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Scanning transmission X-ray microscopy (STXM) measurements at the C K, O K and Fe L; edges were used to
study the magnetotactic bacterium Candidatus Magnetovibrio blakemorei strain MV-1 on an individual cell
basis. Improved data acquisition methodologies resulting in higher quality results are presented. Visualiza-
tion of magnetosomes from their O K-edge signal is demonstrated. The Fe L3 X-ray magnetic circular dichro-
ism (XMCD) signal was used to characterize the magnetic properties of several MV-1 cells on an individual
magnetosome basis. The absolute magnetic moment from two cells was evaluated and found to be 0.93(6)

of that of saturated abiotic magnetite, or 3.6(2) pB. Previously observed excess Fe (II) was not found in this
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study, suggesting the prior observation (Lam et al., Chem. Geol 270 (2010) 110) may have been a radiation

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Synchrotron-based soft X-ray STXM (Ade and Hitchcock, 2008;
Howells et al.,, 2007) uses near edge X-ray absorption fine structure
(NEXAFS) as the contrast mechanism to provide elemental and chemi-
cally sensitive imaging at ~25 nm spatial resolution. NEXAFS spectra
(Stohr, 1991) probe the electronic, magnetic and geometric structure
of materials by exciting core electrons into empty valence shells. Anal-
ysis of image sequences recorded with STXM yield quantitative maps
of inorganic and organic materials with elemental specificity and chem-
ical speciation. Since the C, N, O, K-edge and Fe, S, Ca L-edge core levels
are well separated, studies at multiple edges provide the ability to de-
termine spectra and quantitative spatial distributions of major bio-
chemical components (protein, lipids, polysaccharides, etc.) in
addition to the magnetite magnetosomes, which are the focus of this
study. In this regard, STXM has significant advantages relative to basic
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microscopic techniques due to its ability to discriminate spectrally,
and to provide spectra subjectable to detailed analysis. Further, it offers
many advantages over spatially unresolved spectroscopies in the case of
environmental and biogeochemical samples, which are usually highly
anisotropic. STXMs at beamlines based on elliptically polarizing undula-
tors (EPU) use the capability to vary the orientation of circularly and
linearly polarized light to measure and map both linear (Najafi et al,
2008) and magnetic dichroism (Coker et al., in press; Lam et al,
2010). This allows STXM to be used not only as a spatially resolved
chemical analysis tool but also as one that discriminates charge and
magnetic anisotropies.

X-ray magnetic circular dichroism (XMCD) (St6hr, 1999; Stohr
and Siegmann, 2006) is a branch of X-ray absorption spectroscopy
that provides information about the magnetic structure of materials.
The XMCD signal is defined as the difference in edge-jump normal-
ized absorption spectra recorded with parallel and anti-parallel align-
ment of the photon spin and total magnetic moment vectors (OD;;-
OD;,) (Stohr and Siegmann, 2006). Detailed XMCD sum rule-based
analysis of XMCD signals can be used to determine the total magnetic
moment, as well as the individual contributions from spin versus or-
bital magnetic moments (Stohr, 1999; Stéhr and Siegmann, 2006).
However, sum rule analyses require very high statistical quality and
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extended data ranges (Goering et al., 2006b). They have been applied
to the complex XMCD signals of magnetite (Goering et al., 2006a,
2006b, 2007; Huang et al., 2004; Kuiper et al., 1997; Pellegrain et al.,
1999; Pérez et al., 2009) and other transition-metal oxides (Goering
etal., 2002). It is noteworthy that in many situations (e.g. Fe,03 versus
Fe30,4, Pérez et al., 2009), the Fe L-edge X-ray absorption spectra can
be rather similar, yet have quite distinct XMCD. There are also size
dependent changes in XMCD of nanoparticles (Pellegrin et al., 1999).

XMCD of abiotic and biologically produced magnetite has been
reported by several groups (Carvallo et al, 2008; Goering et al.,
20064, 2007). Staniland et al. (2007) used XMCD to investigate the ki-
netics of in-vivo formation of magnetite magnetosomes in Magnetos-
pirillum gryphiswaldense strain MSR-1. Coupling of STXM to XMCD is
a logical and desirable approach for studying the magnetic properties
of biogenic (and abiogenic) magnetite in cases such as magnetotactic
bacteria, where spatial resolution is required to investigate the mag-
netic properties of individual cells and individual magnetosomes. Re-
cently, we reported the first such measurements (Lam et al., 2010). In
this work, we report a significant improvement in our experimental
results, and show for the first time measurements of complementary
core edges. In addition we have quantitatively evaluated the total
magnetic moment for several cells of the Candidatus Magnetovibrio
blakemorei (MV-1) magnetotactic bacterial cells.

