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Abstract: The magnetic nanoparticles were extracted from Leptospirillum ferriphilum, strain YSK, isolated from acid mine
drainages by treatment with sodium dodecyl sulfate(SDS) and centrifugation through a sucrose density gradient. Transmission
electron microscopy(TEM) indicates that the nanoparticles are approximately spherical with a mean diameter of 44 nm, and
magnetite crystals in this size range are single magnetic domains. Energy-dispersive X-ray analysis shows that the nanoparticles
primarily contain two kinds of elements, iron and oxygen. Thus it can be concluded that the magnetic particles are magnetosomes.
Generally, it is thought that cellular magnetotaxis is a direct consequence of the cell possessing magnetosomes. The discovery of
magnetosomes in strain YSK can provide the theoretical basis for screening efficient bioleaching bacteria which are specific to

different magnetic minerals under an outer magnetic field.
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1 Introduction

From 1975, there is much interest in finding magne-
totactic bacteria[l], because bacterial magnetosome
particles, unlike those produced chemically, have a
consistent shape, a unique crystallography, a narrow size
distribution within the single magnetic domain range and
so on. Therefore, there may be a new path for
synthesizing particular magnetic nanomaterials by
magnetotactic bacteria[2]. MATSUNAGA[3] predicted
that magnetosomes synthesized by magnetotactic
bacteria would be a novel bioresource for application in
high technology. Presently, magnetosomes have been
used in magnetic domain analysis[4],
recovery[5], detection of environmental microorganisms,
and other applications including the
development of novel materials[6,7], recognition of RNA,
extraction and detection of DNAJS8,9], the diagnosis of
tumour and so forth. Moreover, it i1s worthwhile to
magnetic iron-storage protein,
magnetoferrtin, has shown numerous applications in
biological and medical technology[10].
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mention that the

Magnetotactic  bacteria are cosmopolitan in
distribution and ubiquitous in aquatic habitats with few
exceptions, but they have not been found in significant
numbers in well aerated[l1] or in acidic aquatic
environments such as acid mine drainages(AMD). The
extraction of magnetosomes genus
leptospirillum has not been reported. On the basis of
similarities between the strain YSK and magnetotactic
bacteria reported (Table 1), we speculated that the
extremely acid environment is likely to benefit the
formation of magnetosomes. The major objectives of this
work are to attempt to extract magnetosomes from the
strain YSK and provide the theoretic basis for screening
efficient bioleaching bacteria which are special to
different magnetic minerals under outer magnetic field.

from the

2 Experimental

The strain YSK (16S rDNA sequence GenBank
access number, DQ343299) was cultured in growth
medium containing the following components (g/L):
(NH,),S0, 3.00;, KC1 0.10; K,HPO, 0.50; MgS0O,-7H,0
0.50; Ca(NO3), 0.01; FeSO4-7TH,0 44.2. The pH was
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Table 1 Comparison of properties between strain YSK and

magnetotactic bacteria

Property Magnetotactic bacteria Strain YSK
Shane Coccoid, rod-shaped, Spirilloid or
P vibrioid and spirilloid vibrioid
Optimal growth 30 C 40 °C
temperature
Requiring Anaerobic, microaerobic, .
oxygen type aerobic type Aerobic type
Trophic tvpe Chemo- Chemo-
PAsTD heterotrophic autotrophy
Gram stain Gram-negative Gramnegative
G.th Waters or soils AMD
environment
Culture medium Feand S Fe
Optimal pH 6.7 1.6

adjusted to 1.6 with 5 mol/l. H,SO,. Incubation was
shaken at 180 r/min, 40 ‘C after the addition of 1%
(volume fraction) inoculum.

Cells concentrated by centrifugation from the
growth medium were washed three times with 0.02

mol/L. H,S0,. Cells were then resuspended in PBS buffer,

and the cell suspensions were centrifuged for 5 min at
12 000 r/min and the supernatant was discarded. The
above process was repeated several times until the
supernatant did not exhibit any further color change (red)
when several drops of H,0, and 0.5 mL of 0.2% KSCN
were added respectively.

