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Magnetotactic bacteria (MTB) align along the Earth’s magnetic field by the activity of intracellular magnetosomes, which are
membrane-enveloped magnetite or greigite particles that are assembled into well-ordered chains. Formation of magnetosome
chains was found to be controlled by a set of specific proteins in Magnetospirillum gryphiswaldense and other MTB. However,
the contribution of abiotic factors on magnetosome chain assembly has not been fully explored. Here, we first analyzed the effect
of growth conditions on magnetosome chain formation in M. gryphiswaldense by electron microscopy. Whereas higher temper-
atures (30 to 35°C) and high oxygen concentrations caused increasingly disordered chains and smaller magnetite crystals,
growth at 20°C and anoxic conditions resulted in long chains with mature cuboctahedron-shaped crystals. In order to analyze
the magnetosome chain in electron microscopy data sets in a more quantitative and unbiased manner, we developed a computer-
ized image analysis algorithm. The collected data comprised the cell dimensions and particle size and number as well as the in-
tracellular position and extension of the magnetosome chain. The chain analysis program (CHAP) was used to evaluate the ef-
fects of the genetic and growth conditions on magnetosome chain formation. This was compared and correlated to data obtained
from bulk magnetic measurements of wild-type (WT) and mutant cells displaying different chain configurations. These tech-
niques were used to differentiate mutants due to magnetosome chain defects on a bulk scale.

Magnetoaerotaxis of magnetotactic bacteria (MTB) is based
on intracellular membrane-enclosed magnetite (Fe;0,)/
greigite (Fe;S,) crystals, the magnetosomes (1). The chain-like
arrangement of magnetosomes allows adding up of all the indi-
vidual magnetic moments, which results in a dipole strong enough
to align the cell within the Earth’s weak magnetic field. In the
alphaproteobacterium Magnetospirillum gryphiswaldense, magne-
tosome biomineralization and chain assembly are under genetic
control (2-5) and involve at least 2 known key proteins: the acidic
and repetitive Mam] connects the magnetosomes to the cytoskel-
etal magnetosome filament formed by the actin-like MamkK,
which assembles and positions the magnetosome chains (MCs)
within the cell (6-9). Deletion of both genes, which are adjacent to
each other within the mamAB operon, resulted in distinct and
characteristic phenotypes: Amam] strains exhibit clustered mag-
netosomes whereas AmamK strains have fragmented chains at
ectopic positions which are prone to mispartitioning during cell
division (6, 8, 10, 11). In addition to biological control, concate-
nation of nascent magnetosome crystals is further governed by
magnetic attraction forces within the chain (12). Individual mag-
netic moments of the magnetite crystals contribute to chain for-
mation by short-range (<50-nm) magnetic interactions (9, 12—
14) but are alone not sufficient to align and position the MCs at
their typical midcell location. Moreover, positioning, division,
and equipartitioning of MCs during cell division of M. gryphiswal-
dense is dependent on MamK (9).

However, beside the dedicated functions for chain assembly
provided by Mam] and MamkK, physical properties (i.e., size,
shape, and, consequently, magnetization) of magnetite crystals
also depend on other factors controlling biomineralization (3), as
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well as on growth conditions (9, 12-18). For example, increasing
oxygen concentrations gradually impaired biomineralization in
M. gryphiswaldense (16, 19, 20). Deletion of the nap genes involved
in denitrification redox control in M. gryphiswaldense showed se-
verely impaired magnetite biomineralization and resulted in
smaller crystals that were poorly aligned in irregular chains (21).
Besides, other environmental factors affecting growth have not
been systematically tested (17). Previous attempts to study and
quantify chain assembly by magnetic orientation (Cmag) and
transmission electron microscopy (TEM) analysis were straight-
forward and sufficient for M. gryphiswaldense wild-type (WT)
strains and the few available MC mutants. However, since other,
recently described phenotypes displayed more subtle defects in
MC assembly, simple Cmag measurements proved too insensitive
to resolve quantitative differences. On the other hand, TEM data
analysis is tedious, time-consuming, and limited by the need of
manual evaluation.