There are three types of Fe sites in the magnetite crystal structure
— a tetrahedral site with Fe (IlI)-d® oxidation state and octahedral
sites occupied by Fe (I1)-d® and Fe (Ill)-d>. The Fe Ls (2ps,») XMCD
spectrum of magnetite (Goering et al., 2006a, 2007; Kuiper et al.,
1997, Pellegrin et al., 1999) shows three characteristic peaks which
have been correlated based on atomic multiplet calculations to the
three distinct sites: a negative peak at 708.1 eV arising mostly from
the d® Oy, (Fe (II)) site; the positive peak at 709.1 eV associated with
the d° T4 (Fe (Il)) site; and the negative peak at 709.9 eV arising
mostly from the d° Oy, (Fe (II)) (Kuiper et al., 1997; Pattrick et al.,
2002). The site-specific character of the XMCD spectrum of magnetite
has been used to determine site occupancies, which allow for differ-
entiation between biological and abiotic (mineral) magnetite
(Carvallo et al., 2008; Coker et al., 2007). Other computational results
(Antonov et al., 2003; Leonov et al., 2004, 2006) indicate that the cor-
relation between the XMCD spectral features and the projected site
specific contributions is more convoluted than that proposed by
Pattrick et al. (2002). Nolle et al. (2009) have shown that experimen-
tal XMCD spectra of complex mixed oxide systems can be deconvo-
luted to generate species- and site-specific signals and evaluate
relative amounts of magnetic and non-magnetic contributions.

Magnetotactic bacteria (MTB) are gram-negative, microaero-
philic/anaerobic bacteria found in both freshwater and marine
aquatic environments (Bellini, 1963a,b; Bellini, 2009; Blakemore,
1975; Frankel and Blakemore, 1980; Frankel et al., 1979). Blakemore
(1975) showed that MTB use a phenomenon known as magnetotaxis
in which the MTB use the Earth's magnetic field to orient in order to
more efficiently locate and maintain position in anaerobic or micro-
aerobic regions of the sediment (known as the oxic-anoxic transition
zone) where the chemical/redox environment is optimal for their
metabolism (Bazylinski, 1995; Frankel and Bazylinski, 1994). The
magnetotaxis effect is possible due to the mineralization of
membrane-bounded, intracellular magnetic nanoparticles, referred
to as magnetosomes. Depending on the species, magnetosome crys-
tals are composed of ferrimagnetic magnetite (Fe304) or greigite
(FesS4) (Heywood et al., 1991) and typically range in size from 35
to 120 nm (Bazylinski and Frankel, 2004). Each crystal is surrounded
by a phospholipid bilayer membrane which is 3-4 nm thick (Gorby
et al., 1988). Magnetosome crystals are typically in the size range of
single magnetic domains, thereby maximizing the magnetic moment
of each particle (Frankel and Blakemore, 1980) by avoiding the
thermal instability of the superparamagnetic regime (Dunlop, 1973)
or reduction in magnetic strength due to domain formation.

Differences in the physical properties of magnetosomal and abiot-
ic magnetite and greigite indicate that biomineralization of magneto-
some minerals by MTB is a highly controlled biological process. For
example, elongation of magnetosome crystals along the (111) axis
and their high chemical purity provide a major distinction between
biologically- and abiologically-synthesized magnetite single crystals
which has potential relevance to exobiology (Carvallo et al., 2008;
Jimenez-Lopez et al., 2010; Thomas-Keprta et al., 2000). Physiological
evidence also supports a strongly controlled biomineralization of
magnetosome minerals. For example, Komeili et al. (2004) have
shown the presence of magnetosome vesicles prior to magnetosome
formation. The formation of co-aligned magnetosome chains further
suggests biological control of their synthesis.

Because of their narrow size distribution, high chemical purity and
magnetic response, magnetosome magnetite has garnered much in-
terest for potential applications in medicine, environmental science
and technology. Both magnetotactic bacteria and magnetosomes
have been proposed for use in nanorobotic devices for mobilized
and targeted drug delivery since they are readily located and manip-
ulated using external or internal magnetic fields (Albrecht et al.,
2005; Ceyhan et al., 2006; Martel et al., 2009). Studies of the mecha-
nisms of formation of magnetosomes are motivated by the desire to
have an in depth understanding of this fascinating example of bio-
mineralization as well as the potential for enhancing biotechnological
and environmental applications.

The magnetic properties of magnetosomes have been character-
ized with several techniques including magnetic force microscopy
(Albrecht et al., 2005), low-temperature SQUID magnetometry
(Moskowitz et al., 1993), ferromagnetic resonance (Charilaou et al.,
2011; Fischer et al., 2008; Weiss et al., 2004) and coercivity deconvo-
lution (Egli, 2004). Electron holography measurements in transmis-
sion electron microscopes (TEM) have been used to visualize the
magnetic properties of magnetosomes (Dunin-Borkowski et al.,
1998; McCartney et al., 2001; Simpson et al., 2005). Fe L,3 X-ray mag-
netic circular dichroism (XMCD) has been used without spatial reso-
lution to study magnetosome extracts (Coker et al., 2007, 2009;
Staniland et al., 2007, 2008) and biologically-generated, extracellular
magnetic iron oxide deposits (Coker et al., 2006, 2007, 2008, 2009).
The first XMCD study of individual magnetosomes within a single
MTB cell using synchrotron-based scanning transmission X-ray mi-
croscopy (STXM) was reported by our group (Lam et al., 2010). This
approach was recently used by Coker et al. (in press) to study extra-
cellular magnetite generated by Shewanella oneidensis strain MR-1.
Here we report further STXM investigations of Candidatus Magnetovi-
brio blakemorei strain MV-1, using both biologically-sensitive (C 1s, 0
1s) and magnetically-sensitive (Fe 2p) edges.

