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Lactobacillus sakei is a lactic acid bacterium naturally found on meat. Although it is generally acknowledged
that lactic acid bacteria are rare species in the microbial world which do not have iron requirements, the
genome sequence of L. sakei 23K has revealed quite complete genetic equipment dedicated to transport and use
of this metal. Here, we aimed to investigate which iron sources could be used by this species as well as their
role in the bacterium’s physiology. Therefore, we developed a microscopy approach based on electron energy
loss spectroscopy (EELS) analysis and nano-scale secondary-ion mass spectrometry (SIMS) in order to
analyze the iron content of L. sakei cells. This revealed that L. sakei can use iron sources found in its natural
ecosystem, myoglobin, hemoglobin, hematin, and transferrin, to ensure long-term survival during stationary
phase. This study reveals that analytical image methods (EELS and SIMS) are powerful complementary tools

for investigation of metal utilization by bacteria.

Most living organisms have requirements for iron, an ele-
ment which is indispensable for many cellular processes. Its
role in infection and virulence processes in pathogenic bacteria
has also been evidenced (reference 11 and references therein).
In the environment, iron cannot be used readily by bacteria
because of its insolubility. In response to iron deprivation,
microorganisms have thus developed sophisticated strategies
in order to capture and sequestrate iron. Gram-negative and
Gram-positive species generally synthesize extracellular sid-
erophores, low-molecular compounds with very high affinity
for ferric iron, and specific membrane receptors able to inter-
nalize iron-siderophore complexes (40). Some bacteria with
absolute iron requirements, such as Pseudomonas fragi, a meat-
borne species which does not produce siderophores, or the
pathogenic species Staphylococcus aureus, which produces only
three different siderophores, are able to use iron-siderophore
complexes produced by other bacterial species sharing their en-
vironment (10, 36). In animals, heme constitutes the major iron
source and is found in hemoproteins, such as hemoglobin and
myoglobin. Bacteria can also gain free heme from proteolysis or
oxidation of free hemoglobin issued from red blood cells. Other
mammalian iron sources can be found in nonheminic iron storage
and transport proteins, such as transferrin or lactoferrin.

