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This paper reports the features of an as yet uncultivated magnetotactic coccus, named MYC-1, recently found from surface sediments of Lake Miyun near Beijing. Light microscope and Bacteriodrome analyses demonstrate that MYC-1 is north-seeking in the
Earth’s magnetic field. Transmission electron microscope (TEM)
attached with energy-dispersive X-ray analyses reveal that this coccus contains a single chain of magnetosomes, containing approximately 10 large iron-oxide crystals. Morphology of these crystals
is featured by prism with a mean length and width of 117 nm and
95 nm (statistics from 281 crystals), respectively; it yields an aspect factor of 1.24. A linear relationship (r2 = 0.83) clearly exists
between the length and width of crystals. In agreement with previous results, we observed that the size distribution of the MYC-1
is distinctly asymmetric with cut off toward larger sizes, which is
the opposite of non-biogenic crystals. Low-temperature magnetic
measurements on bulk bacteria samples show a distinct Verwey
transition temperature (Tv ) around 115 K indicative of magnetite,
thus the magnetosomes contain magnetite. For a field of 0.5 mT,
we determined a swimming speed of approximately 141 µm/s for
the MYC-1. Furthermore, the magnetic moment estimated from
the rotating magnetic field method is 1.8 × 10−15 Am2 per cell.
Finally, this finding of freshwater magnetotactic coccus in Lake
Miyun suggests that magnetite produced by the MYC-1 strain is a
potentially important remanence carrier in these lake sediments.
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INTRODUCTION
Various magnetotactic bacteria (MTB) have been found in
diverse aquatic environments, e.g., marine and lake sediments,
wet soil, estuary and the deep sea during the past three decades
(Bazylinski and Frankel 2004). These bacteria, which exhibit
different cellular morphologies, including coccoid, rod-shaped,
vibrioid, spirilloid and multicellular (Blakemore et al. 1979;
Meldrum et al. 1993a, 1993b; Spring et al. 1993; Lins and
Farina 1999), affiliate within Proteobacteria and Nitrospira phylum (Schüler 2008). The hallmark of MTB is that they possess
intracellular, membrane-bounded crystals of magnetic iron oxide (magnetite) or iron sulfide (greigite) minerals (Blakemore
1975; Frankel and Blakemore 1984; Bazylinski et al. 1994),
named magnetosomes. Magnetosome crystals are typically 35–
120 nm long and have high chemical purity and species-specific
crystal morphology. This narrow crystal size range is within
the single-domain (SD) size range of magnetite which is able
to carry stable permanent remanent magnetization (Kopp and
Kirschvink 2008; Moskowitz et al. 2008). Magnetosomes usually form chain(s) in the cell, so as to maximize the magnetic moment within the bacteria. This allows orientation in the Earth’s
magnetic field facilitating migration to their favored position
in the natural oxygen and chemical gradient (Blakemore 1982;
Frankel 2007).
Magnetosomes are of great interest in a number of areas of
science because of their unique magnetic properties and perfect crystalline form (Petersen et al. 1986; Pan et al. 2005b;
Pan et al. 2005a; Kopp et al. 2007; Lang et al. 2007; Kopp
and Kirschvink 2008; Moskowitz et al. 2008; Schüler 2008).
In addition, whether biogenic magnetites differ from abiotic
crystals in terms of magnetism, crystallography and size distribution is also of interest (Meldrum et al. 1993a; Moskowitz
et al. 1993; Devouard et al. 1998; Pan et al. 2005a). For
example, size distribution has been proposed as a potential diagnostic tool to distinguish between the biogenic and
abiogenic origin of magnetite (Devouard et al. 1998; Arato
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et al. 2005; Faivre et al. 2005). However, in spite of the ubiquitous distribution, data from MTB-produced magnetite is so far
still sparse due to difficulties in cultivation of MTB cells in the
laboratory. Therefore, detection and characterization of more
MTB, in particular the uncultured species by using effective
separation techniques, are needed. Fortunately, environmental
MTB can be magnetically enriched by taking advantage of their
magnetotactic behaviour.
Recently several different kinds of MTB were found within
sediment from Lake Miyun near Beijing, China (Lin et al.
2009). Transmission electron microscope (TEM) and 16S rRNA
genes analyses revealed that at least 8 different potential species
of MTB exist in this lake, including cocci, spirilla and rodshaped bacteria. Interestingly, a giant rod-shaped bacterium
(5–10 µm), which contained hundreds of bullet-shaped magnetosomes arranged in 3–5 bundles of chains, was also found
in Lake Miyun. Phylogenetic assignment and comparative sequence results show that all of these MTB can be affiliated into
Alphaproteobacteria and Nitrospira phylum (Lin et al. 2008,
2009).
Among the MTB found in Lake Miyun, one kind of magnetotactic coccus, which harbors a single chain of magnetosomes,
is the dominant morphotype in several plastic bottles (microcosms). Previous phylogenetic analysis of the magnetic enrichment revealed four 16S rRNA gene sequences with high identity
(> 99.8%) (Lin et al. 2008), implying that probably only one
species presented in the studied enrichment (designated MYC1). In the present study, combined approaches were used for
characterizing the physical properties of this as yet uncultivated
bacterium. We have investigated the crystal size and shape distributions of magnetosomes within MYC-1 using a TEM; the
composition of magnetosomes using energy-dispersive X-ray
analysis and low-temperature magnetic measurements; and the
swimming speed and magnetic moment of MYC-1 cells using
a Bacteriodrome instrument. Results are also compared with
other MTBs reported in the literature.
MATERIALS AND METHODS
Sampling
Lake Miyun is located in the Yanshan Mountain, ∼80 km
northeast of downtown Beijing. This man-made lake, built in
1958 to supply drinking water to the city, has a water body
exceeding 1 billion cubic meters and a maximum water depth
of 40 m (Chen et al. 2007). The Chao and Bai Rivers are the
two major sources of the lake. Surface sediment (5–10 cm)
with lake water was collected using a shovel from the southwestern part (∼2 m water depth). Sediment and water in a
proportion of approximately 3:1 were stored in 600 ml microcosms at room temperature in the geomagnetism laboratory at
the Institute of Geology and Geophysics, Chinese Academy
of Sciences (IGGCAS). Lake water was added every three or
four days to keep an approximately constant sediment water
ratio.