2. Experimental
2.1. Preparation of magnetotactic bacterial cells

Cells of Candidatus Magnetovibrio blakemorei were grown in liq-
uid culture as previously described by Dean and Bazylinski (1999).
5-10 uL of a concentrated liquid culture was placed onto a 200-
mesh glow-discharged copper grid coated with polyvinyl formal (for-
mvar). The droplet was left standing for several minutes before the
liquid was wicked away with filter paper. The grids were left to dry
in air.

2.2. STXM-XMCD measurements

Details of the Canadian Light Source (CLS) 10ID-1 soft X-ray spec-
tromicroscopy beamline (Kaznatcheev et al, 2007), the STXM
(Kilcoyne et al., 2003), and the measurement procedures (Ade and
Hitchcock, 2008; Lam et al., 2010) have been presented elsewhere.
Briefly, monochromatic X-rays are focused by a zone-plate (a circular
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diffraction grating) to a small spot (31 nm, based on the Raleigh crite-
rion, and assuming fully coherent illumination). The sample is
mounted on a piezo stage and its position relative to the focussed
X-ray spot is controlled at the 2-3 nm level by laser interferometry.
The sample is raster scanned while detecting the transmitted flux to
form an image. Signals through sample regions (I) are normalized
to signals from off-sample regions (I,) to derive the optical density,
OD= —In (I/lp). Acquisition of a sequence of images at energies
through an X-ray absorption edge provides spatially resolved NEXAFS
spectra.

It is possible in general to measure XMCD either by varying an ap-
plied magnetic field, or by comparing the signals recorded with left
and right circular polarized X-rays. Since our goal is to interrogate
the intrinsic magnetic properties of the magnetotactic bacteria with
minimal modifications to their natural state, we have used alternation
of the photon polarization. In order to do so it is essential to correctly
position the sample relative to the X-ray beam, since XMCD signals
only arise from that part of the magnetization for which the sample
magnetism is coaxial with the X-ray propagation axis (Stohr and
Siegmann, 2006). The magnetism of a chain of magnetosomes is gen-
erally along the long axis of the cell, and thus in the plane of the grid
or SizsN4 window supporting the cells. In order to generate a non-zero
projection of the magnetization vector onto the X-ray propagation
axis, the sample is mounted at a 30° angle. For this purpose a
sample holder with a wedge was used to create a fixed 30° tilt
along the horizontal axis between the surface normal and incoming
X-rays. Alternatively, the sample is mounted on a tomography holder
(Johansson et al., 2007), which allows arbitrary polar rotation. For
XMCD studies, a 30° rotation angle is used. In either of these rotated
geometries, horizontal or near-horizontally-oriented magnetosome
chains give the largest XMCD signal; vertically oriented chains have
zero XMCD. For a perfectly horizontal magnetosome chain, 50% of
the magnetization vector is projected on the X-ray propagation axis.
Deviation from horizontal further attenuates the XMCD signal by
the cosine of the deviation angle.

Improvements to the Elliptically Polarizing Undulator (EPU) at
the CLS soft X-ray spectromicroscopy beamline and the STXM_con-
trol software have resulted in more reliable data collection relative
to our earlier work (Lam et al., 2010). The rate at which the EPU can
switched from left circularly polarized (LCP) to right circularly po-
larized (RCP) light, while having the electron beam orbit stabilized,
was significantly improved such that switching between right and
left circular polarization can now be done in ~8 s. This allows for al-
ternating RCP/LCP measurements at each photon energy (concur-
rent mode, method B) which significantly improves reliability
over the original procedure used by Lam et al. (2010) in which
complete image sequences were measured with one circular polar-
ization, before changing to the opposite polarization (successive
mode, method A). In method A each image sequence took ~5 h to
collect, a period over which there is significant drift in the instru-
mental response, which resulted in data which required extensive
and careful correction. In the improved procedure the circular po-
larization is alternated at each photon energy (RCP/LCP) (concur-
rent mode, method B). This results in substantially more precise
data, which greatly reduces the effort needed to extract the
XMCD. For example, the image alignment parameters for the RCP
and LCP polarization subsets are the same since the images for
the two polarizations at each photon energy take only a few mi-
nutes to collect. A further significant improvement was made by
using the point-by-point rather than the line-at-a-time acquisition
mode, which required improvements to the STXM_control soft-
ware. The point-by-point mode significantly improves spatial pre-
cision and thus the quality of the individual images and the
precision of the spectra extracted from small regions such as indi-
vidual magnetosomes. The effects of both improvements on data
quality are documented below.

