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An improved strategy was developed for the high-density culture of Magnetospirillum gryphiswaldense strain
MSR-1 and large-scale magnetosome production in both 7.5- and 42-liter autofermentors. By using a nutrient-
balanced feeding strategy and the replacement of carbon and nitrogen sources to reduce accumulation of Na�

and Cl� ions, we reduced the factors that tend to inhibit cell growth, particularly the increase of osmotic
potential. Semicontinuous culture was thereby achieved in the autofermentor for the first time. When the cells
were harvested at 36 and 73 h, magnetosome yields (dry weight) as high as 168.3 and 83.5 mg/liter/day,
respectively, were achieved. These values were, respectively, approximately 10 and 5 times higher than the
yields achieved in previous studies and represent a significant improvement in magnetosome production
efficiency.

Biomineralized magnetosomes (chains of magnetite crystals
found in prokaryotes) have attracted commercial interest be-
cause of their narrow size range, good dispersibility, and
biomembrane enclosure. Previous studies have addressed a
variety of applications and properties, including enzyme im-
mobilization (5), gene delivery system (16), cell separation
(19), drug carriers (11, 12), immunoassays (4, 14), protein and
multisubunit enzyme complexes (7, 20), and use of microor-
ganisms per se for mineral recovery (13). Because of the highly
restrictive culture conditions for magnetotactic bacteria, in
terms of the dissolved oxygen concentration (dO2) (3, 17),
nutrients, etc., the yields of both magnetosomes and their host
microorganisms under artificial culture tend to be low (10, 18).
A long-standing research goal of our laboratory is improved
large-scale production of cells and magnetosomes.

In a previous study using fed-batch culture techniques (10),
we achieved maximal cell density (optical density at 565 nm
[OD565] of 7.24, cell dry weight of 2.17 g/liter [0.87 g/liter/day],
and magnetosome dry weight of 41.7 mg/liter [16.7 mg/liter/
day]). Through further optimization of culture temperature,
pH, dO2, and nutrients, we achieved an OD565 value of 12 in a
7.5-liter fermentor after 40 h of culture (unpublished data). In
revising our previous feeding strategy, we focused on supple-
mentation of carbon and nitrogen sources but ignored two
possible factors that could inhibit cell growth: (i) nutrient lim-
itation arising during fermentation process and (ii) the accu-
mulation of Na� and Cl� in a fermentor fed with sodium
lactate and ammonium chloride. By replacing the carbon and

nitrogen sources and using an optimally nutrient-balanced
feeding strategy, in a 7.5-liter fermentor after 44 h, we achieved
an OD565 of 30.4, a cell dry weight of 7.59 g/liter (3.8 g/liter/
day), and a magnetosome dry weight of 225.53 mg/liter (112.77
mg/liter/day). In a larger (42-liter) fermentor, after 44 h, we
achieved an OD565 of 42, a cell dry weight of 9.16 g/liter (4.58
g/liter/day), and a magnetosome dry weight of 356.52 mg/liter
(178.26 mg/liter/day). The efficiency of magnetosome produc-
tion in a 42-liter fermentor was 10.7 times higher than the
previous maximal value. Based on these optimizations of feed-
ing strategy, a semicontinuous culture was achieved success-
fully for the first time in a 7.5-liter fermentor.

MATERIALS AND METHODS

Bacterial strain. M. gryphiswaldense strain MSR-1 (DSM6361) was purchased
from Deutsche Sammlung von Mikro-organismen und Zellkulturen (Brunswick,
Germany).

Culture medium 1. Culture medium 1 was prepared by using a shaking flask and
contained preculture medium composed of sodium lactate at 2.6 g/liter, NH4Cl at 0.4
g/liter, yeast extract at 0.1 g/liter, MgSO4 � 7H2O at 0.1 g/liter, K2HPO4 � 3H2O at
0.5 g/liter, and 0.5 ml of mineral elixir (pH 7.0). The mineral elixir (1 liter, pH 7.0)
was composed of the following: nitrilotriacetic acid, 15 g; MgSO4 � 7H2O, 3 g;
MnSO4 � 2H2O, 5.0 g; NaCl, 10.0 g; FeSO4 � 7H2O, 1.0 g; CoSO4 � 7H2O,
1.8 g; CaCl2 � 2H2O, 30.0 g; ZnSO4 � 7H2O, 1.8 g; CuSO4 � 5H2O, 0.1 g;
KAl(SO4)2 � 12H2O, 0.2 g; H3BO3, 0.1 g; Na2MoO4 � 2H2O, 0.1 g;
NiCl2 � 6H2O, 0.25 g; and Na2SeO3 � 5H2O, 3.0 mg.