After dehydration with 95% ethyl alcohol, Fe-free
cells were fixed by adding 1% OsO, to the culture
medium to bring the final OsO, concentration to 0.1%.
Cells were then concentrated by centrifugation, washed
in Kellenberger buffer, suspended in tryptone-salt
solution, and embedded in low viscosity, thermally
curing Epon resin. Ultrathin sections were cut from the
resin blocks by using a Leica Microsystems. The sections
were transferred to 50 pm formvar Cu TEM grids for
image analysis.

Approximately 0.5 g of Fe-free cells was added to a
2 mL Eppendorftube containing 1.0 mlL TE buffer
(pH=8.0) and 100 pl. of 20%SDS. The mixture was
agitated gently by vortexing for 30 s and incubated at 55
C for 10-30 min. The magnetic particles were then
immobilized on a Promega™ magnetic stand and the
supernatant was discarded. After washing twice with
PBS buffer, the magnetic particles were again washed
twice with anhydrous ethanol. After the evaporation of
ethanol at room temperature, the magnetic particles were
purified and collected by 40%—80% sucrose gradient
centrifugation (6 000 r/min, 10—20 min) according to
XIE et al[12]. The purified pellets were frozen dry by
vacuum and then placed on grids directly.

Samples were observed and recorded with a JEOL
JEM-1230 TEM at an accelerating voltage of 80 kV.

Scanning electron microscopy(SEM) and energy-

dispersive X-ray analysis were performed at 20 kV and
80 kV respectively using a JEOL IJSM-6360 LV
scanning electron microscope equipped with an
EDX-GENESIS60S X-ray analyzer.

3 Results and discussion

3.1 Cell morphology

Cells of strain YSK are small curved rods or spirilla
(Fig.1). Critical-point-dried cells have relatively constant
diameter (0.278—0.421 pm; average 0.35 um), but their
lengths vary considerably from 1.54 pm to 3.17 pum
(average 2.36 pm). The variation results from the fact
that young cells are vibrio shaped, but in cultures older
than 5 d, cells are mostly spiral shaped with two to four
turns of the helix, even though approximately 60% of the
examined cells consist of two turns or less.

Fig.1 SEM images of cell preparations of strain YSK

3.2 TEM of thin-sectioned preparations

TEM of thin-sectioned preparations shows that cells
of strain YSK contain only 3—5 electron-dense particles
that are readily observed(Fig.2), but approximately 30%
of the cells lack the particles entirely. The largest
particles are situated in the center or bottom of the cell.
The particles were intracellular, i.e., they are located
inside the cytoplasmic membrane. The electron-dense
particles in the cells of strain YSK are not arrange in a
single chain. This result is similar to that reported by
RODGERS et al[13].
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Fig.2 TEM morphology of ultrathin section of cells of strain
YSK

3.3 TEM and energy-dispersive X-ray analysis of

magnetic particles

Transmission electron micrograph of the purified
particles (Fig.3) indicates that these particles in the cells
of strain YSK are round-like or cuboidal in shape and are
24—-64 nm (average 44 nm) in diameter. Energy-
dispersive X-ray analysis (Fig.4) indicates that the
magnetic particles in the cells of strain YSK mostly
consist of two kinds of elements, iron and oxygen, of
which the element iron accounts for 50.15% and oxygen
for 26.38%. Basic analysis shows that the mineral phase
of the magnetic particles is composed of Fe;O,. The
detected carbon (Fig.4) can be attributed to electron-
dense layer surrounding magnetic particles.
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Fig.3 TEM morphology of magnetic particles purified
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Fig.4 Energy-dispersive X-ray analysis of magnetic particles