2.3. XMCD data analysis

In this work, X-ray absorption spectra are plotted on the as-
recorded optical density scales. As the optical density of individual
magnetosomes is very weak, there is no absorption saturation, how-
ever, the low OD makes the experiment quite challenging. In order
to evaluate the total magnetic moment, we have compared quantita-
tively the strength of the MV-1 XMCD signal to that of abiotic magne-
tite, since the latter possesses a saturated magnetic moment and has
been carefully measured in a strong magnetic field (Goering et al.,
2006a). To perform the quantitative comparison, the Fe L3 spectra of
MV-1 recorded with left (LCP) and right (RCP) polarized light are
first carefully background-subtracted using identical background
functions (typically linear, which is valid over the short energy span
of the L3 signal), before the intensities of the Fe L; component are
scaled (again using the same factor for both LCP and RCP) to make a
best match to the L3 spectrum of abiotic magnetite (Goering et al.,
2006a) outside of the L; peak (between 702-705eV, and
714-718 eV) prior to subtraction. In this way, the ratio of the inte-
grated XMCD signal (705-715 eV) from an MV-1 sample to that for
abiotic magnetite provides a quantitative measure of the magnitude
of the XMCD and thus the total magnetic moment for that MV-1 sam-
ple. In this work we chose to measure only the L; component since
our L; measurements at present have higher statistical accuracy com-
pared to those at the L, component. Also, analysis of the L, XMCD re-
quires correction for overlap with the magnetically-sensitive L;
extended fine structure signal (Goering et al., 2006a, 2006b). This re-
quires very long range spectra, which are prohibitively time consum-
ing when making spectroscopic measurements using the image
sequence approach. Since only L; data has been measured, it is not
possible to make a sum rule analysis but the total moment was eval-
uated by quantitative comparison to the XMCD of abiotic magnetite.

3. Results
3.1. Documenting improved performance

Fig. 1a indicates how the polarization changes with time in the
successive (Method A), versus the concurrent (Method B) modes.
The benefits of changing to the concurrent mode are documented in
Figs. 1-3. An example of the improved STXM-XMCD quality is pre-
sented in Fig. 1, which compares the Fe L; NEXAFS and XMCD spectra
of a magnetosome chain within one MV-1 cell, recorded with method
A (July 2009, Fig. 1b) and with method B (September 2009, Fig. 1c).
Fig. 1d is a comparison of the fractional noise level in the two mea-
surements, obtained by subtracting an appropriately scaled version
of the Fe L3 XMCD of synthetic magnetite reported by Goering et al.
(2007) from the measured XMCD of the magnetosome chain. Clearly
the noise level is much larger in the method A measurements (refer
to blue line in Fig. 1d) even though the dimensions of the chains
and the experimental conditions were similar for the two measure-
ments. The lengths of the magnetosome chains in Figs. 1b (8 magne-
tosomes) and 1c (9 magnetosomes) are 0.54um and 0.63 pm,
respectively. The pixel dwell times for the two data sets were 5 and
6 ms, respectively. The exit slits were 8 or 10 um, with the value cho-
sen so that the detected signal of the incident beam off the magneto-
some chain was below 20 MHz in order to ensure a linear detector
response. The noticeable improvement in spectral quality and repro-
ducibility with method B (alternating polarization at each photon en-
ergy) can be attributed to the fact that the incident beam intensity at
CLS is more stable over shorter than longer periods. In addition to
plotting the spectra for each polarization, Figs. 1b and 1c also plot
the XMCD spectra obtained by subtracting the anti-parallel (red)
spectrum from the parallel spectrum (green). The XMCD spectra of
the magnetosome chains are compared to that of the XMCD spectrum
of mineral magnetite (Goering et al., 2007), multiplied by a factor of



S.S. Kalirai et al. / Chemical Geology 300-301 (2012) 14-23 17

0.5 to account for the projection of the in-plane magnetization of the
magnetosome chain onto the X-ray propagation direction (a 30° tilt
angle was used).

In Fig. 1b, the spectra were measured successively for each polar-
ization (method A); thus beam fluctuations and intensity normalized
stacks are affected by drifts in the storage ring and beamline condi-
tions. This yields poorer statistics and a poorer match of the pre-
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edge absorption profiles of the parallel and anti-parallel spectra.
However, when the spectra are recorded concurrently by alternating
the polarization at each successive energy (method B), the result is
less dependent on the long-term stability of the storage ring and
beamline. For samples with relatively long exposures times, as is
the case in STXM-XMCD measurements, irradiation causes a build-
up of carbon on the sample due to cracking of surface-adsorbed hy-
drocarbons. Although this was a major concern for measurements
using method A, the effect is negligible for measurements using
method B since the slow build-up of carbon is tracked in the off-cell
portion which is the source of the I, signal used for conversion from
transmission to optical density. This can be seen by comparing Fig. 2
(method A, successive polarization measurements) and Fig. 3 (meth-
od B, concurrent polarization measurements). These figures contrast
the difference in the average of all images acquired with (i) left circu-
lar polarization (Figs. 2a, 3a) and (ii) right circular polarization
(Figs. 2b, 3b), as well as the difference in the LCP and RCP signals in
the (iii) pre-edge (704-706eV, Figs. 2c¢, 3c) and (iv) iron L3
(708-711 eV, Figs. 2d, 3d) regions. With the successive measurement
mode (method A), the OD range is 0.08 for the pre-edge difference
image and 0.09 for the Fe Ls difference image. This is a significant por-
tion of the total OD in the Fe L3 peak (0.2-0.3). Spectral distortions are
more pronounced in the cellular biomolecular region (used for the Iy)
than the magnetosome region, as biological material is more suscep-
tible to radiation damage (Toner et al., 2005). The pre-edge difference
image for method A (Fig. 2c) shows a radiation-damage-related OD
difference pattern that is systematic and consistent with the struc-
ture. In contrast, for method B, the pre-edge difference image
(Fig. 3c) is uniform and un-structured, and the total OD range is
only 0.02. By switching to concurrent polarization measurements
(method B), the decreased data collection time has improved the
overall statistical quality while lowering radiation-damage-induced
artifacts. The close correlation between the biogenic XMCD and the
scaled reference spectrum of magnetite (Goering et al, 2007)
(Fig. 1c) exemplifies the increased reliability of concurrent polariza-
tion measurement mode.

