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Abstract

Magnetotactic bacteria (MTB) are ubiquitous aquatic microorganisms that form intracellular
nanoparticles of magnetite (Fe;O4) or greigite (FesSs) in a genetically controlled manner.
Magnetite and greigite synthesis requires MTB to transport a large amount of iron from the
environment which is subsequently concentrated in organelles called magnetosomes for
crystal precipitation and maturation. X-ray absorption analysis of MTB suggests that the
intracellular iron is mainly contained within the crystals, thus preventing potential toxic
effects of free iron. In contrast, recent mass spectrometry studies suggest that MTB may
contain a large amount of iron that is not precipitated in crystals. Here, we attempt to resolve
these descrepancies by performing chemical and magnetic assays to quantify the different iron
pools in the magnetite-forming strain Magnetospirillum magneticum AMB-1 cultivated at
varying iron concentrations. AMB-1 mutants showing defects in crystal precipitation were
also characterized following the same approach. All results show that magnetite represents at
most 30 % of the total intracellular iron under our experimental conditions. We further
examined the iron speciation and subcellular localization in AMB-1 using the fluorescent
indicator FIP-1 that is designed for detection of labile Fe(II). Staining with this probe suggests
that unmineralized reduced iron is found in the cytoplasm and associated with magnetosomes.
Our results demonstrate that, under our experimental conditions, AMB-1 is able to
accumulate a large pool of iron distinct from magnetite. Finally, we discuss the biochemical

and geochemical implications of these results.
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Importance

Magnetotactic bacteria (MTB) are a group of microorganisms producing iron-based
intracellular magnetic crystals. They represent a model system for studying iron homeostasis
and biomineralization in bacteria. MTB contain an important mass of iron, about 10 to 100
higher than other bacterial model such as Escherichia coli, suggesting efficient iron uptake
and storage systems. Accordingly, MTB have been proposed to significantly impact the iron
biogeochemical cycle in sequestering a large amount of soluble iron into crystals. Recently,
several studies proposed that MTB could also accumulate iron in a reservoir distinct from
their crystals. Here, we present a chemical and magnetic methodology for quantifying the
fraction of the total cellular iron contained in the magnetic crystals of the magnetotactic strain
Magnetospirillum magneticum AMB-1. Comparison of the mass of iron contained in the
different cellular pools showed that most of the bacterial iron is not contained in AMB-1
crystals. We then adapted protocols for the fluorescent detection of Fe(Il) in bacteria, and
showed that iron could be detected outside of crystals using fluorescence assays. This work
suggests a more complex picture for iron homeostasis in MTB than previously thought.
Because iron speciation controls its solubility, our results also provide important insights into
the geochemical impact of MTB. A large pool of unmineralized iron in MTB could be more
easily released in the environment than magnetite, thus limiting iron sequestration into MTB

crystals.
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Introduction

Many living organisms transform inorganic molecules into crystalline structures in a process
called biomineralization. Magnetotactic bacteria (MTB) represent an elegant example of such
organisms. They incorporate dissolved iron from their environment and precipitate it as
magnetite [Fe(I)Fe(Il1),04] or greigite [Fe(II)Fe(Ill),S4] nanoparticles in organelles called
magnetosomes (Uebe and Schiiler, 2016). MTB are ubiquitous gram-negative
microorganisms in aquatic environments. They inhabit the oxic/anoxic transition zones in the
water column or sediments where they thrive (Kopp and Kirschvink, 2008). In MTB,
magnetosomes are aligned as chains inside the cell, and provide the bacteria with a permanent
magnetic dipole presumably for navigation purposes (Uebe and Schiiler, 2016).

Tremendous work has been carried out to determine the biological and chemical reactions
leading to magnetite synthesis in MTB (McCausland and Komeili, 2020). In the two best-
studied, magnetite-forming  strains = Magnetospirillum  magneticum  AMB-1  and
Magnetospirillum gryphiswaldense MSR-1, magnetosome formation is a genetically-
controlled process where: (i) magnetosome vesicles are formed from invagination of the inner
cell membrane, (ii) empty magnetosome vesicles are aligned as a chain inside the cell, (iif)
iron is transported and concentrated into magnetosome for initiation of biomineralization, and
(iv) crystal size and shape are precisely controlled in a species-specific manner. A set of ~30
genes, located in a distinct portion of the genome called the magnetosome island (MAI), is
required and sufficient for the step-wise formation of magnetosomes (Murat et al, 2010).
Recently, iron isotope studies have provided an integrative model for iron uptake and
precipitation as magnetite in the magnetotactic strain AMB-1 (Amor et al, 2016, 2018). This
model assumes that dissolved Fe(Il) or Fe(Ill) species are incorporated into AMB-1 and
stored in the cytoplasm and/or periplasm as Fe(III). This Fe(III) pool is then partially reduced

into Fe(Il) for trafficking to magnetosomes, and oxidized for precipitation as magnetite


https://doi.org/10.1101/2020.03.10.986679
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.03.10.986679; this version posted March 13, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

89  (Amor et al, 2018). Direct mass spectrometry measurements of iron content and iron isotope
90 composition in AMB-1 cells devoid of magnetosomes suggests that a large pool of iron,
91  which could represent at least 50% of the total cellular iron, accumulate in reservoir(s)
92  distinct from magnetite (Amor et al, 2016, 2018). The above-mentioned high-resolution mass
93  spectrometry measurements of iron showed discrepancy with previous X-ray absorption
94  analyses performed on both AMB-1 and MSR-1 strains, in which magnetite was the sole iron
95  species detected at the end of the biomineralization process (Baumgartner et al, 2013; Fdez-
96  Gubieda et al, 2013).
97 In the present work, we address the discrepancy between the mass spectrometry and X-ray
98 absorption experiments by determining the distribution of iron in AMB-1 cells. We grew
99 AMB-1 with different iron concentrations, and measured the mass of iron taken up by the
100  bacteria using chemical assays. Cells were then recovered and the mass of iron contained in
101  magnetite was quantified from magnetic characterizations. From these experimental results,
102  we found that magnetite represents ~25 to ~30% of the bulk cellular iron. Additional cultures
103  of AMB-1 were grown to determine the total mass of iron contained in magnetite at the scale
104  of a bacterial population. Simultaneous cell counting allowed us to estimate the mean mass of
105 magnetite per cell. Comparison of these results with published single-cell quantification of
106  bulk iron in AMB-1 supported mass balance estimations. Finally, we used a fluorescent
107  reporter of iron to show that at least part of the non-crystalline iron is present as Fe(II) species
108  within bacterial cells. To further investigate the link between magnetite formation and iron
109  incorporation, mutant AMB-1 strains (AmamP and AmamT strains lacking the protein MamP
110 and MamT, respectively) showing biomineralization defects were also analyzed following the
111  same approaches (Fig. 1). Bacterial cultures of all strains were carried out in triplicates.
112 All data support the presence a large pool of iron, at least partially reduced, distinct from

113  magnetite in AMB-1 under our experimental conditions. These results raise important


https://doi.org/10.1101/2020.03.10.986679
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.03.10.986679; this version posted March 13, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

114  biochemical (i.e. iron homeostasis in MTB) and geochemical (i.e. impact of MTB on the iron
115  biogeochemical cycle) questions that we address in the discussion of this article.