To date, the cellular morphologies of magnetotactic
bacteria reported include coccoid, rod-shaped, vibrioid
and spirilloid. Strain YSK, isolated from acid mine
drainages(AMD) of Dexing Copper Ore of China,
belongs to the genus Leptospirillum, Gram-negative
members of the domain Bacteria; vibrioid and spirilloid.
Therefore, in morphology, strain YSK is in accordance
with basic properties of magnetotactic bacteria reported
previously. On the other hand, the mineral phases of the
magnetosomes reported are of two general types, iron
sulfides[14].  Iron
magnetosomes contain particles of ferromagnetic mineral

oxides and iron oxide-type
magnetite (Fe;O,4), while the iron sulfide-type contains
ferromagnetic greigite (Fe;S,), greigite and non-
magnetic pyrite (FeS,), or possibly ferromagnetic
pyrrhotite (Fe;Og). Regardless of their compositions, the
crystalline particles in magnetosomes have a narrow size
range: approximately 25—-120 nm. Magnetite crystals
within this size range are single magnetic-domains. In
this work, the size (average 44 nm) of the particles
formed bv strain YSK 1is iust within the size of the
calculated stability field of single-domain magnetite.
Furthermore, the strain YSK, when subjecting to an outer
magnetic field, shows weak magnetotaxis. Generally, it
is thought that cellular magnetotaxis i1s a direct
consequence of the cell possessing magnetosomes|14].
Thus it can be concluded that these particles in cells of
strain YSK are magnetosomes.

It was reported[15] that the magnetism of Pyrrhotite
can change with ratio of Fe to S (Table 2). The isolates
from a medium containing Pyrrhotite with a relatively
weak magnetism usually possess magnetic particles. The
bacteria have a higher Fe*-oxidized efficiency in the
process of pyrite bioleaching. Therefore, the discovery of
the weak magnetotaxis of strain YSK can provide the
theoretic basis for screening efficient bioleaching
bacteria which are special to different magnetic minerals
under an outer magnetic field.

Table 2 Comparison between crystal structure and magnetism

of Pyrrhotite
Chemistry Molar ratio of Crystal ;
structure Feto S structure Magpetism
FeS 1:1 Hexagonal system Weak
Fe;;Sq, 0.957 Hexagonal system
Fe oSy 0.952 Hexagonal system i
Fegslo 0.947 -
Fe;Ss 0.933 Monoclinic system  Strong
Though in most magnetotactic bacteria the

magnetosomes are arranged in one or more chains|[16,
17], the magnetosomes of strain YSK are not arranged in
chains in this study. Of the cells observed, about 70%
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contains only 3—5 particles, which is possibly due to the
difference between the genetic characteristics and
growing condition of strain YSK. Generally, the
magnetite-produced magnetotactic bacteria prefer the
OATZ and behave as oxygen-respiring microaerophiles
[18]. So far, about 20 species of magnetotactic bacteria
are found, among which several strains of aerobic
magnetotactic bacteria, i.e. AMB, HM-1 and YSC-1, are
isolated from seawater and freshwater[19—21], but most
are heterotrophic, anaerobic and difficult to attain pure
culture[22]. Difficulties in cultivating magnetotactic
bacteria result from their growth pattern, which is
adapted to sediments and chemically stratified aquatic
habitats [23]. More efforts are needed in searching
suitable conditions for laboratory mass cultivation.
However, YSK, which belongs to
chemolithoautotrophic and aerobic bacteria, is isolated
from extremely acidic environments and easily cultured.
Therefore, the aerobic magnetotactic bacterium strain
YSK supplies a reference material for biomagnetism and
bionics. On the other hand, the largest number of
magnetotactic bacteria reported previously is found at or
just below the oxic-anoxic boundary or transition
zone(OATZ). The discovery of the aerobic strain YSK
also challenges the OATZ theory. Furthermore, with
uniform granularity, high specific surface area and
avirulence to cell, magnetosomes will bring about
countless potential value in many fields. So, recent
progress in techniques for isolating and culturing strain
YSK offers possibility for the large-scale production of
bacterial magnets.

strain

4 Conclusions

1) The magnetic particles are isolated from strain
YSK by treatment with sodium dodecyl sulfate and
centrifugation through a sucrose density gradient.

2) Transmission electron microscopy and the energy
profile analysis indicate that the magnetic particles are
magnetosomes.

3) The existence of magnetosomes in strain YSK is
in accordance with its weak magnetotaxis exhibited
under an outer magnetic field.
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