Fig. 4 documents the improvements that result from acquiring im-
ages in the point-by-point mode rather than line-at-a-time mode, in
both method A and method B. The absolute OD differences between
line-at-a-time and point-by-point mode show that the point-by-
point mode is superior (as indicated by less jitter at the edges of the
magnetosomes), largely due to the higher spatial precision provided
by the point-by-point mode. The absolute OD differences (Fig. 4c
and d) are lower and there is a smoother variation in the signal
when point-by-point mode is used in conjunction with method B.

3.2. Fe L3 XMCD studies of cells of strain MV-1

Fig. 5a shows a STXM image at 709.8 eV of an array of strain MV-1
cells. The curved-rod shape of the cells is characteristic of the MV-1
marine vibroid species. Fig. 5b shows a false color image of the
upper right area of Fig. 5a in which the iron signal (the difference of

Fig. 1. (a) Schematic of two methods used to measure X-ray magnetic circular dichro-
ism (XMCD). In method A (upper time plot) the left and right circular polarization data
are acquired successively, with only a single switch of the circular polarization. In
method B (lower time plot) — the left and right circular polarization data is obtained
quasi concurrently by switching polarization at each photon energy. (b) Image, Fe 2p
spectra and XMCD from a single magnetite magnetosome chain of a cell of Candidatus
Magnetovibrio blakemorei strain MV-1 recorded with method A (successive mode).
(c) Image, Fe 2p spectra and XMCD from a single MV-1 magnetosome chain recorded
with method B (concurrent mode). In each case, the derived XMCD signal is plotted
in comparison to that from mineral magnetite (black), (Goering et al., 2007) which
has been scaled by 0.5. (d) Comparison of the noise in the data from the two measure-
ments, derived in each case by subtracting the XMCD spectrum of mineral magnetite
from that of the MV-1 magnetosome chain (blue: difference signal of method A;
green: difference signal of method B).
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Fig. 2. Average of all images of an Fe L; XMCD image sequence measured with method
A (successive mode) (a) Average of all images of the LCP stack; (b) Average of all im-
ages of the RCP stack; (c) The (LCP-RCP) difference in the pre-edge region (704-
706 eV); (d) The (LCP-RCP) difference over the Fe L; peak (708-711 eV). Gray scales
indicate the range of optical density (OD) or difference in optical density (AOD).

0D7g98-0D704 images) is in red and the pre-Fe 2p signal at 704 eV
(which is dominated by the cells and other non-Fe material), is in
blue. The peak of the Fe Ls signal occurs at 709.8 eV. However the
OD at that energy also has contributions from the underlying

031
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Fig. 3. Average of all images of a Fe L3 XMCD image sequence measured with method B
(concurrent mode). (a) The LCP stack; (b) Average of all images of the RCP stack; (c)
The (LCP-RCP) difference in the pre-edge region (704-706 eV); (d) The (LCP-RCP) dif-
ference over of the Fe L; peak (708-711 eV). Gray scales indicate the OD or AOD range.

absorption by the magnetite oxygen and non-Fe containing species.
The latter signal is removed by subtracting the pre-Fe absorption
image at 704 eV; thus, the (OD7g95-0D7o4) difference shows only
the iron components. The single-domain magnetic iron particles in
the chains synthesized by MTBs are found to have their magnetic vec-
tor pointing in the same direction in most cases. Assuming that the
magnetic field (predominantly that of the earth) was present at the
droplet when the sample was deposited and was uniform over the
few tens of microns field of view of Fig. 53, then one would expect
the magnetic vector of each chain and thus, the cells, to be oriented
along the magnetic field lines present at the droplet. However,
Fig. 5a (and other lower magnification images sampling many more
cells) shows that the cells of MV-1 are essentially randomly oriented.
In contrast to the preferential orientation that probably occurs much
of the time in their natural environment, MTB deposited on these
TEM grids were not strongly oriented along the Earth's geomagnetic
field. This is most likely due to turbulence in the droplet caused by
the rapid capillary action that occurred when the excess fluid was
wicked away. As the fluid is removed, the magnetic alignment of
the cells is disturbed and the cells are unable to restore their natural
ordering with the external magnetic field before they lose mobility
due to the absence of liquid medium.

Fig. 6 presents results from a STXM-XMCD study of two overlap-
ping MV-1 cells. An Fe L; image sequence was recorded using the
concurrent XMCD polarization measurement mode. Fig. 6a displays
the average of all images between 708.6 eV and 710 eV in the LCP
mode which corresponds to the full Fe L3 peak. The NEXAFS and
XMCD spectra of the three colored regions (two individual magneto-
somes and an overlap of two others) are presented in Fig. 6b-d. In
each spectral plot the red curve is that recorded with RCP while the
green curve is that recorded with LCP. For the green magnetosome
(Fig. 6b), the LCP mode is the parallel spectrum while the RCP mode
is the anti-parallel spectrum. The opposite is true for the red magne-
tosome (Fig. 6¢) since the LCP mode has the anti-parallel and the RCP
mode has the parallel spectral shape. Thus, the magnetic orientations
of the two chains are opposite to one another. This is shown by the
shapes of the RCP-LCP difference spectra (Fig. 6b, ¢) which are
inverted relative to each other. The RCP-LCP difference spectrum of
the horizontally-oriented MTB (red, Fig. 6¢) shows the characteristic
XMCD of magnetite while that of the more vertically-oriented MTB
(green. Fig. 6¢) shows the inverse of the magnetite XMCD reference
spectrum. This example nicely illustrates that STXM-XMCD is sensi-
tive to both the magnitude and orientation of the magnetic vector
of individual magnetosomes. This is further exemplified by the signal
extracted from the intersection of the two chains (Fig. 6d), where the
XMCD signal disappears due to the additive nature and opposite ori-
entation of the XMCD from the two magnetosomes in this region.