After storage for 3–4 weeks, we applied a simple magnetic
separation method described by Pan et al. (2005b) to detect
whether the sediments contain MTB. A Bacteriodrome (Petersen Instruments, Germany), which is comprised of a light
microscope with two sets of square coils attached, orientated
perpendicular to each other, allowing a magnetic field of user
specified direction and intensity to be applied, was used. Specifically, a drop of sediment was put onto a microscope slide and a
drop of distilled water carefully added next to the drop of sediment in the direction of the applied magnetic field. By applying
a field intensity of about 0.4–0.5 mT, we noted that a swamp
of living MYC-1 swam out of the sediment and accumulated
at the distilled water front. When reversing the magnetic field,
the bacteria correspondingly swam in the opposite direction. By
using this easy magnetic isolation method, MYC-1 cells with
high purity and relatively large amounts of bacteria were collected for electron microscope and low-temperature magnetic
measurements.
Transmission Electron Microscope and Energy-Dispersive
X-Ray Analysis
Living MYC-1, isolated from the sediments, were placed
on a copper TEM mesh grid covered with a carbon film and
air-dried. A Model Philips Tecnai 20 at the Institute of Biophysics, CAS, with accelerating voltage 120 kV was used for
the examinations. For energy-dispersive X-ray analysis, seven
samples were examined using the high-resolution transmission
electron microscope (HRTEM) Model H-9000 at Beijing University in order to investigate the chemical composition of the
magnetosomes.
Low-Temperature Magnetic Measurements
Low-temperature magnetic measurements of enriched MYC1 cell samples (air dried) were performed using a Quantum
Design Magnetic Property Measurement System (MPMS XP5) (sensitivity, 5.0 × 10−10 Am2 ). A field-cooled curve (FC)
was acquired by cooling the cell samples from 300 K to 5 K in
a 5 T field and then measuring the remanence during warming
from 5 K to 300 K in a zero field.
Bacteriodrome Analysis
A drop of sediment containing MYC-1 obtained using the
magnetic separation method described above was put on a
microscope slide. On the Bacteriodrome, alternating magnetic
fields were generated by the two crossed coils, which can yield
a homogeneous field that rotates in the horizontal plane. The
rotating field has a frequency ω = 2π /T, where T is the period
of one cycle. T could be varied between ∞ (steady field) and
0.5 sec. The field strength applied in this study ranged from
0.1 to 1 mT. This allows the swimming speed ν and magnetic
moment m of a single bacterium to be determined according to
Petersen et al. (Petersen et al. 1989).
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FIG. 1. Transmission electron microscope micrographs and energy-dispersive X-ray spectra. (a) round cell and single magnetosome chain; (b) prism morphology
crystals arranged in linear single-chains with their [111] directions parallel to the chain axis; (c) a zigzag magnetosome chain (d) linear chains in individual cells;
(e) EDX spectrum obtained from a crystal with visible iron oxides; (f) EDX spectrum obtained from particle-free region.