116

117  Results

118 Iron depletion and speciation in AMB-1 cultures

119  We first cultivated wild-type AMB-1 (Fig. 1) for three days at two iron concentrations (30
120  and 150 uM). Sterile media containing no bacteria were also prepared and used as a control
121  condition. The iron concentration and oxidation state were monitored in AMB-1 cultures and
122  sterile media using the ferrozine assay (see materials and methods). Iron concentration and
123 oxidation state in the filtered sterile media remained constant over the three days of
124  incubation, showing that all iron in the growth media can be analyzed by the ferrozine assay
125  (Table 1; Fig. 2). Therefore, the decrease in iron concentration in the growth media is not due
126  to precipitation of small iron phases excluded during filtration and can be attributed to iron
127  uptake by AMB-1. Initial and final Fe(II), total iron concentration and pH in wild-type AMB-
128 1 growth media, as well as final optical densities (ODa4gonm), are given in Table 2. Most of the
129  bacterial iron uptake, normalized to biomass, occurred between one and two days of culture
130  (Fig. 2): iron depletion was 0.10 £ 0.04 and 0.95 + 0.21 mg per unit of optical density after 26
131  hours of culture for an initial iron concentration of 30 and 150 uM, respectively; and 0.37 +
132 0.03 and 1.05 £ 0.15 mg per unit of optical density after 46 hours of culture for an initial iron
133 concentration of 30 and 150 uM, respectively (Fig. 3A). For an initial concentration of 30 uM,
134  no further iron depletion occurred after 46 h of culture. In contrast, the mass of iron depleted
135  from the growth medium decreased to 0.69 + 0.18 mg per unit of optical density in cultures
136  provided with 150 uM of iron. Iron speciation was also modified over bacterial growth. 40
137  and 17% of the initial Fe(III) added to the growth media containing 30 and 150 uM of iron,

138  respectively, became immediately reduced after inoculation (Fig. 4). Remaining Fe(IIl) was
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139  then progressively reduced until complete reduction, which happened after 46 and 69 hours of
140  culture for an initial iron concentration of 30 and 150 uM, respectively. Finally, the growth
141  medium pH showed a similar increase between the two iron conditions, with final values of
142 ~7.5 (Table 2).

143 Iron uptake by the two mutant AmamP and AmamT strains was then measured following the
144  same experimental procedure. Because mutant strains produce less magnetite than wild-type
145  AMB-1, as shown by the electron microscope observations (Fig. 1), we cultivated them with
146  iron at 150 uM to measure iron uptake more accurately. The highest iron uptake by wild-type
147  AMB-1 was observed at ~45 h of culture (see results). Accordingly, AmamP and AmamT
148  strains were cultivated for ~45 hours. Wild-type AMB-1 cultures were used as controls. The
149  pH and optical density (OD) values were almost identical in all cultures of the three wild-type
150  control, AmamP and AmamT AMB-1 strains (Table 3). AmamP cells showed limited iron
151  incorporation normalized to the optical density, with a ~4-fold decrease compared to the wild-
152 type (Table 3). Iron uptake by AmamT cells showed inconsistent values, with bulk iron
153  concentration showing a slight increase during bacterial growth in two of the three replicates,
154  and a decrease in the third replicate. We considered these data to be inconclusive. Finally, the
155  Fe(Il) / total Fe ratios were slightly lower in AmamP (0.11 £ 0.02) and AmamT (0.09 = 0.02)
156  compared to wild-type AMB-1 (0.16 + 0.03).

157

158  Magnetic properties of AMB-1 cultures

159  After chemical analyses, bacteria were recovered and transferred into sample holders for
160  magnetic analyses. Hysteresis loops were measured on whole bacterial populations (Fig. S1).
161  Sample preparation was performed under anoxic conditions to prevent magnetite oxidation
162  into maghemite [y-Fe,Os]. Three magnetic parameters were extracted from hysteresis loops:

163  the remanent magnetization (M;s), the saturation magnetization (Ms) and the coercivity (H.).
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164 M depends only on the mass of magnetic material for a given phase, and is 92 emu per gram
165  of magnetite (Zaitsev et al, 1999). Iron phases in MTB have been extensively described. In
166 AMB-1 and MSR-1, as well as in the closely-related strain Magnetospirillum
167  magnetotacticum MS-1, three iron species were evidenced both from bulk measurements and
168  observations at the atomic scale: magnetite, ferrihydrite and Fe*” (Frankel et al, 1983; Faivre
169 et al, 2007; Baumgartner et al, 2013; Fdez-Gubieda et al, 2013; Uebe et al, 2019). Ferrihydrite
170  and Fe*" are paramagnetic at room-temperature, and do not to contribute to the M; signal
171  (Towe and Bardley, 1967; Aharoni, 2000; Wang et al, 2016). The My values thus provide
172 accurate estimates of the mass of iron in magnetite, which is a ferrimagnetic material. M
173 corresponds to the remanent sample magnetization measured under an external magnetic field
174  of zero, after exposing the sample to a saturating external field. M;s/M; ratio depends on
175  particle size and organization, and is typically ranging between 0.43 and 0.50 in AMB-1
176  (Dunlop, 2002; Li ef al, 2012). Finally, H, is the magnetic field strength required to reduce
177  the magnetization of the sample to zero after fully magnetizing it. Thus, H. represents the
178  capability of a magnetic material to resist demagnetization. It depends on the particle size, its
179  shape, its magnetization, and its magnetocrystalline anisotropy.

