (H-9000NAR;
Hitachi, Japan) at 200 kV.

Magnetic recovery assay of tellurium crystal-containing M. magneticum
AMB-1. A magnetic recovery assay was conducted to verify the ability to recover
M. magneticum AMB-1. Cells cultured in the presence of tellurite were harvested
and adjusted to 1.0 � 108 cells/ml MSGM. Six milliliters of each sample was

transferred to separate glass test tubes (10 mm in diameter and 7.6 cm in height),
and each test tube was sealed with a rubber bung. A cylindrical neodymium-
boron magnet (3,710 G) was used to recover the cells by attracting them to one
side of the tube. At the designated times (1, 2, 3, 4, 5, 7, 8, 13, 15, and 20 h),
culture medium from each test tube was collected by inserting a syringe through
the rubber bung and by extracting the culture medium (20 �l) near the surface.
A cell count was performed against the extracted culture medium samples. In
addition, the removed cells and tellurium concentration were also measured at
the endpoint for further verification.

RESULTS

Tellurite tolerance and uptake in M. magneticum AMB-1.
The toxic effect of tellurite on the growth of M. magneticum
AMB-1 was investigated at various concentrations of tellurite
(Fig. 1). Cells cultured in MSGM containing 10 and 20 �M
tellurite showed similar growth rates, with stationary-phase cell
densities of approximately 6.0 � 107 cells/ml, which was ap-
proximately half the number of cells grown in the absence of
tellurite. However, when the cells were cultured in higher
tellurite concentrations, a slow growth rate (40 �M) or
complete growth inhibition (60 �M) was observed (data for
80 and 100 �M not shown). Based on these observations, it
was concluded that the MIC of tellurite for M. magneticum
AMB-1 was 60 �M.

The time course of tellurite concentrations in the cell and in
the medium was measured (Fig. 2). For cells grown in 40 �M
tellurite, the cell growth and tellurite uptake were saturated at
7 days. The final cell density gradually decreased with increas-
ing concentrations of tellurite in the medium (Table 1). The
most effective condition for tellurite removal with respect to
proportion of initial concentration was 20 �M tellurite, where
58.8% of the initial tellurite and 1.8 � 108 tellurite molecules
were accumulated by the cells. On the other hand, in the
medium containing 40 �M tellurite, 38.6% of the initial tellu-
rite was accumulated by the cells, which accounts for 2.7 � 108

tellurite molecules per cell, which is the maximum tellurite
concentration accumulated.

In order to compare this method with the cell surface ad-
sorption of tellurium, tellurium adsorption onto a magnetotac-
tic bacteria cell membrane modified with hexahistidine-tagged

FIG. 1. Tolerance of M. magneticum AMB-1 to tellurite. Cells
grown in different concentrations of tellurite were directly counted (�,
0 �M; f, 10 �M; ‚, 20 �M; }, 40 �M; and �, 60 �M). The average
values from three independent experiments were obtained. Error bars
show standard deviations.

FIG. 2. Tellurite removal during magnetotactic bacterial cell
growth. Tellurite removal using magnetotactic bacteria (�, dashed
line) and cell growth (Œ, black line) was evaluated in the presence of
40 �M tellurite for 7 days. The average values from three independent
experiments were obtained. Error bars show standard deviations.
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outer membrane protein (MspI) in 40 �M tellurite was also
evaluated based on the previously described EDTA wash
method (40). Approximately 3.6 � 106 tellurium atoms per cell
were adsorbed. This value is similar to that of Cd2� adsorption
onto the modified cell surface (3.8 � 106) (40), which is 2
orders of magnitude less than the accumulation achieved by
crystallization within the cell presented in this study.

Analysis of simultaneous biomineralization of discrete tel-
lurium and magnetite nanoparticles within M. magneticum
AMB-1. To verify the accumulation of tellurium within M.
magneticum AMB-1, TEM analysis was conducted on un-
stained samples. Rod-shaped nanostructures (�15 nm in di-
ameter by �200 nm in length) in addition to the magnetite
magnetosome crystals were observed (Fig. 3A and B). The

TABLE 1. Tellurium recovery using magnetotactic bacteria

Initial tellurite
concn in

MSGM (�M)

Final cell
density

(�107 cells/ml)

Recovery of
tellurium from

MSGM (%)

No. of recovered
tellurium

molecules/cell

Avg no. of particles/cella

Magnetite Tellurium

0 12.4 23.6 � 4.1
10 6.5 45.2 4.2 � 107 15.1 � 3.3 8.2 � 4.8
20 4.0 58.8 1.8 � 108 11.7 � 3.5 14.8 � 7.6
40 3.5 38.6 2.7 � 108 9.4 � 4.2 32.2 � 9.6

a The data are shown as means � standard deviations.