Fig. 7a compares the corrected average XMCD spectrum from both
chains (inset of Fig. 7a indicates the regions of the specific magneto-
somes from each chain that were selected for measurements), in
comparison to the XMCD spectrum of mineral magnetite. Selecting
just the central part of the best aligned magnetosomes gives the
best possible representation of the magnetic signal since the signal
from the edges of the magnetosomes is relatively reduced due to
the finite spatial resolution of STXM and the wings of the response
function (Leontowich et al., 2011). The Fe L; component for each
chain was isolated and matched to the edge-jump normalized data
reported by Goering et al. (2007), as described in experimental
Section 2.3. The tilted chain (red in Fig. 7a) has a reduced magnetic
moment (only the projection on the horizontal axis is sensed) and
its orientation is opposite to that of the horizontal chain (green in
Fig. 7a). Prior to averaging with the XMCD of the two chains, the
XMCD from the tilted chain was inverted and then rescaled by a fac-
tor of —1.30 to account for the 40° in-plane tilt from horizontal. As
shown in Fig. 7a, the match on an absolute scale of the corrected, av-
eraged XMCD from these two chains to the XMCD of abiotic
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line-at-a-time | point-by-point

Successive Polarization (method A)

Fig. 4. Comparison of Fe L3 XMCD data recorded using (left) line-at-a-time mode; and
(right) point-by-point scanning for successive (upper block of 4 images) and con-
current (lower block of 4 images) modes. Within each block, the upper figures (labeled
a or c) are the differences averaged over a region of pre-edge energies (704.5 to
706.5eV) for opposite circular polarization (LCP-RCP), while the lower images
(labeled b or d) are the differences integrated over the Fe L; peak energies (707.5 to
711.5 eV) for opposite circular polarization (LCP-RCP). The concurrent mode shows
less statistical variation as well as less absolute variation in the optical density between
the two polarization images. Gray scales indicate the AOD range.

magnetite is excellent. Integration of the absolute value of that XMCD
from the MV-1 magnetosome magnetite compared to that from abi-
otic magnetite gives a ratio of 0.93(6) for the magnetic signal of
MV-1 magnetosomes relative to that of magnetite. Since the magnetic
moment of magnetite is 3.9 uB (Goering et al., 2006a, 2006b, 2007),
our result for this set of two MV-1 chains is an average moment of
3.6(2) pB.

An approach to look for possible anomalies in the magnetosome
XMCD signal, perhaps associated with partial site occupancy (Coker
et al., 2007), is to create “XMCD images” from each peak of the L3 sig-
nal, which are more or less specific to each of the 3 crystal sites.
Fig. 7b-d are images of the XMCD signal averaged over each of the
three characteristic peaks of the XMCD. Except for the cross-over
point where the overlap of opposite oriented signals nearly cancels
the XMCD signal (see Fig. 6d), there is a clear signal in each channel,
with approximately similar signal levels, taking into account the very
small amount of magnetic material contributing to the signal. In each
channel, the sense of the XMCD signal is opposite between the two
magnetosomal chains and is inverted for Fig. 7c relative to Fig. 7b
and 7d, which is consistent with the extracted XMCD spectra.

3.3. Biochemical mapping of cells of strain MV-1

C 1s and O 1s image sequences were measured from several
cells of strain MV-1 in order to map the biochemical components
of the cells. Fig. 8a presents the reference spectra for protein (albu-
min, green), polysaccharide (modeled as glucose, red) and CaCO3
(blue) reported by Lawrence et al. (2003), which were used to
generate component maps from a C 1s image sequence using singu-
lar value decomposition (SVD) (Ade and Hitchcock, 2008). SVD is a
matrix decomposition method used to rapidly find the optimum
solution to a set of linear equations which are highly over-
determined. The output of the SVD analysis is a set of maps for

-0.02

Magnetosomes cells & salt crystals

o

Fig. 5. (a) STXM OD image at 709.8 eV of a number of cells of strain MV-1; (b) a false
color image of the upper right area in Fig. 6a, where the iron signal (from OD;gg g
0D4p4) is in red and the pre-Fe 2p signal at 704 eV is in blue.