Until recently, lactic acid bacteria were generally considered
to be a rare bacterial group having no iron requirement (7, 41).
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No growth differences were noticed when different lactic acid
bacterium species were tested in either iron-depleted or iron-
supplemented media, and attempts to characterize sid-
erophore production by these species were unsuccessful (22,
34). Recently, nonribosomal peptide synthesis pathways have
been detected with the genomes of two Lactococcus lactis
vegetal isolates (37). The authors of that study suggest that this
could account for siderophore production as it exists in other
bacteria (11), but this remains to be experimentally proven.
One species, Lactobacillus johnsonii, exhibits iron require-
ments when inosine and uracil are supplied as the sole nucle-
otide sources in a chemically defined medium (15). Heme
acquisition in Lactococcus lactis has been reported and is as-
sociated with the ability of the species to undergo respiration
(13). But iron per se is still considered to be dispensable for
these species, and heme is considered a heme source rather
than an iron source. Genome sequences of several lactic acid
bacteria have revealed that some species harbor genetic equip-
ment involved in iron transport (31). This is the case in Lac-
tobacillus sakei, a lactic acid bacterium particularly well
adapted to meat, in which it becomes the predominant flora.
Its genome has revealed some specific features that could ac-
count for its high adaptation to meat, including several puta-
tive iron transport systems and three iron-dependent transcrip-
tional regulators belonging to the Fur family (8). L. sakei lacks
classical respiratory cytochromes and is devoid of heme bio-
synthesis machinery, but a heme-dependent catalase has pre-
viously been reported (20, 26). The genome sequence of strain
23K showed the presence of putative cytochrome b5 (8) and a
mutated cytochrome P450 gene, this latter gene being intact in
some other L. sakei strains (9). This equipment may indicate
that iron and/or heme is transported into L. sakei cells.
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FIG. 1. Growth and survival of L. sakei 23K in MCD medium
supplemented with various iron sources. Open squares, control; open
circles, FeCls, 40 uM; open triangles, hematin, 40 wM; crosses, hemo-
globin, 10 wM; full squares, myoglobin, 40 wM; full circles, h-trans-
ferrin, 5 WM. Iron source concentrations were calculated to ensure the
same final Fe concentration. h-Transferrin concentrations ranging
from 1 to 20 wM were tested, but no difference was observed between
5 and 20 pM, so the 5 M concentration was selected.
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Numerous methods have been used to study metal-microor-
ganism interactions. An extensive review of methodological
approaches was done in 1997 (1). Recently, mapping of organic
polymers and the redox iron status of bacterial extracellular
matrixes have been studied by scanning transmission X-ray
microscopy (21, 32). Electron energy loss spectroscopy (EELS)
and/or electron spectroscopic imaging (ESI) techniques have
successfully been used in eukaryotic tissue investigation in or-
der to visualize ultrastructural localization of elements such as
calcium, phosphorous, oxygen, nitrogen, zinc, copper, other
light elements, and also iron (3, 5, 6, 17, 23-25, 39). EELS also
allowed identification of phosphorus and thus DNA in an ex-
tracellular matrix produced by a Gram-negative bacterial iso-
late involved in biofilm formation (2). The nitrogen distribu-
tion map created through EELS image analysis allowed the
localization of cyanophin, a cyanobacterial protein known for
functioning as temporary nitrogen, carbon, and energy stock
(27). Information on the cellular status of metals in bacteria is
difficult to obtain, since conventional preparations used for
electron-microscopic observations can alter structures, relo-
cate, and/or remove metal ions and probably other labile cy-
toplasmic constituents when processing at room temperature
(16). Secondary-ion mass spectrometry (SIMS) has been used
for a couple of years to investigate the isotopic composition of
microorganisms (33) and recently to identify uncultured mi-
croorganisms in complex ecosystems by using species-specific
oligonucleotide probes (29). Here, we developed an analytical
correlative imaging approach based on a combination of EELS
and SIMS, which revealed that growth of L. sakei in the pres-
ence of heminic compounds or transferrin leads to iron accu-
mulation in cells, which is correlated with a longer survival
during stationary phase.

MATERIALS AND METHODS

Bacterial strain and growth conditions. L. sakei 23K (8) was propagated on
MRS medium (12) at 30°C. For physiological studies the chemically defined
medium MCD (28) supplemented with 0.5% (wt/vol) glucose was used. MCD
medium contains no iron sources but contains possible traces of iron coming
from various components or distilled water. Incubation was performed at 30°C
with stirring at 70 rpm. Cell growth and viability were followed by measuring the
optical density at 600 nm (ODg) on a visible spectrophotometer (Secomah) and
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FIG. 2. Histogram representing catalase activity of L. sakei cells
grown in MCD medium supplemented with heminic compounds (con-
trol, hematin, 40 wM; hemoglobin, 10 wM; myoglobin, 40 uM). Cata-
lase activity is expressed as micromoles H,O, consumed per minute
and per mg protein.

by the determination of the number of CFU ml ™! after plating serial dilutions of
samples on MRS agar. Plates were incubated under aerobiosis at 30°C for 30 h.
All the measurements were performed in at least three independent assays.
When needed, media were supplemented with freshly prepared filtered solutions
to obtain final concentrations of either 40 uM FeCl; (Merck), 40 uM FeSO,
(Merck), 40 pM hematin (Sigma), 10 .M hemoglobin (Sigma), 40 wM myoglo-
bin (Sigma), 5 uM bovine holo-transferrin (h-transferrin; Sigma), 2.5 uM fer-
richrome (Sigma), 1 pM lactoferrin (Sigma), 40 uM desferrioxamin (Desferal;
Sigma) iron saturated with FeCl;, or 50 wM ferri tri-sodium citrate (Merck). Iron
depletion was obtained by addition of O-phenanthroline (Sigma) or 2,2 dipyridyl
(Sigma) at 200 pM or at 2 to 4 mM in liquid medium or agar medium, respec-
tively.