180 Magnetic parameters calculated from hysteresis loops (Fig. S1) are given in Table 4 and Fig.
181 5. After 26 hours of growth, remanent (M,s) and saturation (M) magnetizations were similar
182  between the two experimental conditions (Figs. SA and 5B). Similar to iron uptake patterns,
183  most magnetite was precipitated between 26 and 46 hours of culturing in both conditions. No
184  variation in M, and M was observed for longer time of culture. Final M, was 9.57 £ 2.41 x
185  10™ emu and 2.09 = 0.57 x 10” emu for AMB-1 cultivated with iron at 30 and 150 pM,
186  respectively. Final M; values were 2.06 + 0.44 x 10~ and 4.13 + 0.38 x 10~ emu for AMB-1
187  cultivated with iron at 30 and 150 uM, respectively. Knowing the magnetic moment of

188  magnetite per unit of mass (92 emu/g), the M; values were converted to a mass of iron
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189  contained in magnetite. Results are given in Fig 3B. The maximum mass of iron in magnetite
190 measured was 0.082 £ 0.015 and 0.15 £+ 0.015 mg per unit of optical density in AMB-1
191  cultivated with 30 and 150 uM of iron, respectively. From the remanent and saturation
192  magnetization values, we calculated the M,s / M; ratios. Almost identical values between the
193  two experimental conditions were observed: ~0.38, ~0.50 and ~0.50 after 26, 46 and 69 hours
194  of cultures, respectively (Fig. 5C). Coercivity showed a slightly different pattern, as it
195  progressively increased with time (Fig. 5D). After 26 hours of growth, the coercivity of
196  AMB-1 cultures was ~50 Oe for both initial iron concentrations. At longer growth times,
197  AMB-1 cultivated with 150 uM showed higher coercivities (180 + 5 Oe and 224 + 31 Oe for
198 46 and 69 hours of growth, respectively) than AMB-1 cultivated with 30 uM of iron (132 + 8
199  Oe and 146 + 26 Oe for 46 and 69 hours of growth, respectively).

200 We measured the mass of ferrimagnetic material in mutant AMB-1 strains following the same
201  approach. Jones and co-workers showed that nanoparticles produced in the AmamP and
202 AmamT cells also correspond to magnetite (Jones et al, 2015). Therefore, the same saturation
203  magnetization per unit of mass (92 emu/g) was used to calculate the mass of iron contained in
204  magnetite. Mutant AMB-1 strains showed altered magnetic properties (Table 5). The
205 remanent and saturation magnetizations in the AmamP strain were ~1 order of magnitude
206  lower than wild-type. Associated M,/ M; ratios showed lower values in AmamP AMB-1
207 (0.34 £ 0.09) compared to the wild-type control (0.46 = 0.05). In AmamT AMB-1, the
208  saturation magnetization showed even lower values (~2 orders of magnitude lower than the
209  wild-type strain), while the remanent magnetization was ~0. Accordingly, M,s / M; ratios
210  corresponding to magnetite produced by AmamT cells were also ~0. Finally, coercivity
211  showed a ~3- to 4-fold decrease in the AmamP strain, and was close to zero in all AmamT
212 mutant samples.

213
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214  Iron distribution in AMB-1 populations

215  Having determined the mass of iron in the different bacterial pools (i.e. magnetite and the rest
216  of the cell), we finally wanted to quantify the iron distribution in AMB-1. The mass of iron in
217  the lysate (masSiysate, I.€. the fraction distinct from magnetite) was calculated from:

218

219 MasSyysate = MASScett — MASSmagnetite (Eq. 1)
220

221  where masscen and massmagnetite are the mass of iron contained in whole AMB-1 cells and in
222  magnetite, respectively. massc.y was calculated from chemical assays, and massSmagnetite Was
223 calculated from magnetic characterizations. The fraction of the total cellular iron contained in

224 magnetite (Fagnetite, 1N %) was calculated from:

225

masScell — MASS|ysate
226 Frnagnetite = e ysate v 100 (Eq. 2)
227

228  where massjysae Was calculated from Eq. 1.

229  Using results presented in Figs. 3A and 3B, we calculated the fraction of the total cellular iron
230  contained in magnetite (Fragneiite In Eq. 2) (Fig. 6). The mass of magnetite produced by wild-
231  type AMB-1 cells cultivated at 30 and 150 uM was similar after 26 hours of growth, but iron
232 uptake was 10 times higher under high-iron conditions. Therefore, magnetite corresponded to
233 11.2 £ 6% of the total cellular iron at this time point under low-iron conditions, but only 0.9 +
234 0.3% of the cellular iron under high-iron conditions. In bacteria cultivated with 30 uM of iron,
235  the fraction of cellular iron in magnetite increased to 21.9 + 4 and 26 + 3% after 46 and 69
236  hours of culture, respectively. In the 150 uM iron experimental conditions, it increased up to
237  14.5 £3 and 24.3 + 5% after 46 and 69 hours of culture, respectively (Fig. 6). We note that all

238  cells from every sample observed under the electron microscope contained magnetite crystals.

10
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239  Therefore, our data cannot be explained by bacteria that accumulate iron without producing
240 magnetite crystals. We manipulated and stored magnetite under anoxic conditions ([O;] <
241  lIppm) to prevent its oxidation into maghemite [y-Fe(I1),Os] (Gallagher et al, 1968; Freer and
242 O’Reilly, 1980; Rebodos and Vikesland, 2010). The saturation magnetization of maghemite is
243 60-80 emu per gram (Cornell and Schwertmann, 2004). Even if all magnetite became fully
244  oxidized, the mass of iron precipitated as crystals in wild-type AMB-1 would be at most 40%
245  higher as in Fig. 3B, and the mineral fraction of AMB-1 would represent no more than ~50-
246  60% of the total cellular iron. In this case, our data would still support a significant pool of
247  iron accumulating outside of magnetosome crystals. Finally, we ensured that all iron fractions
248  in AMB-1 cultures were recovered (see materials and methods). Thus, a loss of iron during
249  sample extraction and preparation cannot explain our results. Our data demonstrate that
250 magnetite does not represent the major iron reservoir in AMB-1 under our experimental
251  conditions.