each component for which a reference spectrum is provided.
Fig. 8b is a false-color image of the spatial distributions of protein
(red), polysaccharide (green) and CaCOs; (blue). A principal
component analysis (PCA) and a subsequent cluster analysis (Lerotic
et al.,, 2005; Jacobsen, 2011) were also performed. This multivariate
statistical analysis technique first transforms the data into a set of
ranked, orthogonalized variables (or principal components) and then
seeks clustering in the principal component variable space which
identifies spectrally unique components. PCA combined with cluster
and target analysis provides unsupervised mapping of spectrally
distinct regions as well as extraction of their spectra. PCA/cluster
analysis of the C 1s image sequence identified three spatial
regions that have distinct absorption spectra (Fig. 8c) which were
identified by this approach as the interior cellular structure
(green), the extracellular polymeric substance (EPS) (red) and a
mineral region (blue). The spectra of the cellular region and the
EPS are similar, with the largest difference being a higher optical
density inside the cell which gives clear definition to the MV-1
cells. Also, in the EPS region there is an increase, relative to the
characteristic protein spectral features at 285.15eV and
288.20 eV, in the height of the polysaccharide NEXAFS peak at
289.35 eV. The differentiation of the cell and EPS was further con-
firmed by the SVD analysis (Fig. 8b). The spectrum of the third re-
gion (mineral, blue) has less well defined C 1s spectral structure
and a much larger non-carbon signal. This is consistent with its at-
tribution to a mineral material, as is also supported by the close
match in location to the region of high CaCO3~ concentration
found by the SVD analysis (Fig. 8b). The peaks at 297 and 300 eV
in the cellular (green) and EPS (red) spectra (Fig. 8c) are from po-
tassium ions.
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Fig. 6. (a) Average of images in the Fe L3 peak (708.6-710 eV) of the magnetosome
chains of two overlapping MV-1 cells. (b) to (d) present the Fe Ly LCP/RCP spectra of
the three colored areas shown in (a), along with their difference spectra (RCP-LCP) .
In each case, the red spectrum is that recorded with RCP while the green spectrum is
that recorded with LCP; (b) data for the green magnetosome; (c) data for the red mag-
netosome; (d) data for the blue magnetosome. Black lines in Fig. 6(b)-(d) are scaled
XMCD spectra of reference magnetite (Goering et al., 2007). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)

The O 1s analysis is more complex, because the O 1s edge has con-
tributions from both the magnetosome and organic components of
bacteria. Fig. 9a shows the average of all images from 524.0 to
560.8 eV. In addition to the MV-1 cells, salt crystals and magnetosome
chains are clearly visible. The spectra of these regions are shown in
Fig. 9b along with O 1s reference spectra of magnetite and protein.
The O 1s spectrum of the magnetosomes (red curve in Fig. 9b) was
generated by subtracting the O 1s spectrum of the adjacent cellular
material from the spectrum extracted at the location of the
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Fig. 7. (a) Corrected average XMCD spectra of the two chains (data points: blue dots
with error bars; blue line, smoothed guide to the eye; inset image with red and
green markers indicates the areas from which spectral data was extracted) compared
to that of mineral magnetite (black, Goering et al., 2007). The RCP and LCP spectra of
each chain were background subtracted and the intensity scaled to match the edge-
normalized data of Goering et al. (2007). See text for description of how the two op-
posing polarity signals were scaled and averaged. The XMCD data of mineral magnetite
was reduced by 50% to account for the 30° azimuthal tilt angle of the MV-1 sample.
(b) Image of the XMCD signal that is a composite of images from 707.8-708.5 eV cor-
responding to the first, negative peak in the XMCD spectrum shown in 7a; (c) Image
of the XMCD signal that is a composite of images from 709 to 709.3 eV corresponding
to the second, positive peak in the XMCD spectrum shown in 7a; (d) Image of the
XMCD signal that is a composite of images from 709.9 to 710.5 eV corresponding to
the third, negative peak in the XMCD spectrum shown in 7a. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)

magnetosomes. The amount of cellular signal subtracted is such that
there is almost equal O 1s contribution from the organic material
and magnetite. After this processing, there is a good match between
the O 1s spectra of the magnetosomes and magnetite (red and black
curves in Fig. 9b). The cellular component (green in Fig. 9b) shows
a close match to that of reference albumin at the main O 1s —
" c—o peak (532.1 eV). However, the 0%c_o signal in the continuum
region (536-546 eV) is much larger in the cellular spectrum than in
the spectrum of pure protein, due to the presence of many other
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Fig. 8. (a) C 1s reference spectra of protein (human serum albumin, green), CaCOs (calcite,
blue) and polysaccharide (represented as glucose, red) (Lawrence et al., 2003). (b) Color-
coded composite of the 3 component maps derived by fitting the reference spectra
of Fig. 8a to a C 1s image sequence from an MV-1 magnetotactic bacterial cell (same
color-coding as in Fig. 8a). (c) The spectra of the spatial regions indicated in the
inset RGB composite, which were identified by a combination of principle component
and cluster analysis. The peaks at 297 eV and 300 eV arise from K. See text for further
details.

oxygen containing species, such as lipids and polysaccharides, within
the body of the MTB cell. Lipids and polysaccharides have little or no
signal around 532 eV but much larger signal than protein in the 536-
544 eV region due to their aliphatic character which leads to strong O
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Fig. 9. (a) Average of all images of an O 1s stack (524.0-560.8 eV). (b) Spectra
extracted from the cellular regions, the magnetosome chain, and the salt crystals. The
displayed spectrum of the magnetosome chain has had the signal from the surrounding
cellular material subtracted. The O 1s spectra of magnetite (black) and protein (dark
blue) are plotted for comparison. (c) Color-coded composite of magnetosome (red),
cellular (green) and salt-like (blue) component maps derived by fitting the reference
spectra of Fig. 9b to the O 1s image sequence (see text for further details).