Catalase activity determination (adapted from the method of Sinha [38]).
Cells cultivated for 8 h in MCD medium supplemented with hematin, hemoglo-
bin, or myoglobin were collected by centrifugation (3,300 x g) for 10 min at 4°C,
rinsed twice in sodium phosphate buffer (0.1 M, pH 7.0), and resuspended in the
same buffer at an ODy, of up to 25. Cell suspensions (700 pl) were added to
500-mg glass beads (0.1-mm diameter; BioSpec Products) and disrupted on a
FastPrep apparatus (FP120; Bio101 Savant) by shaking twice for 20 s at speed 5,
with a cooling step between of 2 min on ice. After centrifugation for 10 min at
15,000 X g, the protein concentration was measured in the supernatant using the
Bradford method according to the manufacturer’s instructions (Coomassie pro-
tein assay reagent; Pierce Biotechnology, Rockford, IL). Catalase activity was
determined with cell extract aliquots containing 100-p.g proteins incubated in the
presence of 5 ml sodium phosphate buffer (0.1 M, pH 7.0) and 4 ml H,O, (0.2
M). At 1, 3, 5, 8, and 10 min, 1-ml aliquots were removed and mixed to 2 ml
(potassium dichromate [50 g liter ~']-acetic acid [1:2, vol/vol]), then boiled for 10
min before the ODs,, was measured. Results are expressed as micromoles H,0,
consumed per minute and per mg of proteins. Three independent assays were
performed, and results are expressed as mean * standard deviation.

Sample preparation for EFTEM and SIMS analysis. Cells grown for 8 h and
30 min (ODgyy of ~1.4) in MCD medium supplemented with various iron
sources were harvested by gentle centrifugation at room temperature. A small
amount of bacterial pellet was quickly pushed in a spacer ring fixed with a
double-side rubber onto the specimen holder of a cryofixation device (Metal-
Mirror cryofixation system MMS80 E; Leica, Vienna, Austria) and impacted onto
a liquid nitrogen-cooled gold-coated copper block. The freeze substitution pro-
cess in pure dry acetone at —89°C for 3 days in a freeze substitution device (AFS,
Leica, Vienna, Austria), progressive infiltration in Spurr resin, a polymerization
step, and sectioning (Ultracut S microtome; Leica, Vienna, Austria) were per-
formed as previously described (4). Thin sections (50 nm thick) collected on
unfilmed grids were examined unstained on an energy-filtered transmission elec-
tron microscope (EFTEM), a CEM 902 Carl Zeiss (Oberkochen, Germany)
equipped with a charge-coupled-device camera, Mega View III FW (Olympus
Soft Imaging Solutions, Miinster, Germany), located at the Platform MIMA2
(INRA, Jouy en Josas, France). Acquisition, recording, and treatment of data
were obtained with graphical interface iTEM (Soft Imaging Company, Miinster,
Germany).