Therefore, in this study we first identified growth conditions
optimal for MC formation. MC assembly was then quantitatively
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assessed by a novel tool, the chain analysis program (CHAP) de-
veloped in this study to improve and facilitate image analysis of
MCs in M. gryphiswaldense TEM micrographs. To test whether the
results obtained by single-cell analysis can be correlated to data
from bulk samples, magnetic domain state investigation tech-
niques were applied and compared with measurements by the
classical light-scattering assay for magnetospirilla (Cmag) (22).

MATERIALS AND METHODS

Bacterial strains and cultivation procedures. M. gryphiswaldense, a
Amam] mutant, a AmamK mutant, and M. gryphiswaldense strain B were
routinely grown under anoxic conditions at 20°C in modified FSM me-
dium or in LIM (low-iron media; modified FSM medium) using moder-
ate shaking (120 rpm) as described previously (19, 20, 23).

Nonmagnetic M. gryphiswaldense WT cells were grown under various
abiotic conditions: temperatures of 15°C, 20°C, 25°C, 30°C, and 35°C and
oxic (~21% O,), microoxic (2% O,), and anoxic (0 to 0.5% O,) oxygen
concentrations. Cells were cultured in Hungate vials to an optical density
at 565 nm (ODs;) of 1 to 1.6. For lower temperatures (e.g., 15°C), incu-
bation periods of up to 8 days were necessary. Growth curves were re-
corded for each set of conditions. For TEM examination, cells were har-
vested after 8 days at 15°C, 23 to 30 h at 20°C, and 23 h at 25°C, 30°C, and
35°C. The cells were then inactivated by the addition of paraformaldehyde
(Fluka, Switzerland) to reach a final concentration of 0.1% before
the measurement and TEM analyses were performed as described else-
where (8).

Rock magnetic measurements. All 4 strains were grown for 2 passages
under 20°C anoxic conditions in FSM medium supplemented with 8 mM
NaNO; in Hungate vials. Subsequently, 20 ml was used as an inoculum for
a 500-ml culture in rubber-plug-sealed glass bottles and incubated with-
out shaking (static conditions). Cells were harvested by centrifugation
after 60 h of growth with an optical density of ~0.66 and a magnetic
response of 0 (M. gryphiswaldense strain B), 0.7 (Amam] mutant), 1.3
(WT strain), or 1.6 (AmamK mutant). For subsequent analysis, cells were
preserved with formaldehyde (2 pl/ml of 36.5% paraformaldehyde stock
solution [7]) and stored at 4°C. Optical densities and Crnag values of M.
gryphiswaldense cultures were measured turbidimetrically at 565 nm with
immotile cells inactivated by the addition of paraformaldehyde (see
above) prior to the measurement.

TEM analysis. For conventional transmission electron microscopy
(TEM) analysis, unstained cells were adsorbed on carbon-coated copper
grids (Plano, Wetzlar, Germany). Bright-field TEM was performed using
an FEI Tecnai F20 transmission electron microscope (FEI Company,
Eindhoven, The Netherlands) at an accelerating voltage of 200 kV. Images
were captured with an Eagle charge-coupled-device (CCD) camera
(4,096 X 4,096 pixels) using EMMenue 4.0 (Tietz, Gauting, Germany)
and FEI software. TEM micrographs were usually acquired at 6,500-fold
magnification, a defocus of —8 pm, and an object pixel size of 1.672
nm/pixel. TEM images were binned, and 2 pixels correspond to 3.3 nm.
The resolution of the images is limited to 4.5 nm.

CHAP (chain analysis program). In a first step, the cell membrane
and magnetite crystals of the TEM micrograph files were manually seg-
mented with Photoshop (Adobe CS 4 Extended, version 11.0.2; Adobe
Systems, Inc.). All subsequent procedures were implemented in Matlab
(Matlab2012a; TheMathWorks, Inc.) by custom-written scripts. From the
segmented cell membrane, the cell area was calculated, and from the seg-
mented magnetite crystals, their number per chain and their correspond-
ing radii and standard deviations were determined. Next, the center of
gravity of the magnetosome chains was calculated and along with the cell
membrane shifted to the point of origin. This was in preparation for
magnetosome chain orientation calculations. Therefore, the shifted mag-
netosome chain was mirrored along the y axis and rotated until it matched
the original (shifted) chain (24).