1s — 0*c_o transitions. Detection of the magnetite magnetosomes at
the O 1s edge is more difficult than at the Fe 2p edge because the
magnetite-specific O 1s feature is relatively weak. However, it is pos-
sible to map the magnetosomes because magnetite has a low-lying O
1s — (0 2p - Fe 3 d) peak at 530.2 eV, which is at a lower energy than
the lowest energy biological signal, the O 1s — "¢ — o peak of protein
at 532.1 eV. The O 1s NEXAFS spectra of protein, pure mineral magne-
tite and the mineral inclusions were used to fit the O 1s stack and thus
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visualize magnetosomes from their O 1s signal. Fig. 9c is a color-
coded composite of the magnetosome (red), cellular (green) and
salt (blue) components determined by an SVD analysis of the O 1s
image sequence.

4. Discussion

The use of concurrent polarization mode (method B) (Figs. 1-3)
and point-by-point image acquisition (Fig. 4) for STXM-XMCD has
resulted in significantly improved results relative to our previously
reported spatial resolved XMCD measurements (Lam et al., 2010).
The current study demonstrates improvement of XMCD spectra
obtained from individual magnetosomes as well as from full chains.
Lam et al. (2010) suggested that there was a difference between the
Fe (II)/Fe (III) ratio of the MV-1 MTB magnetite and that of abiotic
mineral magnetite. However, this more accurate study finds a much
smaller difference between the XMCD of magnetosome magnetite
and that of abiotic magnetite. The previously observed higher relative
amount of Fe (II) may have been an artifact of radiation damage,
which reduces Fe (IIl) to Fe (II), as reported by Toner et al. (2005)
and Yano et al. (2005). The improved efficiency of the polarization-
switching mode has significantly reduced the impact of radiation
damage on STXM-XMCD measurements. Radiation damage in STXM
has two effects: contamination of the sample surface (mainly with
build-up of carbonaceous material) and photoreduction. By changing
our measurement method, the optical density distortions due to
radiation-induced carbon build-up are minimized and the total dose
used is reduced so there is less photoreduction of the magnetite.

The quantitative XMCD signal averaged over the two chains of
magnetite magnetosomes (Fig. 7a) is in nearly quantitative agree-
ment with the XMCD of mineral magnetite (Goering et al., 2007).
There still appears to be a slightly higher Fe (II)/Fe (III) ratio in the bi-
ological magnetite relative to mineral magnetite, but the effect is
much less pronounced than reported by Lam et al. (2010). In addition,
although a weak effect, the Fe (II) XMCD peak appears to be shifted to
slightly lower energy relative to its counterpart in the XMCD spec-
trum of mineral magnetite (Goering et al., 2007) and there are
other minor differences in the region of the XMCD signal from the
Fe (III) Oy, site (see Fig. 7a). We have shown it is possible to visualize
magnetosomes at the O 1s edge (see Fig. 9) despite the much larger O
1s signal from biological material. This is the first time that magneto-
some chains have been mapped using O 1s spectromicroscopy.

This study is a good example of how NEXAFS and XMCD signals
recorded at high spatial resolution in STXM provide a highly sensitive
probe of both the biochemistry and the magnetization. The ability to
measure both the magnitude and the direction of the magnetization
has great potential to provide additional insight into magnetosome bio-
mineralization mechanisms. XMCD, along with NEXAFS, may yield im-
portant information regarding the fate of magnetosomes during cell
division, such as elucidating how magnetosome chains split and grow
within daughter cells. Previous studies have relied on TEM to investi-
gate the distribution of magnetosomes during cell division (Staniland
etal., 2010). We are striving to use gentler sample preparation methods
to allow for passive alignment of bacteria — for example, introduction of
X-ray transparent SisN4 windows into culture, as outlined by Lawrence
etal. (2003). STXM-XMCD studies of such samples may yield further in-
formation on the biochemical or environmental mechanisms that lead
to “south-seeking” behavior (in the northern hemisphere), which is ob-
served in a minority of cells in all cultures of polar magnetotactic bacte-
ria, including MV-1. Note that a south-seeking cell adjacent to a north
seeking cell is one possible explanation of the opposite polarity of mo-
ments found in the set of MV-1 cells presented in Figs. 6, and 7. Another
aspect of magnetotactic bacteria that could be studied effectively with
STXM-XMCD is the nature and effect of gaps between chains of magne-
tosomes exhibited within a single cell by some magnetotactic species
grown in culture. Examples of these gaps are clearly visible in Figs. 5

and 6a. Bazylinski et al. (1995) commented on the presence of these
gaps in cells of strain MV-1 and suggested that, since all the elongated
crystals were aligned along their long axes within the cell, the different
parts of the magnetosome chain would also be magnetized in the same
direction. Since electron holographic studies map field lines rather than
explicitly measure the magnetization of individual magnetosomes it
might be difficult to verify that point with electron holography. Thus,
the ability of STXM-XMCD to study the orientation and magnitude of
the magnetism of each magnetosome within a cell could add signifi-
cantly to other methods being used to investigate this fascinating bio-
mineralization system.
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