RESULTS
Shape Distributions and Grain-Size of MYC-1
Magnetosomes
Light microscope and TEM analysis reveal that the magnetically enriched MYC-1 has diameters 1.6 to 2.2 µm, with a mean
of 1.7 µm (based on 33 cells). A single linear chain of 6–17 intracellular magnetosomes was detected within the cell (Figure 1a).
The average number of magnetosomes per chain is about 10 and
the mature magnetosomes in projections are truncated rectangles (Figures 1b and d). Crystals were found to have their [111]
directions parallel to the magnetosome chain axis. Although
most magnetosome chains were linear and free of extended defects, a few chains were kinked or zigzagged (Figure 1c).
The two-dimensional projections of a total of 281 intracellular magnetite crystals from 33 cells were measured. The length
of the magnetosomes varied from 24.7 to 172.1 nm with a mean
of 117.6 ± 24.7 nm, while the width varied from 19.5 to 140.2
nm with a mean of 95 ± 19.5 nm. A strong linear relationship exists between the length and width of the magnetosomes
(r2 = 0.83) (Figure 2), suggesting that the MYC-1 exert high

bio-control on the crystal formation. The mean aspect factor
(length/width) is 1.24 ± 0.11, shape factor (description of the
elongation) is 0.81 ± 0.07, and size ([length+width]/2) is 106.3
± 21.6 nm (Figure 3).

FIG. 2. Relationship between lengths and widths of intracellular magnetite
crystals of the MYC-1 (r2 = 0.83) (N = 281).
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FIG. 3. Histograms of length, width, size and shape factor of intracellular magnetite of the MYC-1 (N = 281).

Composition of Magnetosomes
The results from energy-dispersive X-ray analysis suggest
that the magnetic crystals of MYC-1 cells are composed of iron
oxide (Figures 1e and 1f). The carbon, copper and aluminum in
the spectra are from the copper mesh grid that was covered with
a carbon film. No iron was detected in crystal-free regions of
the cell. However, sulfur, nitrogen and phosphor were detected
(Figure 1f), which are common elements in the organism.
To further determine the composition of these iron oxide crystals, low-temperature magnetic measurements were performed
on bulk cell samples. Demagnetization of saturation remanent
magnetization (SIRM) acquired at 5 K in a field of 5 T (after
being cooled in field) are shown in Figure 4. During warming
SIRM has a sharp drop around 115 K, indicating the magnetosomes are magnetite (Moskowitz et al. 1993; Pan et al. 2005a;
Prozorov et al. 2007). The decrease below 50 K might be the