252 To further demonstrate that iron accumulates outside of magnetite, we used additional wild-
253  type AMB-1 cultures to assess the mean mass of magnetite per AMB-1 cell. Cell counting
254  under a light microscope using a hemocytometer indicated an almost identical total number of
255  cells for the two replicates: 8.48 + 2.21 x 10" and 8.39 + 2.26 x 10'°. The total mass of
256  magnetite produced in these cultures and calculated from magnetic measurements was 0.025
257  and 0.024 mg. This yields a mean mass of iron contained in magnetite per cell of 2.11 x 107
258  and 2.10 x 107 ng for the two replicates, which corresponds to ~21 % of the bulk mass of iron
259  measured in AMB-1 cells (Amor et al, 2019).

260  Additional wild-type cultures used as controls for experiments with the mutant strains showed
261  similar results, with ~31 £+ 8 % of the bulk cellular iron contained in magnetite. Magnetite in
262  AmamP bacteria represented only 13 + 12 % of the total cellular iron. All AmamP cells also

263  produced magnetite under our experimental condition. Finally, the fraction of iron contained

11
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264 in AmamT magnetite could not be determined because of inconclusive data on iron
265  incorporation into these mutant bacteria (see above).

266

267  Subcellular localization and speciation of iron in AMB-1

268  Iron distribution assessments demonstrated that AMB-1 cells contain a large pool of iron,
269  distinct from magnetite. However, they did not provide physical and chemical information
270  about this additional pool. To determine the localization and speciation of iron in AMB-1, we
271  used the fluorescence FRET Iron Probe 1 (FIP-1), an activity-based probe that allows the
272 detection of labile Fe(Il) (Aron et al, 2016). FIP-1 is made of a green (fluorescein) and a red
273 (cyanine) fluorophores linked by an Fe(II)-cleavable endoperoxide. In the native FIP-1 state,
274  the fluorescence energy of the excited fluorescein is transferred to the cyanine through a
275  Fluorescence Resonance Energy Transfer (FRET) mechanism. In that case, only a red
276  fluorescence signal can be observed. Upon reaction with labile Fe(Il), the linker between the
277  two fluorophores gets cleaved and a green fluorescence signal can be detected (Aron et al,
278  2016). To further constrain the speciation and subcellular localization of iron distinct from
279  magnetite in AMB-1, wild-type, AmamP and AmamT cells were incubated with the FIP-1
280 probe and imaged via structured illumination microscopy. A mutant strain (AMAI) unable to
281  form magnetosomes was used as a negative control (see supplementary materials).

282 A red fluorescence signal was observed in all samples, indicating the uptake of FIP-1 (Figs. 7,
283  S4 and S5). A very weak green signal was observed in AMAI bacteria (Fig. S5), suggesting a
284  lower labile iron concentration in these mutant cells. This observation is in good agreement
285  with quantification of bulk iron in wild-type and AMALI bacteria (Amor et al, 2019). Both red
286  and green fluorescence patterns showed intracellular heterogeneities, demonstrating that FIP-
287 1 has been internalized into AMB-1. In wild-type bacteria, the green fluorescence signal was

288  diffuse in the cytoplasm, although unstained spaces corresponding to PHB (Poly--

12
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289  hydroxybutyrate, a carbon storage molecule) granules can be observed (Figs. 5 and S4).
290 Green fluorescence signal also accumulated at the poles of the cell (Fig. S4). Such
291  accumulation can be observed in dividing cells at the septum location (Fig. S6). Most of wild-
292  type cells also showed a green fluorescence associated with the magnetosome chains (Fig. 7).
293  AMB-1 produces fragmented chains of magnetite, with magnetosome vesicles spreading
294  along the cell’s long axis from pole to pole (Komeili ef al, 2006; Arakaki et al, 2016). Unlike
295  other Magnetospirillum strains such as MSR-1, apparent gaps between magnetite crystals can
296  be observed from electron microscopy in AMB-1 (Fig. 1). These gaps correspond to empty
297  magnetosome vesicles, containing no magnetite nanoparticles (Komeili ef al, 2006; Arakaki
298 et al, 2016). In our observations, the green fluorescence signals formed fragmented lines (i.e.
299 similar to magnetite crystals) (Figs. 7 and S7). In some rare cases, the fluorescence lines
300 extended almost from poles to poles (i.e. similar to magnetosome vesicles). As mentioned
301 above, all bacteria observed with electron microscopy contained magnetite nanoparticles.
302  Therefore, fluorescence patterns showing continuous lines cannot indicate empty vesicles in
303 cells making no magnetite. AmamP showed all of the fluorescence features that have been
304  observed in the wild-type strain (Figs. 7 and S8), whereas chains of magnetosomes could not
305  be detected in AmamT AMB-1 using FIP-1 (Figs. 7 and S9).

306

307

308 Discussion

309 Mass balance experiments identified a large amount of iron distinct from magnetite in AMB-1,
310 representing ~75 % of the bulk cellular iron in our experimental conditions. These results
311  suggest a more complex picture for iron cycling and homeostasis in MTB than previously

312  thought, as intracellular iron needs to be handled by the cell to prevent toxic effects.

313
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314  Iron incorporation and distribution in AMB-1

315 Monitoring iron concentration and oxidation state in AMB-1 growth medium demonstrated
316 that initial Fe(IIT) became progressively reduced into Fe(Il) (Fig. 4). Accumulation of Fe(II)
317  could result from active reduction by AMB-1, or illustrate respiration reactions depleting
318 oxygen in AMB-1 medium. Our experimental setup cannot rule out one of the two
319 possibilities, but we note that iron isotopes identified Fe(Ill) reduction within AMB-1 cells,
320 and subsequent diffusion of intracellular Fe(II) to the growth medium (Amor et a/, 2018).