Culture medium 2. Culture medium 2 was prepared by using a shaking flask
and contained 0, 40, 80, or 160 mM NaCl, respectively, plus 50 ml of shaking flask
medium with an additional 0 g (positive control), 0.117 g, 0.234 g, or 0.468 g of
NaCl, respectively.

Fermentation medium. The fermentation medium (4.5 liters) was composed of
the following: sodium lactate (70 to 80%), 6.0 g; NH4Cl, 1.0 g; MgSO4 � 7H2O,
0.12 g; yeast extract, 0.3 g; K2HPO4 � 3H2O, 0.3 g; and mineral elixir, 0.35 ml.

Feeding media. Feed A was composed of the following: sodium lactate, 45.0 g;
lactate (85 to 90%), 64.0 g; NH4Cl, 36.6 g; K2HPO4 � 3H2O, 3.0 g;
MgSO4 � 7H2O, 1.2 g; FeCl3 � 6H2O, 2.0 g; yeast extract, 3.0 g; and mineral elixir,
3.5 ml. Feed B was composed of the following: sodium lactate, 45.0 g; lactate,
64.0 g; NH4Cl, 36.6 g; K2HPO4 � 3H2O, 6.0 g; MgSO4 � 7H2O, 2.4 g;
FeCl3 � 6H2O, 2.0 g; yeast extract, 6.0 g; and mineral elixir, 7 ml. Feed C was
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composed of the following: lactate, 100.0 g; NH3 � H2O (25 to 28%), 18.0 ml;
K2HPO4 � 3H2O, 6.0 g; MgSO4 � 7H2O, 2.4 g; FeCl3 � 6H2O, 2.0 g; yeast extract,
6.0 g; and mineral elixir, 7 ml. All reagents were analytical grade.

Effect of NaCl concentration on cell growth. A defined amount of cells was
inoculated (10% [vol/vol]) into shaking flask medium and subjected to gradient
NaCl concentrations as described above. Cells were cultured for 24 h, 30°C, and
100 rpm, and the OD565 values were measured.

Determination of the optimal dissolved oxygen concentration (dO2). The dO2

was cascaded at 50, 30, 10, and 1%, and between 0 and 1% for 4 h in 7.5-liter
fermentor (Bioflo 110; New Brunswick Scientific, NJ). The dO2 could not be
accurately cascaded at values between 0 and 1% because of the limited accuracy
of the cascade control.

Fed-batch culture in 7.5-liter fermentor. The inoculum for the fermentation
was cultured by three sequential transfers with 10% (vol/vol) inoculation, under
the same conditions as for the shaking flask culture. Fermentation was conducted
with a working volume of 5 liters after 10% (vol/vol) inoculation at 30°C, an
initial airflow of 0.5 liter/min, and agitation at 200 rpm. The pH was maintained
at 6.9 by automated supplementation of feeding medium. The dO2 was main-
tained between 0 and 1% by the regulation of airflow or agitation every 2 h, after
which it decreased to 0% at 12 h. One bottle feeding medium was sufficient for
MSR-1 growth to an OD565 of �20. The OD565, the osmotic potential, the
magnetic response (Cmag), and the concentrations of lactate, NH4

�, and Fe2�/
Fe3� ions were measured starting at 12 h, at intervals of 4 h until termination of
the culture.

Semicontinuous culture in a 7.5-liter fermentor. Semicontinuous culture was
performed using the same control strategy as that described for the fed-batch
culture, with the supplementation of Feed C. A 4.5-liter portion of broth was
discharged at the late logarithmic growth phase (end of “first stage”), until 0.5
liter of broth remained; 4.5 liters of fresh fermentation medium were then added
(beginning of the “second stage”).

Measurement of the cell density (OD565) and magnetic response (Cmag). The
OD565 was measured by a UV-VIS spectrophotometer (UNICO2100; UNICO
Instrument Co., Ltd, Shanghai, China). The Cmag was calculated by measuring
the maximum and minimum scattering intensities (8).

Concentrations of lactate, NH4
�, and iron ions. Sample supernatants at de-

fined times were prepared by centrifugation (12,000 rpm, 2 min). The concen-
trations of lactate, NH4

�, and Fe2�/Fe3� ions in the supernatant were measured
by using a BioSensor analyzer (SBA-40C; Institute of Biology, Shandong Acad-
emy of Sciences, China) (10), the indophenol blue method (6), and the ferrozine
method (1), respectively.