EELS analysis procedure. In an electron microscope, electrons which have
been scattered in the specimen lose element-specific energies. These electrons
can be detected as a function of the energy lost through the specimen by the
means of an energy filter that permits recording element distribution images
(ESI) and spectra (EELS). Element-specific signals (elemental edges) are su-
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FIG. 3. Iron mapping of L. sakei cells cultivated in MCD medium supplemented with various iron sources: no iron (A); ferrioxamin, 40 pM
(B and C); myoglobin, 40 M (D and E); and h-transferrin, 5 uM (F and G). ESI images obtained using EFTEM (cell scale) (panels A, B, D, and
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perimposed on a falling background. In this study we used parallel EELS
(PEELS) as an alternative to the EELS technique to identify iron; in this
technique an image of the spectrum is recorded by the camera and the resulting
spectrum represents the distribution of image pixel intensity as a function of
energy loss. iTEM software allowed us to remotely control the microscope and
camera for data acquisitions and to analyze energy-filtered images and spectra.
The ESI technique produces highly resolved element mapping of preparations
over relatively large areas, and the PEELS technique, suitable for a fast screening
of spectra, allows chemical analysis with good spatial resolution. Comparison of
ESI maps and PEELS spectra recorded on the same analyzed region avoids false
image distribution due to possible local changes in section thickness and allows
identification of weak edges. In this study, iron was identified by the Fe-L, 5 edge
at 708 eV (35). Images (516 by 516 by 8, binning [x/y] of 2x) were recorded by the
camera using iTEM software facilities. An iron map was obtained by subtracting
a modeled background using the three-window power law method (14). Detailed
descriptions of the method are given elsewhere (35). An additional image at an
energy loss (AE) of 250 eV (structure-sensitive image) below the C-K edge,
which allows examination of very thin unstained sections, was obtained at the
same time. At this value, the contrast image is inverted, carbon contribution is
eliminated, and cellular details are clearly visible. The calculated element map,
arbitrarily colored, was superimposed onto the corresponding structure-sensitive
image. For PEELS acquisition, the image of the EELS spectrum was recorded by
the camera, with an energy range of 140 eV centered at the energy loss of the
Fe-L, ; edge (708 eV). Background subtraction was performed using the iTEM
software facilities, and the calculated background according to the power law of
Egerton (14) was subtracted from experimental spectra. If EFTEM analysis
allows iron detection at a nano-scale range, this analytical technique is restricted
to a limited field of view (about 3 pum by 3 wm), therefore studying numerous
bacteria to get information on a large cell population would be time consuming.

SIMS imaging. SIMS allows direct identification of chemical elements with
high sensitivity and specificity (18) and can be applied to visualizing the elemen-
tal distribution (chemical mapping) of a large area (raster of up to 100 pm) to get
an overview of a few tens of cells in addition to highly resolved EFTEM maps.
Dynamic SIMS imaging was performed using a NanoSIMS-50 ion microprobe
(CAMECA, France) operating in scanning mode. The primary ion beam was
generated from either a cesium source (Cs™) or an oxygen source (O™) for,
respectively, negative or positive secondary-ion analysis. The instrument is
equipped with a magnetic spectrometer using a parallel detection system with the
capacity to acquire simultaneously up to five species, which ensures a perfect
colocalization between recorded images. In this study, images for CN—, P~, and
S~ were acquired simultaneously using the Cs™ primary beam to characterize the
cell distribution. Concerning the detection of iron, Fe ™ emission using the Cs™
beam (electronic affinity, EA of 0.16 eV) provides extremely low sensitivity. As
an alternative, several tests have been carried out by detecting FeO™ (EA of 1.5
eV). However, the sensitivity is still quite low, and only aggregated iron could be
analyzed in this way. The magnetic field was set to detect the heaviest mass (in
the present study, *°Fe'®O~ with the Cs source) on one of the largest radius
detectors. The other movable detectors were positioned to detect >C*N~ and
3P~. For typical experiments, the primary ion intensity was up to 6 pA. The
probe was stepped over the sample in a 256-by-256-pixel raster of 100 to 30 pm
to generate secondary-ion images. The typical dwell time was 20 ms per pixel. As
Fe can be more favorably detected as Fe™, imaging was also carried out using the
O™ beam on samples showing a low and more homogeneous iron distribution.
Sections were first examined using the O~ beam to record “°Ca* and °Fe™
maps (*°Ca™ is used to characterize the cell distribution). The typical acquisition
duration was then extended to about 50 ms per pixel for the detection of positive
secondary-ion species “’Ca* and *°Fe™ at a much lower intensity (3 pA). Re-
cording was then performed using multiframe mode (accumulation of 10 frames
with 5 ms per pixel for each) in order to prevent structure deformation because
of the erosion of primary ions. The same regions of interest were then analyzed
using the Cs™ beam to acquire 2C'*N~, 3'P~ and **S™ images in a separate run.
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As the two sets of images were recorded sequentially, care has been taken to
minimize the shift between the two sets of images during image acquisition.
Furthermore, image processing using ImageJ software (W. S. Rasband, 1997-
2000, National Institutes of Health, Bethesda, MD [http://rsb.info. nih.gov/ij/]),
with a homemade plug-in, was performed to obtain proper colocalization of the
observed structures on the processed maps for all of the ion species.