321 Iron incorporation into wild-type AMB-1 was higher under high-iron conditions. When
322 normalized to optical density, which is proportional to the concentration of cells in culture,
323  iron uptake by AMB-1 after 26 h of culture was ~10-fold higher in the 150 uM experimental
324  condition, compared to the 30 uM condition (Fig. 3). However, the mass of magnetite was
325 similar in the two culture conditions (Fig. 3), indicating that the limiting step for
326  biomineralization corresponds to magnetite precipitation and maturation, rather than iron
327  uptake into the cell. Mass balance estimations were consistent in all wild-type cultures, and
328 indicated that ~25 to ~30 % of the bulk cellular iron was contained in magnetite after 69h of
329  growth. The mean mass of iron contained in magnetite per cell (~0.21 x 10 ng), estimated
330 from cell counting and magnetic quantification using a VSM, corresponds to 21 % of the bulk
331  iron content in AMB-1 determined by single-cell mass spectrometry analyses under the same
332  experimental conditions (Amor et al/, 2019). The results are almost identical to the mass
333  balance estimations, and show that most of iron is contained in reservoir(s) distinct from
334  magnetite. Moreover, the combination of electron microscopy and mass spectrometry
335 measurements for quantification of iron content in AMB-1 evidenced a delay in magnetite
336  formation as iron was incorporated into bacteria (Amor et al/, 2019). This observation further

337  supports accumulation of intracellular iron outside of magnetite.
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338  The limited iron incorporation into AmamP AMB-1 suggests that magnetite biomineralization
339  regulates iron assimilation. Whether this regulation corresponds to a direct or indirect
340 mechanism remains unclear. A likely hypothesis could be that the iron accumulation capacity
341  of the cell’s fraction distinct from magnetite is limited. Once bacteria are fully loaded with
342  iron, its sequestration into magnetite would be required for further assimilation. Such model
343  would imply a two-step process for magnetite biomineralization, in which iron is first stored
344  in the non-crystalline fraction of the cell, and then precipitated as magnetite. This is in good
345  agreement with what has been proposed for iron cycling in AMB-1 and MSR-1 (Baumgartner
346 et al, 2013; Fdez-Gubieda et al, 2013; Amor et al, 2018, 2019). The lack of MamP in the
347  mutant strain could hamper iron precipitation in magnetosomes, and thus indirectly prevent
348  further iron assimilation.

349 If 75 % of intracellular iron in AMB-1 is not stored in magnetite, the pool distinct from
350 magnetite should represent ~0.75 x 10 ng of iron per cell (Amor et al, 2019). This mass is
351  estimated to be 10 to 100-fold higher than the mass of iron in Escherichia coli cells (Andrews
352 et al, 2003). The iron content in the AMAI AMB-1 strain, unable to form magnetosomes, was
353  also estimated to be 5- to 10-fold higher than E. coli cells (Amor et al, 2019). Excess of free
354  iron in the intracellular medium is toxic for cells (Andrews et al, 2003), which suggests
355  efficient iron storage and detoxifying pathways in AMB-1. They could include ferritins,
356  bacterioferritins and Dps proteins (Andrews et al, 2003; Uebe et al, 2010, 2019). Dps and
357  Dbacterioferritins have recently been shown to protect MSR-1 from oxidative stress (Uebe et al,
358 2019), and phases corresponding to ferritin-like structures have been evidenced in AMB-1,
359 MSR-1, and MS-1 strains using spectroscopic methodologies (Frankel et al, 1983; Faivre ef al,
360 2007; Uebe et al, 2010; Baumgartner et al, 2013; Fdez-Gubieda et al, 2013; Uebe et al, 2019).

361  Further iron toxicity assays in MTB and mutant strains lacking some of these iron-storing
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362 proteins will help to better understand the capacity of MTB to tolerate such high intracellular
363  iron concentrations.

364

365 Discrepancy with previous work

366  Our results clearly showed discrepancy with previous characterizations of iron species in the
367 two magnetotactic strains AMB-1 and MSR-1 using X-ray absorption methodologies
368 (Baumgartner et al, 2013; Fdez-Gubieda et al, 2013). In these two studies, time-course
369  experiments were carried out in which AMB-1 or MSR-1 cells were cultivated without iron.
370  When reaching saturation of cell density, iron was added to the growth medium to trigger
371  magnetite biomineralization. Phases likely corresponding to ferrihydrite were first observed in
372  both strains. When biomineralization was complete, magnetite was the sole iron carrier
373  observed in bacteria. Since additional iron was detected by mass spectrometry and the
374  protocol described in the present research, such discrepancy could suggest that X-ray
375  absorption is not suitable for detection of iron that is not contained in magnetite or ferrihydrite.
376  However, the important fraction of iron we identified in the iron pool distinct from magnetite
377  rather suggests that the discrepancy arises from different experimental protocols. Moreover,
378  recent work on MSR-1 also suggested that iron can be contained outside of magnetite in this
379 strain (Berny et al, 2020). Iron-starving conditions can impact the iron cycling and
380 homeostasis in MTB, as low-iron conditions have been shown to induce overexpression of
381  iron acquisition systems in AMB-1 and MSR-1 (Suzuki et al, 2006; Wang et al, 2017). They
382  might optimize the transfer of incorporated iron to magnetosomes for magnetite precipitation.
383  Further X-ray absorption analyses with iron-starved bacteria and cells grown under standard
384  conditions (i.e. as in the present work) will be needed to confirm this hypothesis.

385
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386 The magnetic properties of AMB-1 cultures illustrate defects in magnetite
387  biomineralization

388 In addition to the mass of magnetite produced in AMB-1 cultures, magnetic characterizations
389  of bacterial samples provided important insights on the nanoparticle size and organization.
390 AMB-1 produces stable single-domain magnetite nanoparticles (Li et al, 2012). The M5 / Mg
391 ratios corresponding to wild-type, mature AMB-1 magnetite typically range between 0.43 and
392  0.50 (Dunlop, 2020; Li et al, 2012). Smaller magnetite particles with crystal dimensions
393  below 30 nm (for a width / length ratio of 0.2 or higher) are not magnetically stable at room-
394  temperature, and fall within the superparamagnetic domain (Muxworthy and Williams, 2009).
395 Their remanence magnetization is thus 0 at room-temperature, but their saturation
396 magnetization remains unchanged for a given mass of magnetite. Very small
397  superparamagnetic particles (<10 nm in length) would not reach complete saturation under
398 the maximum external field we used (4 000 Oe) at room-temperature (Zuoquan et al, 2014).
399 These particles represent less than 5% of the magnetite crystals observed under electron
400 microscopy (Fig. S2). The underestimation of the saturation magnetization of these
401 nanoparticles would be around 20 % (Zuoquan et al, 2014), meaning that the underestimation
402  of the mass of magnetite would be below 1% and thus negligible. A mixing of stable single-
403  domain and superparamagnetic particles would lead to lower M, / M; ratios (Dunlop, 2002).
404 M,/ M ratios of ~0.38 observed after 26h of growth in wild-type cultures could thus reflect a
405 mixing of mature and newly formed particles. Even though iron uptake was ~10-fold higher
406  under high-iron conditions (Fig. 3), M / M; ratios in the two iron conditions were identical
407  regardless of the initial iron concentration in the growth medium. As mentioned above, this
408  suggests magnetite precipitation and growth as the limiting step for biomineralization in
409 AMB-1. For longer culture times, M,s / M ratios in wild-type AMB-1 were consistent with