effect of non-matured magnetosomes which have superparamagnetic properties.
Estimation of Swimming Speed and Magnetic Moment
Based on the special swimming behavior of MTB, the swimming speed and magnetic moment of a single magentotactic
bacterium can be determined using a Bacteriodrome and the
method proposed by Petersen et al. (1989). In the present study,
a rotating field with a frequency of 0.5 Hz and field strength of
0.5 mT (10 times the Earth’s magnetic field) was used (Figure
5a). Measurements on more than 100 cells of MYC-1 (circles)
yield average swimming speeds of 141 µm/s at a field intensity
of 0.5 mT. Changing the frequency of the field to 1.0 and 1.5 Hz
did not affect the swimming speed (data not shown).
Utilizing the rotating magnetic fields, the magnetic moment
m of a single cell can be independently estimated using the
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FIG. 4. Low-temperature demagnetization of saturated isothermal remanent magnetization after cooling in a field of 5 T (Field-Cooling curve) of MYC-1 sample
(filled circles) and negative control of background (open circles). Tv represents the temperature of the Verwey transition.

equation here.
m≈

16ηπ 2 3
16ηπ 2 3 f
=
HT
H

[1]

where η is the viscosity of water,  is the length of a bacterium, f
is the frequency of the rotating magnetic field, H is the magnetic
field intensity, and T is the period of one cycle. With increasing
rotation field frequency, we found that at a field intensity of 0.4
mT with frequency f = 2.4 Hz the circular path could not be
maintained (Figure 5b). Knowing that η = 3.76 × 10−3 and
 = 1.7 µm, we obtain m ≈ 1.8 × 10−15 Am2 , for a MYC-1
cell.

DISCUSSION
Lake Miyun, as a drinking water source for the city of Beijing,
is highly protected and contains water that is certainly cleaner
than other lakes in the vicinity. The north-seeking MYC-1 strain
together with other kind of MTB are found in the surface sediments near the oxic-anoxic transition zone (OATZ) in the lake
(Bazylinski and Frankel 2004). However, in early field surveys
we found only a few living MTB in another man-made lake,
Lake Guanting, in the northwest of the city. Moreover, MTB
were not detected in sediments of lakes and channels inside
the city, where water were certainly polluted to some extent.
These observations may therefore imply that MTB are pollution
sensitive and cannot survive in polluted waters.

FIG. 5. Swimming paths of MYC-1 strains in rotating magnetic fields. (a) field intensity H = 0.7 mT with frequency ω = 0.5 Hz. (b) field intensity H = 0.4 mT
with frequency ω = 2.4 Hz. Under conditions in (b), magnetic torque was not sufficient and the bacteria broke out of their circular path.
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TABLE 1
Comparison of properties between MYC-1 and other MTB
MTB
species
MYC-1a
MC-1b
MV-2c
MS-1d
MSR-1e
M. bavaricum f

Morphology
of cell

Average
cell length
(µm)

Chains
per
cell

Magnetosomes
per cell

Size of
magnetosomes
(nm)

Observed
swimming
speeds (µm/s)

Magnetic
moment
(Am2 )

Coccoid
Coccoid
Vibrioid-to-helicoid
Spirillar
Spirillar
Rod-shaped

1.7
1–3
2.5
4.3
1–3
8–10

1
1
1
1
1
3–5 bundles

10
10 (14)
17
17.6
11.6
hundreds

117 by 95
72 (83) by 70 (78)
48 by 26
50 by 42
42–45 (diameter)
110–150 by 40

141.3
—
—
44 g
—
40 g

1.8 × 10−15
—
—
5.0 × 10−16g
—
3.2 × 10−14g
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a
This study;b Meldrum et al., 1993a; c Meldrum et al., 1993b; d Balkwill et al., 1980; f Schüler et al., 1995; e Spring et al., 1993 and g Frankel
et al. 2006.