RESULTS AND DISCUSSION

L. sakei showed enhanced survival during stationary phase
when grown in the presence of heminic compounds or trans-
ferrin. We first aimed at analyzing L. sakei behavior in the
presence of iron. As previously claimed for several lactic acid
bacteria, neither iron deprivation nor iron supplementation
modified growth of L. sakei 23K (data not shown). Iron depri-
vation was obtained by adding common iron chelators: O-
phenanthroline (200 pM to 4 mM), 2,2 dipyridyl (200 M to 4
mM), or Desferal (200 wM). No effect of Desferal or 2,2
dipyridyl was observed on growth in either solid or liquid
media. A total growth inhibition was observed when O-phe-
nanthroline was added, but this inhibition was not suppressed
by subsequent iron supplementation, indicating an intrinsic
toxicity of O-phenanthroline, independent from an iron priva-
tion effect, as previously reported for lactic acid bacteria (30).
None of the iron source supplementations tested (free-iron
forms FeSO, or FeCl;; siderophore-complexed iron fer-
richrome, ferrioxamin, and ferri-citrate; and iron forms present
in the meat environment, such as hematin, hemoglobin, myo-
globin, h-transferrin, and lactoferrin) resulted in any significant
effect on growth (data not shown). This indicates that this
metal is dispensable for L. sakei growth. In contrast, survival
was highly enhanced during stationary phase when cells were
grown in the presence of heminic compounds (hematin, myo-
globin, and hemoglobin), with cells being able to survive up to
144 to 168 h (Fig. 1). The most pronounced effect was observed
in the presence of hematin. An intermediate phenotype was
observed when h-transferrin was added to the medium. In fact,
this compound led to a better survival than the one observed
with the control, even though it was less than that with heminic
compounds. These results confirm that iron is dispensable for
L. sakei growth, as mentioned in the literature (34), but they
clearly indicate that iron sources present in the meat environ-
ment highly benefit L. sakei by sustaining long-term survival.

Catalase activity is correlated with enhanced survival in the
presence of heme. As L. sakei is known for possessing a heme-
dependent catalase (20, 26), even though it is deficient in a
heme biosynthesis pathway, we measured this activity in cells
grown in the presence of different heme sources. As shown in
Fig. 2, growth in the presence of hematin, hemoglobin, or
myoglobin resulted in measurable catalase activity in L. sakei
cells, indicating that this species is able to get heme from the

F). A filtered image at 250 eV (inverted contrast) allows the morphology to be observed. Bacterium ultrastructure is clearly visible; ribosomes
nonhomogeneously distributed are recognizable (panels A and B especially). Magnified insert in panel B shows a small portion of membranes with
cytoplasmic membrane (CM) and cell wall (CW) well conserved. The iron map, in red, is superimposed on the 250-eV image. White inserts show
experimental PEELS spectra (panels A and F) or background-corrected Fe-L, ; edges (panels B and D). Yellow circles represent the area for
PEELS acquisitions. Unstained sections. SIMS images (population scale) (panels C, E, and G). SIMS has the capacity to analyze a larger field (here
30 wm) and then complementing and generalizing the ESI information obtained for single cells. Images were obtained by superimposing two sets
of images: the iron (*°Fe'®O~ for panel C and *°Fe™ for panels E and G) distribution in red and the '>C "N~ distribution in blue, which gives

information on cell distribution.
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hemoproteins hemoglobin and myoglobin. Significantly higher
catalase activity was observed with cells grown in the presence
of hematin and is correlated with longer survival during sta-
tionary phase. The survival in the presence of heminic com-
pounds cannot be attributed to respiration, as described for L.
lactis (13), since L. sakei lacks respiratory cytochromes (8), but
could be attributed to the dismutation of hydrogen peroxide by
the catalase. The survival in the presence of h-transferrin relies
on the effect of iron per se and not on heme. Such an effect of
iron and the ability to get it from h-transferrin was unexpected
and had not yet been observed with lactic acid bacteria. Addi-
tionally, we could not detect any catalase activity in cells grown
in the presence of h-transferrin. Taking all these results into
consideration, we cannot rule out that heme per se is also used
as an iron source.