Transmission electron microscopy (TEM). A suspension of concentrated bac-
teria obtained by centrifugation was adsorbed onto a copper grid, washed twice
with distilled water, dried, and viewed and recorded using a transmission electron
microscope (H-8000; Hitachi, Japan) (10).

Osmotic potential. The osmotic potential (in mmol/kg) of the supernatant as
described above was measured with a vapor pressure osmometer (model 5520;
Wescor, Inc., Logan, UT).

Dry weight of cells and magnetosomes. The cell dry weight was measured after
wet cells were dried at 70°C. The magnetosome dry weight was measured after
the magnetosomes were purified by the magnetic absorption method described
previously (15) and then dried at 70°C.

RESULTS AND DISCUSSION

Control strategy for dO2. Magnetosomes can be synthesized
under microaerobic or anaerobic conditions. However, low
dO2 values (i.e., 0%) significantly inhibit cell growth. A dO2

control strategy was based on the measurement of Cmag and
the observation of cell pellet color under a dO2 gradient in
7.5-liter fermentor. The cell pellet turned black when the dO2

decreased to a level between 0 and 1%. Cmag measurements
revealed that the cells became responsive to external magnetic
fields only when the dO2 fell below 1% (Table 1). Therefore,
fermentations were performed with control of dO2 between 0
and 1% by regulation of airflow and agitation (rpm).

Nutrient-balanced feeding strategy. According to “Liebig’s
Law of the Minimum,” the biomass in a given system is usually
restricted by the amount of one particular nutrient, while other
nutrients are present in excess (2). We examined data from

previous fermentation experiments and confirmed that such
nutrient limitation phenomenon applied.

When the bacteria were grown in fed-batch culture with
supplementation of feed A for 44 h, the OD565 reached a
maximum of 12. When the cells were grown for the same time
with feed B plus additional amounts of K2HPO4 � 3H2O,
MgSO4 � 7H2O, yeast extract, and mineral elixir, the OD565

reached a maximum of 19.4 (Fig. 1A). The concentrations of
lactate and NH4

� were maintained in the ranges 0.2 to 1.07
g/liter and 0.04 to 0.11 g/liter, respectively (Fig. 1B), which
were favorable for growth. The concentration of Fe2�/Fe3�

was increased from 8.6 to 71.3 �M (Fig. 1C), whereby magne-
tosomes were synthesized, but cell growth was not suppressed.
As the dO2 decreased to �0%, the Cmag increased rapidly,
reaching a max imum of 1.68 at 28 h (Fig. 1D). The nutrient-
balanced feeding strategy described above effectively extended
the logarithmic growth phase of MSR-1 in fed-batch cultures.

We also formulated a nutrient-balanced feeding strategy in
order to minimize possible growth-inhibitory effects of exces-
sive amounts of nutrients. The results from repeated experi-
ments showed that at least an “M” amount of a particular
nutrient (one feeding bottle) was required for growth of
MSR-1 cells to an OD565 of 20. We hypothesized that in order
to reach an OD565 of “A”, a “B” amount of the nutrient would
be required, according to the equation: B � (A/20) � M. The
application of a nutrient-balanced feeding strategy, based on
this equation, led to a 61.7% increase in the maximal OD565 in
the present study.

Isosmotic culture. The results of repeated fermentation ex-
periments showed that an OD565 of �20 was the upper limit
for a nutrient-balanced feeding strategy. Real-time examina-
tion by high-performance liquid chromatography (HPLC)
showed the accumulation in culture broth of an unknown com-
ponent (peak) during the fermentation process. We speculated
that supplementation of sodium lactate and NH4Cl in culture
medium led to the accumulation of Na� and Cl� ions. Indeed,
the unknown peak had the same HPLC retention time as
NaCl.

Effect of NaCl concentration on cell growth in shaking flask
culture. According to theoretical calculations, final concentra-
tions of �89 mM Na� and �157 mM Cl� were accumulated by
the end of fermentation. The salt tolerance of MSR-1 in a
shaking flask culture was evaluated by using a gradient of NaCl
concentrations. Even a low concentration (40 mM [2.34 g/li-
ter]) of NaCl significantly inhibited the cell growth. The OD565

at the end of fermentation was �22% that of positive control.
Degree of growth inhibition was correlated with NaCl concen-
tration (Fig. 2). These findings indicated that accumulation of

TABLE 1. Effect of cascading dO2 values on magnetic
response (Cmag)

dO2 (%) Cmag Cell pellet color

50 0 White
30 0 White
10 0 White
1 0 White

�1 1.37 Black
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Na� and Cl� is the major factor inhibiting cell growth in
fed-batch cultures.