410 values ranging between 0.46 and 0.49 typical of AMB-1 magnetite (L1 et al, 2012). AmamP
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411  and AmamT AMB-1 also showed decreased M,s / M; ratios compared to the expected ~0.45
412  value. M;s / M; ratios in AmamP cultures of 0.34 are consistent with a mixing of stable single-
413 domain magnetite and smaller superparamagnetic particles as confirmed by electron
414  microscopy observations (Fig. 1). As mentioned above, very small superparamagnetic
415  particles would not reach saturation at room-temperature, leading to an underestimation of the
416  mass of magnetite of ~20%. In that case, our results would still support a large pool of iron
417  distinct from magnetite in the AmamP strain. Contrastingly, AmamT showed M,s and M, / My
418 ratios of zero, which are both consistent with superparamagnetic particles produced in this
419  strain. Electron microscopy demonstrated that AmamT bacteria produced ~10 to 20-nm long
420 nanoparticles, in good agreement with the magnetic analyses (Muxworthy and Williams,
421 2009).

422  Finally, coercivity in wild-type cultures increased with time in both iron conditions.
423  Coercivity in stable single-domain particles such as those produced by MTB (Li et al, 2012)
424  depends on the particle size and shape, as well as the magnetocrystalline anisotropy which is
425  unlikely to change. Consistent H, values between the two iron conditions after 26h of culture
426  suggest similar size and shape for magnetite crystals, in good agreement with iron uptake
427  patterns, remanent magnetization, and saturation magnetization (see above). For longer times
428  of culture, AMB-1 cultivated with iron at 150 uM showed higher coercivity. Since M, is
429  unchanged between these two cultures, this requires that the particles are larger or a different
430  shape under high-iron conditions. To test this hypothesis, we measured the magnetite length
431  and width distributions in both experimental conditions. Results are given in Figs. S2 and S3,
432  and show that the shape (length/width ratio) is almost identical in both experimental
433  conditions. However, bigger magnetite crystals were produced by AMB-1 cultivated with iron
434  at 150 uM (mean length of 38.46 nm) compared to the 30 uM condition (mean length of

435  32.03 nm), suggesting that increased coercivity results from bigger particles under high-iron
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436  conditions. Lower coercivities in the mutant strains can also be explained by the presence of
437  small superparamagnetic particles.

438

439  Localizing iron in AMB-1 cells

440  Two green fluorescence patterns were observed in AMB-1 cultures: a diffuse signal across the
441  cell, and a signal that concentrated on the magnetosome chain. The SIM fluorescence
442  microscope did not allow image acquisition of standard optical observation using white light,
443  thus preventing estimation of the fraction of the total cells showing a fluorescence signal.
444  Observation of magnetosome chains using FIP-1 shows that Fe(Il) is addressed to
445  magnetosomes during biomineralization. There is a possibility that FIP-1 indicates poorly
446  crystalline Fe(Il) at the magnetite surface, but our observations are best explained by Fe(II)
447  being contained either in magnetite-containing or magnetite-free magnetosome vesicles (see
448  below). It 1s unclear whether this Fe(I) would be contained inside magnetosomes, within the
449  magnetosome membrane, or at the magnetosome surface. From high-resolution electron
450  microscope analyses, Werckmann and collaborators proposed that iron could accumulate in
451  the magnetosome membrane before its precipitation as magnetite (Werckmann et al, 2017).
452  Our observations are in line with these results, and indicate that iron in the magnetosome
453  membrane would at least be composed of Fe(Il) species. Genes encoding for Fe(Il)
454  transporters have been found in the magnetosome gene island, and could transport Fe(II)
455  across the magnetosome membrane for magnetite formation (Suzuki et al, 2006; Rong et al,
456 2008, 2012). Identical fluorescence patterns were observed in AmamP AMB-1, but not in the
457  AmamT strain. The chain-like localization pattern in AmamP suggests that FIP-1 does not
458  bind to magnetite, since this mutant strain produces only a few crystals per cell. It also
459 indicates that Fe(Il) is delivered to magnetosomes in the AMB-1 cells lacking MamP, and

460  suggests that magnetite-free magnetosomes can be stained by FIP-1.
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461  Another notable observation is an accumulation of fluorescence at the poles of AMB-1 cells
462 showing a diffuse green signal. Whether such accumulation illustrates true biological
463  mechanisms (flagellar apparatus, chemotaxis receptors, nitrate reductase complex,
464  siderosomes, cell division) remains speculative, and additional work will be necessary to
465  determine the significance of these observations (Miiller et al, 2014; Popp et al, 2014;
466  Alberge et al, 2015; Cunrath et al, 2015; Gasser et al, 2015).

467  Lastly, it is important to note that FIP-1 does not react with Fe(II) bound tightly to proteins as
468  well as Fe(Ill) (Aron et al, 2016). It is likely that additional iron species distinct from
469  magnetite are contained in AMB-1 cells, which include iron associated with heme domains
470  (Siponen et al, 2013; Jones et al, 2015) or iron contained in storage proteins such as ferritins
471  (Faivre et al, 2007; Uebe et al, 2019).

472

473  Implications for Earth sciences

474 It has been hypothesized that MTB deplete their environment in bioavailable iron by
475  sequestering dissolved species into magnetite (Lin et al, 2014). Once the cell dies, MTB
476  magnetite crystals can be trapped into sedimentary rocks, which effectively removes iron
477  from the dissolved pool (Kopp and Kirschvink, 2008, Larrasoana et al, 2014). MTB could
478  thus prevent other living organisms from accessing an available source of iron. Some
479  parameters are missing to accurately quantify the impact of MTB on the iron biogeochemical
480 cycle. One of them is the speciation of iron in MTB, which controls its solubility. Our data
481  demonstrated that most of iron in MTB exists as soluble species (i.e. Fe(Il) and soluble
482  Fe(Ill)-organic compounds), rather than magnetite. [ron sequestration in environmental MTB
483  might thus be more limited than previously proposed (Amor et al, 2019). However, the
484  discrepancy between the present work and the former X-ray absorption characterizations of

485  iron in MTB (Baumgartner et al, 2013; Fdez-Gubieda et al, 2013) raises questions about the
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486  environmental significance of our findings. Environmental MTB populations could
487  experience varying iron conditions, and transition from iron-starving to iron-rich conditions
488  similar to X-ray absorption experiments (Baumgartner et a/, 2013; Fdez-Gubieda et al, 2013).
489 In this case, most of intracellular iron could be contained in magnetite, with a limited soluble
490  iron pool. Additional work constraining iron speciation in MTB that experience transitioning
491 iron conditions, as well as in bacterial populations sampled from the environment, will be
492  useful to further address the impact of MTB on the iron biogeochemical cycle.