FIG. 3. Transmission electron micrographs of magnetotactic bacteria grown in the presence of tellurite. (A) Magnetotactic bacteria grown (i)
in the presence of tellurite (40 �M) and (ii) in its absence. The scale bar indicates 100 nm. (B) Ultrathin-sectioned micrograph of magnetotactic
bacteria grown in the presence of tellurite. The image on the right is a magnification of the square area from the left image. Black and white arrows
indicate magnetite and tellurium, respectively. The scale bar indicates 100 nm.
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number and the size of these crystals within the cell increased
with increasing initial concentration of tellurite in the medium
(Table 1). Additionally, the morphological change of magne-
tite crystals within the magnetotactic bacteria grown in the
presence of tellurite was not observed. Elemental analysis us-
ing STEM-EDX on these samples reveals that the magneto-
somes are composed of magnetite (black arrow) and the nano-
rods contain tellurium (white arrow), and both are present
within the same cell. It should also be noted that tellurium

nanorods were not observed in either the periplasmic space or
on the cell surface (Fig. 3B). Results from representative M.
magneticum strain AMB-1 with biominerals containing tellu-
rium are presented in Fig. 4A. Te, Fe, and O element mapping
of magnetotactic bacteria clearly shows crystals containing ei-
ther Te or Fe and O. The spot scan shows that C, O, Fe, and
Te were the only elements present (the Cu and C were from
the copper TEM grid and carbon coating, respectively) (Fig.
4B). Tellurium in the rod-shaped crystals (*i) and Fe and O in

FIG. 4. STEM-EDX and SAED analyses for magnetite and tellurium within magnetotactic bacteria. (A) Bright-field (BF) STEM image with
SAED patterns of a rod-shaped crystal and STEM-EDX maps of Te, Fe, and O taken using a probe size of approximately 2 nm; (B) spot scans
of *i and *ii as representations of tellurium and magnetite, respectively.
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magnetite (*ii) were concentrated within the magnetotactic
bacteria. In addition, the linear electron diffraction pattern of
spots, which is identical to the tellurium single crystalline form
(the Joint Committee on Powder Diffraction Standards no.
36-1452), was observed from the rod-shaped crystal by SAED
analysis. Therefore, these analyses show that there is no tellu-
rium doping of the magnetite and suggest the rod-shaped crys-
tals are composed of pure elemental crystalline tellurium(0),
which seems to be reduced from tellurite(IV) in the medium.

Magnetic recovery of magnetotactic bacteria cultured in the
presence of tellurite. The fact that magnetotactic bacteria can
be recovered using a magnetic field significantly increases the
potential to utilize them for bioremediation. The magnetic
recovery assay shows that approximately 100% of the bacteria
grown in 10 �M tellurite were successfully recovered within 7 h
(Fig. 5). However, the time for magnetic cell recovery gradu-
ally increased with increasing concentrations of tellurite. For
cells grown in 40 �M tellurite, total cell recovery required 15 h.
The amount of tellurium depleted from the medium contain-
ing 40 �M tellurite was also determined, and a total of approx-
imately 33.6% of the tellurium was accumulated in the cells.
Thus, in addition to the finding that magnetotactic bacteria can
be utilized for bioremediation, in the presence of tellurite, we
have demonstrated that the cells can be efficiently recovered.

DISCUSSION

Tellurite is known to be toxic to most microorganisms at
concentrations as low as 10 �M (38, 45). The model Gram-
negative bacterium Escherichia coli O157 (wild type) has a
MIC of 4.5 �M for tellurite. However, a specific resistant
isolate has shown a MIC of 4.6 mM (44). The MIC of tellurite
for M. magneticum AMB-1 was determined to be 60 �M, which
shows M. magneticum AMB-1 to be 13 times more resistant to
tellurite than E coli (wild type). Although M. magneticum

AMB-1 does not display resistance as high as that of some
tellurite-resistant organism, the cells are capable of tellurite
reduction and crystallization mechanisms within the cell
(Fig. 4).