The rotation angle divided by 2 resulted in the angle along which the
chain was oriented along the y axis. This angle was subsequently inversely
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applied to the membrane and magnetosome chain. As a result, a cell with
ay axis-oriented magnetosome chain with its center of gravity in the point
of origin was generated. These pretreated cells were summed to generate
composite images under the different abiotic conditions.

For heat-plot representation, aligned magnetosome chains were used
and each magnetite crystal was given a value of 1. The intensity of a certain
pixel corresponds to the number of magnetite crystals within this pixel.
The corresponding colors range from blue (no magnetite) to dark red
(250 magnetite crystals [maximum value]). The color spectrum is a result
of the different magnetite particle numbers/pixel.

Magnetic measurements. For magnetic measurements, all samples
were separately harvested by centrifuging at 4°C. Cell samples were then
carefully placed into nonmagnetic gelatin capsules and were dried over-
night in a Coy anoxic chamber (Coy Laboratories, Ann Arbor, MI).

Room temperature magnetic measurements were performed on a
model 3900 vibrating sample magnetometer (VSM MicroMag 3900;
Princeton Measurement Corporation). Hysteresis loops were measured at
levels = 500 mT. Saturation magnetization (M), saturation remanence
(M,,), and coercivity (B.) were characterized after the high-slope para-
magnetic correction. The coercivity of remanence (B,,) was acquired by
measuring the back-field demagnetization curve. For each sample, first-
order reversal curves (FORCs) were measured with an increasing field
step (8H) of 1.16 mT and an averaging time of 150 ms. The smoothing
factors of the M. gryphiswaldense WT, AmamK, and Amam] strains were
2.7,2.7, and 3.6, respectively.

Low-temperature magnetic properties were measured by using a
Quantum Design magnetic property measurement system (MPMS-XL-5;
Quantum Designs). Samples were cooled to 10 K in a zero-field environ-
ment (using zero-field cooling [ZFC]) and then saturated by applying a
2.5-T field. After the applied field was removed, the thermal demagneti-
zation curve was measured at 10 to 300 K. The sample was cooled from
300 to 10 K in the presence of a 2.5-T field (field cooling [FC]), and the
thermal demagnetization curves was measured in the zero-field environ-
ment during warming to 300 K. The Verwey transition temperature (7T')
for each sample was determined at the point which the dM/dT is maxi-
mum. The delta ratio (8;-/8,) was calculated from FC and ZFC curves
according to reference 25, i.e., 8y (and &) was calculated as & =
(Mgox — M s0x)/Mgox> Where Mg, and M, 5 are the remanences mea-
sured at 80 K and 150 K, respectively (26).

RESULTS

Analysis of growth conditions affecting MC formation. Cells of
the M. gryphiswaldense WT strain were grown under different
conditions, and chain formation was assessed with respect to (i)
magnetite crystal morphology and (ii) magnetosome size and
number as well as (iii) MC length. Initially, the magnetic orienta-
tion of M. gryphiswaldense, as measured by Cmag (the ratio of
scattering intensities at different angles of a magnetic field relative
to a light source [22]), and growth were determined in three in-
dependent trials using cultures grown under oxic, microoxic
(mic), or anoxic conditions between 15°C and 35°C (Fig. 1).

While there was no significant growth below 15°C and above
35°C, growth at moderate temperatures reached the stationary
phase after 23 h at 30°C and 35°C and after 8 days at 15°C (Fig. 1).
The oxygen concentration had only a minor influence on cell
growth, with lower cell densities under oxic conditions (Fig. 1).
Although growth was slightly lower than that seen at 30°C (19),
the highest particle numbers and most regular crystals were ob-
served at 20°C under anoxic conditions.