TEM analyses in the present study showed that magnetite
crystals are arranged in a single chain in MYC-1. MTB can use
cytoskeletal filaments (or cytoskeleton-like structure) to position magnetosomes in chains with the help of special proteins
(Komeili et al. 2006; Scheffel et al. 2006). The magnetosomes
display an elongated prismatic habit, which is similar to the
marine magnetotactic bacterium MC-1 (Meldrum et al. 1993a).
Although twining was previously observed in both bacterial and
synthetic magnetite crystals (Devouard et al. 1998), it was not
found in the MYC-1 produced magnetite (33 cells).
In comparison with other MTB, a distinct feature of the
MYC-1 is that their magnetosome crystals are larger than the
magnetosomes in cultivated MTB (see Table 1). MYC-1 crystals have a mean length of 117 nm and width of 95 nm, with
a maximum length and width of 172 nm and 140 nm, respectively. Micromagnetic structure analyses and electron holography measurements by McCartney et al. (2001) reveal that the
large magnetosome magnetite crystals (up to 200 nm in length)
can be essentially single magnetic domains as long as they are
in a linear chain configuration.
The crystal-size and shape distributions of bacterial magnetite carry useful information about the growth histories of
crystal populations; consequently, they can be used as potential biomarkers for identifying magnetite as originating from
magnetotactic bacteria (e.g., Arato et al. 2005 and references
therein). In MTB, magnetite is deposited within magnetosome
membrane (Komeili et al. 2004), allowing the MTB to exert a
high degree of control over both the composition and size. So
far, a few available data obtained from cultured MTB as well
as uncultured species have shown that the size distributions of
intracellular magnetite crystals are narrow and have a distribution that is asymmetrically negatively skewed, of the opposite
of abiotic magnetite (Devouard et al. 1998; Arato et al. 2005;
Faivre et al. 2005; Han et al. 2007). The observed distinct linear
relationship between lengths and widths of MYC-1 regardless
of grain size (Figure 2), similar to the MV-4 strain (Meldrum
et al. 1993b), supports a high degree of biological control on
the crystal formation process. The asymmetry of the length,