A number of genetic tellurite resistance determinants that
can be found in the bacterial chromosome have been identified
in different bacteria (9). Although these determinants mediate
tellurite resistance by an as-yet-unknown mechanism, several
genes such as those coding for nitrate reductase (narGHIJ; E.
coli) (1) and dihydrolipoamide dehydrogenase (lpdA; Aeromo-
nas hydrophila) (8), the tellurite resistance gene trgAB
(Rhodobactor sphaeroides) (28), and the toxic anion resistance
gene telA (R. sphaeroides) (28) were suggested to be linked to
the reduction of tellurite. Within the whole-genomic informa-
tion on M. magneticum AMB-1 (22), lpdA (Amb3963, 4e�88;
Amb2321, 1e�63; and Amb1666, 1e�41), trgB (Amb1307,
5e�26), narH (Amb3289, 3e�21; Amb3542, 2e�18; Amb1649,
4e�17; and Amb3377, 4e�13) were found and presumed to be
the respective homologous gene. Although further study is
necessary, these genes may play a role in the reduction of
tellurite within the magnetotactic bacteria. Recently, tellurite
was suggested to serve as an electron acceptor for anaerobic
growth of some prokaryotes during production of the telluri-
um(0) crystal, while no dissimilatory electron transport to tel-
lurium compounds is known to date (10). To understand the
tellurium precipitation mechanism within the magnetotactic
bacteria, further biochemical and genetic studies are required.

Tellurium is an interesting element. A metalloid, it has prop-
erties likening it to metals such as iron, as well as its fellow
chalcogens such as oxygen and sulfur, having various oxidation
states and a similar ionic radius. A gradual decrease of mag-
netite crystal formation was seen for cells grown in higher
tellurite concentrations (Table 1). This was also verified by the
magnetic recovery assay, as cells recovered from a higher tel-
lurite concentration contained more tellurium crystals and
fewer magnetite crystals, rendering them less magnetic, thus
demanding a longer recovery time (Fig. 5). These observations
suggest tellurium inhibits magnetosome formation or that the
tellurium crystallization system competes to some extent with
the magnetosome synthesis system.

Interestingly, many (not all) rod-shaped tellurium nanocrys-
tals were observed along the magnetite crystal chain within
magnetotactic bacteria (Fig. 3). Within other microorganisms,
internal tellurium crystals are formed close to the cell’s periph-
ery, conform to the contour of the cell envelope, and randomly
form in the cytoplasmic space (7, 29, 32, 44). This leads to
questions of how these nanorods interact with magnetosome
components such as the actin-like protein MamK (18, 43) and
thus questions about the possibility of whether or not these
nanorods are forming within magnetosome-like vesicles. How-
ever, tellurium crystals surrounded by membranous structure
were not observed by TEM analysis of thin-sectioned samples
in this study.

In addition to tellurium affecting magnetosome synthesis
and tellurium crystal localization, the fact that tellurium crys-
tals form independently of magnetite crystals is also very curi-
ous. There have been reports of nonferrous metal incorpora-
tion (e.g., manganese and cobalt) into magnetite crystals in
magnetosomes (15, 37). In this research, tellurite has been
reduced and crystallized independently of magnetite crystals,

FIG. 5. Magnetic recovery assay of tellurium crystal-containing M.
magneticum AMB-1. The percentage of recovered cells is calculated
from the initial cell numbers (1.0 � 108/ml) by counting the number of
dispersed cells left within the culture medium. In addition, the number
of cells recovered by magnetic force was also verified by counting the
cells recovered at the endpoints. M. magneticum AMB-1 (0 �M (}), 10
�M (f), 20 �M (Œ), and 40 �M (�)) was cultured and assayed with
the respective concentrations of tellurite. The average values from
three independent experiments were obtained. Error bars show stan-
dard deviations.
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contrary to the partial oxidation and incorporation into mag-
netosomes that occur for ferrous ions. Perhaps then tellurium
should be considered to be behaving like the other chalcogens.
Thiosulfate (S2O3

2�) is frequently taken up by bacteria and
reduced to elemental sulfur (S0) to form sulfur globules (20).
Indeed there have been reports of sulfur globule formation
occurring in several magnetotactic bacteria, although the
mechanism is still unknown (3, 36). There are literature re-
ports of tellurium substitution of sulfur in amino acids such as
cysteine in tellurium-resistant fungi (26, 31). Therefore, as
tellurium can be considered to be an analogue to sulfur, we
tentatively suggest that the tellurium nanorods described in
this report are analogues to sulfur globules.

Recent research in material sciences has focused on prepar-
ing nanorods of either TeO2 or Te using expensive and haz-
ardous organic coordinating solvents, as well as some complex-
ing agents (13, 21). Crystallization within magnetotactic
bacteria may also yield diverse tellurium nanomaterials that
can be generated under mild conditions using tellurite from
the environment and without requiring the use of either harsh
chemical or physical methods.

Conclusion. We have reported the first account of tellurite
uptake by magnetic bacteria and demonstrated successful bi-
omineralization of discrete crystals of tellurium and magnetite
within the same cell, and thus efficient magnetic recovery was
verified. This discovery could lead to development of a novel
tellurium recovery system. Therefore, we believed that magne-
totactic bacteria provide new advantages for the development
of various biorecovery technologies, the bioremediation of pol-
luted water, and also new methods of tellurium nanomaterial
synthesis.
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