Reversing inhibition of cell growth by replacement of C and
N source. When fed-batch culture was supplemented with feed
C for 44 h, the OD565 reached a maximum of 30.4, an increase
of 56.7% compared to culture with feed B (Fig. 3A). Lactate

and NH4
� concentrations were maintained in the growth-pro-

moting ranges of 0.17 to 1.26 g/liter and 0.07 to 0.23 g/liter,
respectively (Fig. 3B). Fe2�/Fe3� concentration increased
from 1.59 to 68.53 �M (Fig. 3C), which allowed magnetosome
formation without cell growth inhibition. The Cmag reached a
maximum of 1.58 at 24 h (Fig. 3D). TEM showed that no
magnetosome synthesis occurred at the initial stage of fermen-
tation (dO2 � 100%), whereas mature magnetosome chains
were formed at later stages (24 to 44 h) (Fig. 4).

Osmotic potentials of fed-batch cultures supplemented with
feed B versus feed C. An increase in the osmotic potential is
harmful to the bacteria and may result from the accumulation
of Na� and Cl� in the culture medium. Osmotic potential was
compared for fed-batch cultures supplemented with feed B
and feed C (Fig. 5). In cultures with feed B, the osmotic
potential of broth increased �3-fold. In contrast, supplemen-
tation with feed C led to an isosmotic culture.

Automated feeding mode. Feeding mode is a crucial factor in
high-density culture. Previous studies of M. gryphiswaldense
strain MSR-1 indicated that relatively low concentrations of C
and N are suitable for growth. In order to maintain low C and

FIG. 1. Fed-batch culture of M. gryphiswaldense strain MSR-1 cells in a 7.5-liter autofermentor supplemented with feed B (see the text).
(A) Cell growth curve. The cell density (i.e., the OD565) reached a maximum of 19.4 at 44 h. (B) Concentrations of lactate (f) and NH4

� (‚). Each
was controlled at a low level suitable for cell growth. (C) The Fe2�/Fe3� concentration in fermentor increased with time but remained within the
cell tolerance range. (D) Relation of Cmag (‚) and dO2 (f). The Cmag increased rapidly as dO2 declined to 0% at 12 h, but then decreased in the
late logarithmic phase and the stationary phase.

FIG. 2. Effect of NaCl (concentration gradient) on cell growth in a
shaking flask culture.
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N concentrations, it is necessary to establish an automated
feeding mode. Results from repeated fermentation experi-
ments showed that MSR-1 growth rate is directly related to the
rate of increase of pH in broth. By regulating the pH through

the proper adjustment of lactate and NH4
� levels in the feed-

ing medium, we successfully established an automated supple-
mentation of nutrients and pH regulation for optimal cell
growth in 7.5- or 42-liter fermentor.

FIG. 3. Fed-batch culture of MSR-1 cells in 7.5 L fermentor supplemented with Feed C. (A) Cell growth curve. The OD565 reached a maximum
of 30.4 at 44 h. (B) Concentrations of lactate (f) and NH4

� (‚). Each was controlled at a low level suitable for cell growth. (C) The Fe2�/Fe3�

concentration was sufficient for magnetosome formation without an inhibitory effect on cell growth. (D) Relation of Cmag (‚) and dO2 (f). The
Cmag increased initially and then declined in late logarithmic phase.

FIG. 4. TEM images of MSR-1 cells at 0, 24, and 44 h in fed-batch cultures supplemented with feed C. No magnetosome formation occurred
at 0 h. Mature magnetosome chains with linear arrangements were observed from 24 to 44 h. Bar, 1.0 �m.
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Excessively high levels of nutrients in culture medium will
lead to excessive accumulation of metabolites and inhibit cell
growth. The maintenance of proper, low concentrations of
each nutrient during a long fermentation process is difficult. A

successful automated feeding mode can be established only by
carefully investigating relationships between the supplementa-
tion rate of various nutrients and the cell growth rate.

