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Abstract

We investigated the relationship between the synthesis of bacterial mag-
netic particles (BMPs) and the transcription of magA gene—encoding iron
transport protein using synchronous culture of Magnetospirillum magneticum
AMB-1. Synchronously cultured cells were subjected to transmission elec-
tron microscopic observation and fluorescence in situ hybridization. The
average number of BMPs slowly increased in the cell with increasing cell
size. A sharp increase in BMPs occurred just before cell division and resulted
in maximum BMP production of 30 particles/cell. The transcription of magA
was regulated immediately before and after cell division.

Index Entries: Synchronous culture; Magnetospirillum magneticum AMB-1;
bacterial magnetic particle; cell cycle; magA gene.

Introduction

Magnetic bacteria have been found in freshwater and marine sedi-
ment (1). They produce magnetic particles, which are small (50-100 nm)
and covered with a stable lipid membrane (2). A magnetic bacterium,
Magnetospirillum magneticum AMB-1, has beenisolated (3) and the bacterial
magnetic particles (BMPs) have been used for highly sensitive immuno-
assays in which enzymes and antibodies immobilized on BMPs were used
(4,5). Genetic analysis of BMP synthesis has led to the isolation of the magA
gene from M. magneticum AMB-1, which encodes an iron transport mem-
brane protein on the BMPs (6). Functional proteins have been displayed on
BMPs using MagA as an anchor protein through the gene fusion (7). Protein A—
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displayed BMPs through the fusion with MagA protein has also been used
in immunoassays (8,9). These applications emphasize the need to enhance
the production of BMPs for biotechnological applications.

To design cell cultivation processes and to achieve efficient produc-
tion, several factors need to be considered. To overproduce BMPs, fed-
batch culture of M. magneticum AMB-1hasbeen performed with continuous
addition of nitric acid and iron to the medium (10,11). The cell density
during fed-batch cultures of AMB-1 was 10 times higher than that in batch
culture; however, the yield of BMPs per cell was decreased. Our recent
work shows that the yield of BMPs per cell decreases only after logarithmic
growth in a fed-batch culture (unpublished results). The cell-cycle popula-
tion is one of important factors, because the characteristics of the cells in
phases may differ with respect to gene expression. The cell-cycle depen-
dency of rice a-amylase production by a recombinant yeast has been
reported (12). Cyclic appearance of intracellular nitrogenase activity was
observed in the synchronously grown marine cyanobacterium Synecho-
coccus sp., revealing cell-cycle-dependent nitrogenase activity (13). This
characteristic has been used for efficient production of hydrogen mediated
by nitrogenase in this cyanobacterium (14). We previously described how
a synchronous culture of M. magneticum AMB-1 was successfully estab-
lished by repeated cold treatment of cells (15).

In the present study, we investigated the relationship between magA
expression and BMP synthesis during different cell-cycle phases. The results
obtained in this study may contribute to control of cell-cycle phases for
efficient BMP production in the strain AMB-1.

Materials and Methods

Bacterial Strain and Growth Medium

M. magneticum AMB-1 (ATCC700264) was cultured with 40 mL of
magnetic spirillum growth medium in a 50-mL flask at 25°C (16). The oxy-
gen concentration in the gas phase was reduced to <1 ppm by repeated
flushing with argon.

Synchronous Cultivation

Synchronous cultivation of AMB-1 cells was achieved by using
repeated cold treatment at 5°C (15). Precultured AMB-1 cells were inocu-
lated into 40 mL of medium to a density of 1 x 10° cells/mL. The culture was
incubated for 14 hin a constant 25°C (optimum growth temperature) water
bath and then transferred between constant 5°C and 25°C water baths at
5-h intervals for five cold treatments. The cold-treated cells were inocu-
lated into a 40-mL fresh medium to a density of 2 x 10¢ cells/mL and cul-
tured at 25°C. The cell concentration was determined every hour by direct
cell count using a hemocytometer. Cells immediately before division
that were longer and had a narrow middle section were considered “dou-
bling cells.”
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Fig. 1. Relationship between cell growth and percentage of doubling cells in syn-
chronous culture. A, synchronous cell growth curve; O, percentage of doubling cells.

Transmission Electron Microscopic Observation
of Synchronous Culture

Synchronously cultivated cells were sampled at 2-h intervals and
observed with a transmission electron microscope (Hitachi H700) operat-
ing at 150 kV. Electron-dense particles in the cells were counted and an
average number of particles/cell were determined.

Fluorescence In Situ Hybridization Analysis

Synchronously cultivated cells were sampled at 2-hiintervals and used
for fluorescence in situ hybridization (FISH) analysis for magA expression.
FISH was carried out using chemically synthesized fluorescein isothio-
cyanate (FITC)-labeled magA probe (FITC-5'-CAGATCGCGGAACGA
ATGGACATG-3') according to the method of Chomczynski (17).

Results and Discussion

Figure 1 shows the cell growth curve of synchronously grown AMB-1
at 25°C. Cell density remained constant for approx 4 h, doubled during a
short period of about 1 h, then remained constant for another 4 h, which
indicated synchronicity of cells. The percentage of doubling cells in culture
increased from 20 to 40% rapidly and then decreased by 17%. This alter-
ation of the proportion of doubling cells also indicated synchronized cell
division. However, the percentage of doubling cells at dividing phase
(4-h cultivation time) was 40%. In synchronously grown Synechococcus sp.
using light/dark cycles, higher synchronicity (70-80% of doubling cells)
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Fig. 2. Average BMPs/cell at various intervals of synchronous culture.
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Fig. 3. Transmission electron micrographs of AMB-1 cells sampled at various inter-
vals during synchronous growth. Bars = 1 pm.
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Fig. 4. Detection of magA mRNA in synchronous cells by FISH using FITC-labeled
magA probe. (A) Difference interference contrast image; (B) fluorescence image.

was performed under continuous light conditions (13). By contrast, lower
synchronicity in AMB-1 may be caused by taking a time for temperature
shift of medium and its shorter generation time than cyanobacteria.

To investigate BMP synthesis in synchronously grown AMB-1,
change of the number of BMPs per cell was investigated. BMPs per cell
gradually increased with increasing cell size, as shown in Figs. 2 and 3.
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However, the number of BMPs sharply increased immediately before cell
division in spite of cell size and reached a maximum number of 30 par-
ticles/cell at 4 h. The magnetic particles were equally divided to daughter
cells. These data suggest that BMP synthesis by AMB-1 occurs just before
cell division following a short period.

FISH gave strong fluorescence by FITC in whole cells at 0, 2, 8, and 10 h
(Fig. 4). On the other hand, fluorescence signals in the cells were weak at
4 and 6 h. These results show that magA was transcribed during most of the
cell cycle and repressed just before and after cell division. The repression
of magA transcription at the phase of active BMP synthesis occurred, which
may be caused by fluctuation of iron concentration in the cells. The tran-
scription of magA is repressed during iron-sufficient conditions.

The BMP synthesis was found to rapidly increase just before cell divi-
sion. The control of cell-cycle phase will contribute to enhanced BMP pro-
ductionin AMB-1. In future studies, we will design a new fed-batch culture
system by controlling cell cycle for efficient BMP production.
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