493
494 Materials and Methods

495  Cultivation of wild-type and mutant AMB-1 strains

496  Magnetospirillum magneticum AMB-1 (ATCC 700264) was cultivated in 200 mL-bottles.
497  The detailed composition of AMB-1 growth medium is given by Komeili and co-workers
498  (Komeili et al, 2004). The sole iron source provided to AMB-1 cultures corresponded to
499  Fe(IlI)-citrate, which was added to the growth media from an Fe(III)-citrate solution prepared
500 by mixing Fe(IIT)Cl; (6 mM) and citric acid (12 mM) powders (Sigma-Aldrich) in Milli-Q
501 water. The pH of the Fe(Ill)-citrate solution was set at 6.9 (i.e. same as AMB-1 growth
502  medium) using NaOH. The initial Fe(IIl) concentration in AMB-1 growth medium was either
503 30 (i.e. standard concentration used in the ATCC medium) or 150 (i.e. the concentration used
504  for isotope experiments) uM. The concentration of citrate and volume of cultures were kept
505 constant in all experiments by adding an iron-free citrate solution (12 mM, pH 6.9) to AMB-1
506 cultures under low-iron conditions (30 uM). AMB-1 was cultivated in a glove box with
507  controlled atmosphere (90% N», 10% O,) at 30°C for three days. Each day, one bottle for
508 each experimental condition was recovered for chemical and magnetic characterizations (see
509 below). All measurements were carried out in triplicates (total of 18 bottles: two iron

510 conditions, three time points, three replicates for each condition).
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511 Two AMB-1 mutant strains were selected for additional experiments: the AmamP and
512 AmamT strains lacking the genes encoding for the MamP and MamT proteins, respectively
513 (Murat et al, 2010). MamP and MamT are magnetochrome proteins, a class of c-type
514  cytochromes specific to MTB, which can bind iron via their heme domains (Siponen et al,
515 2013). Magnetochromes have been proposed to regulate the iron oxidation state in MTB
516  (Siponen ef al, 2013). The two mutant strains show biomineralization defects, which enable
517  us to investigate the link between magnetite formation and iron uptake. The AmamP strain
518 produces only a few crystals per cell resembling those produced by wild-type AMB-1, as well
519 as a few additional small crystals (Fig. 1A-C). AmamT bacteria synthesize many small,
520 elongated crystals (Fig.1D). The AmamP and AmamT strains have already been produced by
521  our group (Murat ef al, 2010). In AMB-1, mamT gene is located in the mamAB gene clusters
522  of the MAI (termed R5 region in our previous work) downstream of three genes mamQ,
523  mamR and mamB (Murat et al, 2010; Uebe and Schiiler, 2016). These three genes are
524  perfectly duplicated in the R9 region of the MAI, downstream of mamT. To avoid
525 recombination between regions R5 and R9, the region R9 was deleted from AmamT.
526  Therefore, bacteria used in this study correspond to the AmamTAR?Y strain, and are referred to
527  as AmamT. We ensured that AmamT and AmamTAR9 strains show similar biomineralization
528 defects and both can be complimented with mamT expressed from a plasmid (Jones et al,
529  2015). Because the mutant strains produce less magnetite than wild-type AMB-1, as shown
530 by the electron microscope observations (Fig. 1), we cultivated them with Fe(IlI)-citrate at
531 150 uM to measure iron uptake more accurately. The highest iron uptake by wild-type AMB-
532 1 was observed at ~45 h of culture (see results). Accordingly, AmamP and AmamT strains
533  were cultivated for ~45 hours in triplicates in 200-mL bottles (total of 9 bottles: 3 replicates
534  for AmamP and AmamT and 3 replicates for wild-type bacteria used as a control).

535
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536  Transmission electron microscopy

537  Bacteria were deposited on copper grids coated with a Formvar film, and observed with a
538 transmission electron microscope (FEI Tecnai 12) operating at 120 kV. From electron
539  microscopy observations, the length of magnetite nanoparticles produced by wild-type AMB-
540 1 cultivated for three days with Fe(IIl) at either 30 or 150 uM was measured using the ImageJ
541  software.

542

543  Chemical measurements

544  Bacterial iron uptake was quantified by measuring iron concentration in AMB-1 cultures at
545  initial (immediately after inoculation) and final (at the end of the bacterial culture) stages
546  using the ferrozine assay (Hunter ef al, 2013). Ferrozine forms a purple-colored complex with
547  Fe(Il), which can be determined spectrophotometrically. Total iron is then determined by total
548  reduction of iron in the sample with hydroxylamine hydrochloride and subsequent reaction
549  with ferrozine. Concentration of Fe(Ill) is calculated as the difference of total iron and Fe(II).
550 For each condition, pH and optical density at 400 nm (OD4ponm) Were measured. Then, 1 mL
551  of culture was sampled and filtered (0.22-um pore size; Acrodisc syringe filters,
552  polyethersulfone) at the initial and final stages. The Fe(Il) and total iron concentrations were
553  measured using the ferrozine assay. The mass of iron taken up by AMB-1 was calculated
554  from iron depletion in each culture.

555  To demonstrate the reliability of the ferrozine assay for measuring iron depletion in AMB-1
556  cultures, we also prepared sterile growth media provided with Fe(IlI)-citrate at 30 or 150 uM
557 in 200-mL bottles. One mL of growth media was sampled and filtered (0.22-um pore size;
558  Acrodisc syringe filters, polyethersulfone) after iron addition. Iron concentration and
559  speciation was measured with the ferrozine assay as described above. Sterile bottles were

560 incubated for 1, 2 or 3 days at 30°C in the glove box (90% N,, 10% O;). At the end of
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561  experiment, | mL of growth media was recovered, filtered and the iron concentration and
562  speciation were measured using the ferrozine assay. Three replicates per condition were
563  prepared (18 samples total, as for wild-type bacterial cultures).