TEM of magnetite crystals from ~400 individual cells
(>10,000 particles) revealed a Gaussian-like crystal size distribu-
tion at low and moderate temperatures (15°C to 30°C) and a de-
creasing mean diameter at increasing temperatures (~44.7 nm at
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FIG 1 Effects of different oxygen concentrations and temperatures on growth (OD; bars) and magnetic orientation (Cmag; lines) of M. gryphiswaldense WT cells
over time in magnetic spirillum growth medium (MSGM). (I) Cells were incubated at 15°C for up to 8 days and analyzed at 5 time points. Under microoxic (mic)
and anoxic (anox) conditions, biomineralization occurred within 24 h. Oxic (ox) biomineralization started after a delay of 42 h. Stationary phase was reached
after 8 days. (II and III) Magnetic orientation at 20°C and 25°C under mic or anox conditions was invariant over time. Stationary phase was reached after 42 h
(20°C) or 30 h (25°C). (IV and V) At 30°C and 35°C, the stationary-growth phase was reached after 23 h with invariant magnetic orientation. The asterisks denote

the corresponding TEM micrographs in Fig. 21I.

20°C and ~29 nm at 35°C) during anoxic growth in three inde-
pendent trials (Fig. 2). With increasing temperature, crystal shape
became more irregular, and twinned or polycrystalline crystal
morphologies were prevalent, with diameters of 5 to 15 nm in
loosely spaced, short MCs (Fig. 21 and IV). Therefore, we chose
anoxic conditions and 20°C for all subsequent analyses of MC
formation.

Development of an automated chain analysis program
(CHAP). For quantitative and unbiased studies of MC assembly
in M. gryphiswaldense, large microscopy data sets have to be
analyzed. We therefore developed CHAP as a versatile and
high-throughput tool to access parameters of MC position and
length as well as particle number and diameter. A regular WT
M. gryphiswaldense MC was defined as having 10 or more mag-
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netosomes in a row interspaced by gaps not larger than ~50 nm
and a particle diameter of at least 20 nm. The chain axis was
defined by the interspacing threshold of the individual parti-
cles, and adjacent crystals should not deviate by more than 90°
from the long axis (8).

CHAP recognizes cells and MCs in preprocessed TEM micro-
graphs in which cell boundaries and MCs are segmented as
different layers represented by levels of gray shading. The program
then analyzes segmented micrographs by Matlab algorithms
(Matlab2012a; TheMathWorks, Inc.). Different parameters such
as chain position and crystal number and size can be determined
and visualized as graphs, composite images, and heat plots. To
compare this data set with manually examined TEM data sets,
~20 cells from each TEM micrograph per condition were exam-
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FIG 2 Effect of oxygen and temperature on magnetosome chain (MC), magnetite crystal size, and morphology. (I) TEM micrograph panel of M. gryphiswaldense
WT cells and their corresponding MCs and details of crystals under ox (35°C), mic (30°C), and anox (20°C) conditions. (II to IV) Magnetite crystal diameters
(gray bars) of ~350 analyzed particles per condition. Increase in temperature results in higher frequencies of small magnetite crystals (dark gray, ox; light gray,

mic; medium gray, anox). Aer, aerobic; Anaer, anaerobic.

ined by the CHAP algorithm (in total, ~400 cells). To this end,
different representations of aligned MCs and crystal number and
diameter as well as heat maps for MC localization in M. gryphi-
swaldense were generated (Fig. 3; see also Fig. S1 in the supplemen-
tal material). In addition, the automated analysis of an overlay
array of all cells around their center revealed that the cell length
decreased with increasing temperature (Fig. 31 to II). When indi-
vidual MCs of these cells were aligned around their center by
CHAP, it became even more evident that oxygen concentration
and temperature significantly affected the number of crystals in
MCs and, as a result, the extension of the latter. Cuboctahedron-
shaped crystal morphology observed by TEM became less regular
under oxic conditions with high temperatures. Both conditions
caused the strongest perturbances, resulting in short MCs (~13
crystals/chain at 35°C) compared to MCs of cells grown under
anoxic conditions at 20°C (~45 crystals/chain). CHAP also re-
vealed the average cell area. An increase of cell area (as a proxy for
cell volume) was caused by a decreasing growth temperature
(~2.1 pm? at 35°C and ~2.7 pm” at 15°C) (Fig. 31 to II).