Semicontinuous culture. Based on the findings described
above, we established a semicontinuous culture supplemented
with feed C in 7.5-liter fermentor. Because mature magneto-
some chains formed starting at 24 h and to ensure the growth
of cells in the second stage, the first stage was ended at late
logarithmic phase (OD565 � 25.5) and not at the stationary
phase. The OD565 of the second stage reached a maximum of
13.8 at 69 h (Fig. 6A). The interval between the two stages was
1 h. The concentrations of lactate (0.3 to 1.5 g/liter) and NH4

�

(0.06 to 0.3 g/liter) in the fermentor were suitable for growth
(Fig. 6B), and the concentration of Fe2�/Fe3� (increasing
from 5.9 to 101.2 �M) allowed magnetosome synthesis without
the inhibition of cell growth (Fig. 6C). In the first stage, the
Cmag reached a maximum of 1.58 at 24 h and then decreased to
1.35 at the end. In the second stage, the Cmag reached a
maximum of 1.36 and then declined to 0.97 (Fig. 6D).

Purification of magnetosomes. In fed-batch cultures of
MSR-1 in a 7.5-liter fermentor using an optimized feeding
strategy, the OD565 reached 30.4 after 44 h. The dry weight

FIG. 5. Osmotic potential of fed-batch culture supplemented with
feed B or feed C.

FIG. 6. Semicontinuous culture of MSR-1 cells in a 7.5-liter fermentor. (A) The maximal OD565 was 25.5 at the end of stage 1 and 13.8 at the end
of stage 2. (B) Carbon (f) and nitrogen (‚) sources were supplied at concentrations suitable for cell growth. (C) The Fe2�/Fe3� concentration increased
during both stages. (D) The Cmag (‚) increased initially and decreased later during each stage. The dO2 (f) was controlled at 0% starting at 12 h.
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yields (production) of cells and magnetosomes were 7.59 g/liter
(3.8 g/liter/day) and 225.53 mg/liter (112.77 mg/liter/day), re-
spectively.

In the first stage of semicontinuous culture in a 7.5-liter
fermentor, the OD565 reached 25.5 in 40 h, and the dry weight
yields of cells and magnetosomes were 6.24 g/liter (3.74 g/liter/
day) and 280.49 mg/liter (168.29 mg/liter/day). In the second
stage, the OD565 reached 13.8 in 28 h, and the dry weight yields
of cells and magnetosomes were 3.28 g/liter (2.46 g/liter/day)
and 111.39 mg/liter (83.54 mg/liter/day).

In further experiments, we performed fermentation in a
42-liter fermentor by enlarging the optimized feeding strategy.
In single-batch culture, the OD565 reached a maximum of 42 in
44 h, and dry weight yields of cells and magnetosomes were
9.16 g/liter (4.58 g/liter/day) and 356.52 mg/liter (178.26 mg/
liter/day). This finding shows that the optimized feeding strat-
egy can be applied for industrial-scale production.

Outlook for culture of strain MSR-1. This is the first report
of a semicontinuous culture method for M. gryphiswaldense
strain MSR-1. Overall, the yields of both cells and magneto-
somes were greatly increased, resulting in significant improve-
ment of the production efficiency. However, the productivity of
both cells and magnetosomes was lower in the second stage
than in the first stage. Clearly, there is opportunity for further
improvement of the culture strategy.

One possible reason for the lower productivity in second
stage is the instability of certain genes in this bacterial strain,
particularly certain transposase genes located in the so-called
“magnetosome island” of the genome (9), resulting in the
instability of magnetosome synthesis. Further investigation of
such instability—and possible ways to overcome it—is needed.
At this time, the difference in productivity of single batch
culture versus semicontinuous culture is minor, being based
mainly on the fact that semicontinuous culture does not re-
quire repeated fermentor sterilization time. Significant in-
crease in production efficiency for semicontinuous culture will
come when we find conditions for greater stability of cell
growth and magnetosome synthesis. This is a major goal of our
future studies.

The optimal conditions for both MSR-1 cell growth and
magnetosome synthesis are provided by a microaerobic envi-
ronment with constant, low concentrations of each required
nutrient. The microaerobic condition provides a sufficient level
of electron receptors and thereby induces magnetosome for-
mation. The low nutrient concentrations reduce the accumu-
lation of metabolites in the fermentor and thereby avoid the
inhibition of cell growth. The constant concentrations of each
nutrient or salt satisfy the nutritional requirements and also
create an isosmotic environment. The present study provides a
new culture method for magnetotactic bacteria, with enhanced
magnetosome production.
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