width and size distributions of MYC-1 (Figure 3) is also consistent with distribution shapes of other bacterial magnetosomes.
In contrast, chemical synthetic magnetite usually has a broader
grain-size range and size distribution asymmetry with cut-off
toward the smaller sizes (Han et al. 2007).
Swimming speed is an important feature of the mobility of
bacteria because, by swimming, bacteria can find optimal localities in their favourite environment where they can maximize
their substrate or energy uptake (Thar and Kühl 2003). For a
given stable field intensity, it was found that the swimming
speed of the MYC-1 was independent of the frequency of the
magnetic field, which is in accordance with the previous result of Petersen et al. (1989). The present study shows that the
MYC-1 can swim at a speed of 141 µm/s under field strength of
0.5 mT. It is much faster than the rod-shape “Magnetobacterium
bavaricum” (36 µm/s) (Petersen et al. 1989), Magnetospirillum
magnetotacticum strain MS-1 (44 µm/s) at magnetic field intensity of 50 µT, and Magnetospirillum sp. strain AMB-1 (49 µm/s
at magnetic field intensity of 7 mT) (Seong and Park 2001).
Determining the magnetic moment of a MTB cell is somewhat challenging. Petersen and coworkers proposed to estimate
the swimming speed through the swimming of MTB in a rotating
field. They found that MTB swim in circular paths in a rotating
field, and there is always an angle between the magnetic moment
of bacterium and the field. As the frequency of the rotating field
increases to a critical frequency for a given field strength, the
MTB break out of the circular path (Figure 5b). This can be used
to calculate the magnetic moment of a MTB cell (Petersen et al.
1989). Based on this approach, we estimate that the average
magnetic moment of MYC-1 is about 1.8 × 10−15 Am2 per cell.
Its corresponding magnetic energy in the Earth’s magnetic field
is much greater than the thermal energy at room temperature.
Consequently, a cell would be sufficient for magnetic orientation
along the field. In comparison, it is greater than the magnetic moment of 7.0 × 10−16 Am2 for strain MV-1 and 5.0 × 10−16 Am2
for M. magnetotacticum strain MS-1 (Dunin-Borkowski et al.
1998). Although it is less than the average magnetic moment of
“Magnetobacterium bavaricum” (3.2 × 10−14 Am2 ) (Spring
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et al. 1993), the magnetic moment of individual magnetic
crystals of MYC-1 is possibly larger than “Magnetobacterium
bavaricum” if the number of magnetosomes is considered. Further analyses of magnetic properties of other MTB are of great
importance as magnetosomes can significantly contribute to the
magnetic properties of lake and marine sediments and even
soils in natural environments (Pan et al. 2005a, 2005b; Kopp
et al. 2006, 2007; Kopp and Kirschvink 2008; Moskowitz et al.
2008).
CONCLUSIONS
The magnetotactic coccus MYC-1 collected from Lake
Miyun near Beijing has intracellular crystals (average 10 magnetosomes per cell) arranged in one linear chain (though occasionally zigzagged). The observed mean size of a magnetosome
crystal, average length and width of 117 nm and 95 nm, respectively is much larger than crystals produced by other MTB
as reported in the literature. Both the energy-dispersive X-ray
analyses and the low-temperature magnetic measurements (having Tv ∼115 K) demonstrate that the MYC-1 contain magnetite
magnetosomes. They can thus be important contributors to the
natural remanence of sediments in this lake. Finally, the size
distribution of the crystals is negatively skewed, consistent with
previously reported results for MTB, further supporting the suggestion that size distribution can be used as a tool for identifying
bacterial intracellular magnetite.
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Lin W, Li J, Schüler D, Jogler C, Pan Y. 2009. Diversity analysis of magnetotactic bacteria in Lake Miyun, northern China, by restriction fragment length
polymorphism. Syst Appl Microbiol, doi: 10.1016/j.syapm.2008.10.005.
Lins U, Farina M. 1999. Organization of cells in magnetotactic multicellular
aggregates. Microbiol Res 154:9–13.
McCartney M, Lins U, Farina M, Buseck P, Frankel R. 2001. Magnetic microstructure of bacterial magnetite by electron holography. Eur J Mineral
13:685–689.
Meldrum F, Mann S, Heywood BR, Frankel RB, Bazylinski DA. 1993a. Electron microscopy study of magnetosomes in a cultured coccoid magnetotactic
bacterium. Proc Roy Soc Lond B 251:231–236.
Meldrum FC, Mann S, Heywood BR, Frankel RB, Bazylinski DA. 1993b.
Electron microscopy study of magnetosomes in two cultured vibrioid magnetotactic bacteria. Proc Roy Soc Lond B 251:237–242.
Moskowitz BM, Frankel RB, Bazylinski DA. 1993. Rock magnetic criteria
for the detection of biogenic magnetite. Earth Planet Sci Lett 120:283–
300.
Moskowitz BM, Bazylinski DA, Egli R, Frankel RB, Edwards KJ. 2008. Magnetic properties of marine magnetotactic bacteria in a seasonally stratified
coastal pond (Salt Pond, MA, USA). Geophys J Int 174:75–92.
Pan Y, Petersen N, Winklhofer M, Davila A, Liu Q, Frederichs T, Hanzlik
M, Zhu R. 2005a. Rock magnetic properties of uncultured magnetotactic
bacteria. Earth Planet Sci Lett 237:311–325.
Pan Y, Petersen N, Davila A, Zhang L, Winklhofer M, Liu Q, Hanzlik M, Zhu
R. 2005b. The detection of bacterial magnetite in recent sediments of Lake
Chiemsee (southern Germany). Earth Planet Sci Lett 232:109–123.
Petersen N, Dobeneck Tv, Vali H. 1986. Fossil bacterial magnetite in deep-sea
sediments from the South Atlantic Ocean. Nature 320:611–615.
Petersen N, Weiss DG, Vali H. 1989. Magnetic bacteria in lake sediments.
In: (Lowes F, ed). Geomagnetism and Palaeomagnetism. Kluwer, pp 231–
241.
Prozorov R, Prozorov T, Mallapragada SK, Narasimhan B, Williams TJ,
Bazylinski DA. 2007. Magnetic irreversibility and the Verwey transition
in nanocrystalline bacterial magnetite. Phys Rev B 76, doi: 10.1103/PhysRevB.76.054406.
Scheffel A, Gruska M, Faivre D, Linaroudis A, Plitzko JM, Schuler D. 2006.
An acidic protein aligns magnetosomes along a filamentous structure in magnetotactic bacteria. Nature 440:110–114.
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Thar R, Kühl M. 2003. Bacteria are not too small for spatial sensing of chemical
gradients: An experimental evidence. Proc Natl Acad Sci USA 100:5748–
5753.