Cell size and the number of crystals per MC were poorly cor-
related when plotted against each other (Fig. 31I) (correlation co-
efficient = 0.33; coefficient of determination = 0.11). This is in
contrast to previous observations on cephalexin-treated, division-
inhibited cells, in which long (on average, 25.6-pm) filamentous
cells had MCs with up to 224 magnetite crystals (9). However, in
the majority (78%) of analyzed cells, magnetite crystal numbers
were rather invariant (~30 % 10 particles), and the invariance was
independent of cell size variations (minimum, 1.74 wm?; maxi-
mum, 3.03 pm?), with the exception of small MCs and cells at
35°C (Fig. 31 to II). Under anoxic conditions, particles were larg-
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est, at 42.4-nm diameter on average (28.4 nm to 31.5 nm under
oxic to microoxic conditions in three independent trials), whereas
the inhibiting effect of oxygen on crystal size was less pronounced
at low growth rates (e.g., at 15°C) (Fig. 3III). This demonstrates
that oxygen and temperatures above 30°C cause the formation of
scattered, widely spaced, loosely arranged, and shorter MCs com-
pared to the tightly spaced, almost linear long chains found under
optimum conditions.

CHAP analysis of MC-impaired mutants. CHAP was further
used to analyze genetic effects on MC configurations. We chose M.
gryphiswaldense mutant strains AmamK and Amam] because of
their known MC phenotypes (6, 8). M. gryphiswaldense strain B, a
spontaneous mutant lacking most magnetosome genes, served as
a control because of its inability to synthesize any magnetosome-
like particles (5). While the majority of Amam] cells formed mag-
netosome clusters as described before (6, 7), we identified a small
portion of Amam] cells (<10%) in which short chains, rings, and
even parallel chains were apparent (see Fig. S in the supplemental
material). Short chains mostly consisted of fewer than 10 magne-
tosomes and were randomly positioned within the cell (Fig. S1).
However, individual magnetosomes apart from the cluster were
also observed (Fig. 31V).

The AmamK deletion mutant displayed fragmented chains
with multiple subchains at ectopic positions as expected (Fig. 3IV)
(8). CHAP alignment of the individual short-chain fragments to
the cell center (Fig. 3V) clearly showed that the MCs in the
AmamK mutant were significantly shorter than in WT cells (see
Fig. S2 in the supplemental material).

Rock magnetic measurements. First-order reversal curve,
hysteresis loop, and saturated isothermal remanence magnetiza-
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concentrations. Center alignment of ~20 cells per condition (upper panel) with corresponding MCs (lower panel) at decreasing [O,] levels (center, left to right)
is shown. (II) Plot of M. gryphiswaldense cell area against crystal number per chain. (III) Mean magnetosome crystal diameter at lower temperatures under ox to
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of M. gryphiswaldense WT, Amam], and AmamK grown under anox conditions at 20°C. Remanence demagnetization curves (left) after FC (field cooling) and
ZFC (zero field cooling) treatments are shown. Tv, the Verwey transition temperature. Delta ratio, 83/ ¢ [here, 8 = (Jyox — J150x)/Ts015 Jsox and J 50k represent
remanence at 80 K and 150 K, respectively]. The FORC diagrams (center) represent the MC configuration of the individual cultures. x axis, distribution of
coercivity; y axis, distribution of magnetic interaction between particles. Dashed boxes A and B highlight distinctive features of the mutant Amam] FORC pattern.
Room-temperature hysteresis loops (right) of M. gryphiswaldense samples are shown. M (l.A-m?), magnetic moment; Hu (mT), bias field; Hc (mT), coercivity;
H (mT), magnetic field; M, saturation magnetization; M., saturation remanence; B, coercive force; B_,, coercivity of remanence.