Heminic iron sources and transferrin are transported into
L. sakei cells. Our strategy to evaluate the intracellular iron
content of L. sakei cells grown in the presence of various iron
sources was to develop an electron microscopy-based method.
From the same cell preparation we performed both EELS to
get an iron map at nanometer range for single cells and Nano-
SIMS in order to visualize iron within the whole-cell popula-
tion. As no precise quantification could be performed in any of
the techniques, the combination of both approaches revealed
to be efficient in evaluating the iron content of cellular popu-
lations, and the two techniques clearly appear complementary.
Conventional procedures for sample preparation for EFTEM
analysis usually include, prior to resin embedding, chemical
fixations and dehydrations in solutions with increasing organic
solvent content that produce extractions or displacements of
loosely bound elements (19). To avoid these artifacts, we used
physical fixation (cryofixation) and cryosubstitution prior to
the necessary embedding in a resistant resin. Cell structure
conservation of such preparations was checked by TEM obser-
vations. We detected the presence of iron inside cellular struc-
tures, confirming that cell integrity had been kept, which en-
sured intracellular conservation of elements. EFTEM analyses
at the subcellular level were confirmed by NanoSIMS analysis
in corresponding areas but in larger zones. Several observa-
tions were made with the whole-cell preparation, and we
present here representative images for EFTEM and SIMS
analysis (Fig. 3). Clear differences were observed for the iron
content of cells grown on various iron sources. Cells grown in
the absence of exogenous iron sources did not show any iron
signal in their cytoplasm (Fig. 3A). Cells grown in the presence
of FeCl, or ferrioxamin revealed a weak iron signal (iron
content near the limit of detection) in the cytoplasm, whereas
extracellular clusters exhibited a strong signal, indicating that
iron does not enter the cells as shown for ferrioxamin grown
cells (Fig. 3B and C). We detected the presence of iron in L.
sakei cells grown in the presence of myoglobin, hematin, and
hemoglobin, characterized by a strong signal from cytoplasm
(Fig. 3D and E; see also Fig. S1 in the supplemental material).
Likewise, we observed an iron signal in the cytoplasm of cells
grown in the presence of h-transferrin (Fig. 3F and G), though
it was less strong than the one observed with heminic com-
pounds. It seems that iron accumulation in L. sakei cells varies
according to iron source supply, with heminic compounds, such
as heme, hemoglobin, or myoglobin, being preferential iron
sources for L. sakei. These differences in iron cellular contents
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are correlated with bacterial survival. Indeed, a lower iron
content was observed with transferrin, a growth condition for
which survival during stationary phase was less improved than
with the heminic iron sources. In all cases, the use of SIMS
confirmed the presence of iron at the population level,
strengthening information obtained for single cells. This was
characterized by the colocalization of **°Fe and ~“CN (cell
structure) secondary-ion images. We also observed a nonho-
mogeneous signal within cells, which could be due to differ-
ences in the physiological statuses of cells within the popula-
tion.

In conclusion, this study provides the first evidence for both
heme and iron utilization by L. sakei for its survival. This
utilization seems restricted to iron sources present in the meat
environment, such as myoglobin, hemoglobin, and transferrin,
confirming the tight adaptation of this species to meat. This
enlightens us about the functions critical for its adaptation and
that ensure the competitiveness of this meat-borne lactic acid
bacterium. In addition, we have developed a novel comple-
mentary use of EELS and SIMS, which represents a promising
experimental approach offering the possibility of detecting in-
tracellular iron in bacteria. This should be of interest in par-
ticular to studies of pathogens known for having higher iron
requirements and should open new fields for element investi-
gation of bacteria.
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