tion (SIRM) studies were recently employed to investigate MC
formation in WT MTB (18, 27, 28). We conducted similar exper-
iments on our mutant strains impaired in MC formation (6, 8, 10,
11, 29) to validate the most prominent MC configurations and
correlate the “fingerprints” obtained from bulk measurements.
FORGC, hysteresis loop, and low-temperature demagnetization
measurements were applied to the M. gryphiswaldense WT strain,
the AmamK mutant, the Amam] mutant, and nonmagnetic M.
gryphiswaldense strain B grown anoxically at 20°C. Low-tempera-
ture demagnetization measurements allow the detection of MCs
in bulk samples and are commonly applied to sediment samples as
well as MTB cells (30-32). Except for the control (nonmagnetic
M. gryphiswaldense strain B; not shown), all samples (the WT,
AmamK, and Amam] strains) exhibited a Verwey transition with a
temperature between 99 and 103 K, similar to other published
results for MTB (86 to 117 K) (17, 18) (Fig. 4). The delta ratio, a
measurement of the amount of remanence lost upon warming
through the Verwey transition, of these three samples was lower
than 2. Interestingly, the delta ratio of the M. gryphiswaldense WT
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strain (1.87) was higher than that of the AmamK mutant (1.59),
and the delta ratio of the AmamK mutant was higher than that of
the Amam] mutant (1.09), indicating the more regular chain
structure of the WT strain compared to the AmamK mutant and
of the AmamK mutant compared to the Amam] mutant (Fig. 4,
left panel). Thus, these bulk data confirm previous TEM observa-
tions (6, 8).

To test whether the magnetic properties of disturbed MCs can
be distinguished from those of the WT MCs, FORC diagrams were
obtained for Amam] and AmamK mutant cultures. The FORC
diagrams (Fig. 4, center) of WT and AmamK mutant samples were
very similar, representing a narrow distribution in the vertical
direction and elongation along the horizontal axis and indicating
single-domain (SD) particles in a chain arrangement with weak
interactions. The AmamK mutant sample had slightly higher co-
ercivity than the WT sample. The signals from the two types were
almost indistinguishable. However, the FORC of the Amam] mu-
tantis remarkable: one region (Fig. 4, center bottom [inset A]) was
composed of 2 peaks, which is previously described only for pseu-
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do-single-domain (PSD) magnetite particles at low temperatures
(20 t0 95K) (33) and is shown in MTB cells for the first time here.
We noted that region B was comparable to that in WT and
AmamK mutant samples, suggesting that a proportion of Amam]
mutant cells contained chain-like structures or fragmented chains
of magnetosomes, consistent with CHAP/TEM data (Fig. 3 and 4;
see also Fig. S1 in the supplemental material).

Room temperature hysteresis loops of all samples (M. gryphi-
swaldense strain B not shown) are presented in Fig. 4. The WT,
Amam], and AmamK strains showed the typical pattern for mag-
netite. All samples were saturated at a field of ~50 to 100 mT. The
coercive force (B.) and coercivity of remanence (B,,) values for the
AmamK mutant were slightly higher than those for the WT strain,
while the B and B, values for the Amam] mutant were apparently
lower than those of the AmamK mutant as well as WT cells. The
remanence and coercivity ratios (M,/M, and B_./B_) suggest that
the magnetosomes in the WT and AmamK strains are SD particles
whereas the magnetosomes in the Amam] mutant have shown a
PSD behavior.

DISCUSSION

In this study, we established growth conditions for the optimal
formation of MCs. Our report confirms previous studies with
respect to the influence of oxygen and aeration on growth and
biomineralization (17, 19). Likewise, we demonstrated that in-
creasing the temperature has an inhibitory effect on biomineral-
ization and, consequently, MC assembly. The observed defects
could have been caused by general heat stress or might have re-
sulted from the direct effect of temperature on membrane prop-
erties such as altered fluidity and lipid composition (13) that may
also affect biomineralization in magnetosome membranes.

Additionally, we developed a new MC analysis tool and used it
to characterize mutants impaired in MC formation. Applying the
CHAP algorithm to MTB has significant advantages over manual
TEM micrograph examination: automated CHAP allows the
study of MC assembly quantitatively, without the bias caused by
manual analysis. The alignment of individual chains allowed visu-
alization of the probability density for the magnetite particles ac-
cording to changing parameters. The tool further enables the con-
venient and simultaneous determination of multiple parameters
such as particle number, particle size, and MC length and position
within the cell as well as cell dimensions (i.e., length, diameter, and
area).

With minor adaptations, CHAP can be also applied to other
species of magnetosome-forming MTB, which display a great va-
riety of magnetosome sizes, shapes, and numbers as well as chain
organization characteristics (34). However, intensity segmenta-
tion largely depends on the quality and number of TEM micro-
graphs and is the time-limiting step. A stable defocus is recom-
mended to reduce defocus fringes around the magnetite, which
complicate measurements of crystal size or intensity segmenta-
tion. We also simulated the influence of the contrast transfer func-
tion (ctf) on the intensity segmentation of the magnetosomes on
TEM micrographs. The ctf was applied with the actual acquisition
parameter set to a 20-pixel (33.44-nm diameter) magnetosome
crystal model. Again, we measured a diameter of 20 pixels by in-
tensity segmentation, which confirmed that the influence of the ctf
is insignificant at the magnification and defocus chosen for acqui-
sition of TEM micrographs for CHAP analysis (see Fig. S3 in the
supplemental material). However, intensity segmentation accu-
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racy ranged between %2 pixels (i.e., 3.3 nm), which is below the
resolution of the TEM micrographs. The upper intensity segmen-
tation error is thus defined by the micrograph resolution of 4.5 nm
and the error of *+3.3 nm. To distinguish magnetosomes from
debris or artifacts, the cell boundary (i.e., cell membrane) was
intensity segmented and used as a mask to analyze the enclosed
magnetosomes.

The data obtained by low-temperature magnetic measure-
ments correlate well with the observations made by conventional
TEM and CHAPS analysis but not with those made by simple
Cmag analysis (6, 8, 35). For the first time, low-temperature de-
magnetization showed by the decreasing delta ratio values be-
tween the WT (1.87), AmamK (1.59), and Amam] (1.09) strains
that this method may be suitable to detect MC defects, as we
interpret these values (Fig. 4, left). The differences between these
three samples, e.g., in delta ratio and T, values, are possibly due to
the chain structure and/or to magnetic interaction between mag-
netosomes. However, we noted that the delta ratios of these three
samples were lower than 2, which is inconsistent with most pub-
lished results from other MTB studies. A delta ratio greater than 2
was supposed to be a criterion for the identification of magnetite
magnetosomes in a chain structure (25, 26). The low delta ratio for
the M. gryphiswaldense WT strain was previously reported and was
interpreted as representing nonstoichiometry of magnetite mag-
netosomes (36). Despite this, the low-temperature magnetic tech-
nique is a bulk measurement method comparable to the conven-
tional measurements of magnetic orientation (Cmag), which are
quick and simple to use but of only limited resolution and difficult
to quantify. The Cmag data correlate with the CHAP and rock
magnetic measurement data, but Cmag analysis is not nearly as
sensitive as CHAP analysis in terms of MC configuration determi-
nations. Moreover, no further information about magnetic inter-
actions in a MC is revealed.

The FORC diagrams of M. gryphiswaldense WT and AmamK
mutant cells are very similar, representing the SD magnetite dis-
tribution and weak magnetic interaction (Fig. 4, center). Surpris-
ingly, the FORC results from the short, fragmented AmamK mu-
tant chains seemed to be indistinguishable from the WT FORC
results, possibly due to significant magnetic contributions of the
fragmental chains in the AmamK mutant. The FORC data ob-
tained from the Amam] mutant are of particular interest. To our
knowledge, the pattern detected in region A of the Amam] mutant
(Fig. 4, center) is observed for MTB at room temperature for the
first time here, and currently we do not know how to explain it.
Possibly, the strong interactions between individual magneto-
some particles within the clusters together with a small amount of
short or parallel chains of magnetosomes in Amam] mutant cells
might cause this irregular pattern.

In the hysteresis loop analyses (Fig. 4, right), we noticed that
the B, and B, values of the AmamK mutant are slightly higher
than those of the WT strain. This is probably due to differences in
particle sizes and/or magnetic interactions. The B and B, values
of the Amam] mutant, however, are apparently lower than those
of the AmamK mutant cells as well as those of the WT cells. We
suppose that the strong interactions between magnetosomes in
the Amam] mutant sample may reduce the coercive force and
coercivity.

In conclusion, we introduced additional tools for MC analysis
which together provide unprecedented sensitivity and resolution.
The combination of TEM and CHAP was used to efficiently de-
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termine a variety of MC parameters, which are supported by rock
magnetic measurements that complement the analysis by physical
parameters of the magnetite crystals. In the future, this might for
example allow efficient screening of a multitude of MC mutant
phenotypes in various MTB or estimation of variations in MC
configurations in entire populations.
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