564

565  Magnetic characterizations

566  After chemical analyses, whole growth media were recovered and centrifuged (8,000 rpm, 10
567 min). Supernatants were discarded, and bacterial pellets corresponding to the entire bacterial
568 populations were dried in an anoxic chamber (98% N, 2% H;, O, < 1 ppm) at room
569 temperature to prevent magnetite oxidation. We have already demonstrated that no significant
570 fraction of iron is adsorbed on AMB-1 cell surfaces (Amor et al/, 2018). Virtually all iron
571  contained in bacterial pellets thus corresponds to intracellular iron. Once dried, whole
572  bacterial pellets were transferred into sample holders inside the anoxic chamber for
573  subsequent magnetic characterizations. Samples were kept in anoxic conditions until
574 magnetic analyses were performed. Hysteresis loops of magnetization versus applied
575 magnetic field were measured using a Vibrating-Sample Magnetometer (LakeShore VSM
576  7410) at room temperature. An integration time of 10 s per point was used.

577

578  Iron mass balance

579 To demonstrate the validity of our protocol and the accuracy of our measurements, we
580 ensured that all iron fractions were recovered and that no iron was lost during sample
581  extraction and preparation. Additional wild-type AMB-1 cultures were carried out in 200-mL
582  bottles for three days. One mL of growth medium was sampled and filtered before and after
583 cultures, and iron concentration was measured using the ferrozine assay as described above.
584  Cells were recovered by centrifugation (8,000 rpm, 10 min). The supernatant was discarded

585  and bacterial pellets were suspended in 100 puL of phosphate buffer (PBS). Cells were washed
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586 three times in PBS and stored for subsequent measurements of total cellular iron mass (Mmeer)
587  using single-cell — inductively coupled plasma - mass spectrometry following a protocol
588  previously published (Amor et al, 2019). Before mass-spectrometry measurements, PBS
589  solution containing the bacteria was filtered to measure the potential mass of iron that leaked
590 outside of the cells using high-resolution — inductively coupled plasma - mass spectrometry
591  (Myeaked) (Amor et al, 2019). Iron recovery was assessed from the following mass balance
592  equation:

593

594 Minitial medium = Mresidual medium T Mcell + Mieaked (Eq. 3)
595

596  where Minitial medium, aNd Myesidual medium are the mass of iron in the growth medium before and
597  after AMB-1 cultures, respectively. mjeeq represented ~0.5 % of my or less (Table 1). Mass
598 Dbalance estimations showed that iron recovery during sample preparation was ranging
599  between 96 and 100% (Table S1), demonstrating the validity of our protocol. Therefore, a
600 loss of iron pools such as magnetite could not explain our results.

601

602  Cell counting

603  To further demonstrate that wild-type AMB-1 incorporates more iron than needed to make its
604  magnetite crystals, we chose an alternative approach to estimate the mean mass of magnetite
605 per cell and to compare these results with available data on single-cell bulk iron content in
606 AMB-1. Additional wild-type AMB-1 cultures (two replicates) were grown with Fe(III)-
607 citrate at 150 uM. For each culture, the entire AMB-1 population was recovered with
608  centrifugation, and the total mass of magnetite in a given population was determined from
609  magnetic measurements as described above. The number of cells in the same populations was

610 then calculated from direct cell counting using a hemocytometer under a light microscope.
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611  Fifty counts were done for each AMB-1 culture. Finally, the mean mass of iron per cell was
612  calculated from the total number of cells and the total mass of magnetite in each culture.

613

614  Detection and mapping of labile Fe(Il) in AMB-1 using the FIP-1 fluorescent probe

615 The sensing mechanism for FIP-1 is inspired by antimalarial natural products and related
616  therapeutics (Borstnik et al, 2002; Tang et al, 2005; Creek et al, 2007; Spangler et al, 2016).
617  This reagent has been developed for use in mammalian cells and expanded in bioluminescent
618  versions for mouse imaging (Aaron et al, 2017). We adapted the use of FIP-1 (Aron et al,
619  2016) for detection of Fe(Il) in AMB-1. Wild-type and mutant AMB-1 strains were cultivated
620 in 10 mL glass tubes until end of exponential phase / beginning of the stationary phase. Ten
621 mL of growth medium were centrifuged, the supernatant was discarded, and cells were
622  resuspended in 500 uL of PBS buffer. To ensure that all iron from the growth medium is
623 removed, cells were centrifuged and washed in fresh PBS buffer three times. Finally, the three
624  bacterial strains were mixed with a PBS solution containing EDTA (5mM, pH 6.9) for 10 min,
625  centrifuged, and suspended in the FIP-1 solution (i.e FIP-1 at I mM in Hank’s Balance Salt
626  Solution) for 180 min at 30°C in the glove box (90% N», 10% O). All bacterial samples were
627 observed by Structured Illumination Microscopy with a Carl Zeiss Elyra PS.1 Super
628  Resolution fluorescence microscope, using red (excitation wavelength of 561 nm, emission
629  wavelength of 570-620 nm) and green (excitation wavelength of 488 nm, emission
630 wavelength of 495-550 nm) laser lines for the detection of the native and cleaved probe,
631 respectively. Images were processed with the ImagelJ software.
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806

807  FIG 1 Transmission electron observations of wild-type AMB-1 cells cultivated for three days
808  with initial iron concentrations in the growth medium of (A) 30 or (B) 150 uM, and (C)
809  AmamP and (D) AmamTAR9 (referred to as AmamT) AMB-1 strains cultivated with Fe(III)-
810 citrate at 150 puM. Arrows in (C) indicate small nanoparticles produced by the AmamP

811  bacteria. Scale bars (insets) = 50 nm.
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817

818 FIG 3 Mass of iron (A) taken up by AMB-1 and (B) contained in magnetite during bacterial
819  growth. All values are normalized to optical densities (OD), which is proportional to the cell
820 biomass. Thus, different cell densities cannot explain discrepancies in iron uptake. Each point
821  corresponds to the mean value of three replicates + 1SD. Note the different y-axes. Black
822  circles and open symbols refer to cultures with an initial iron concentration of 30 and 150 uM,
823  respectively.
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830 FIG 5 (A) Remanent magnetization (My), (B) saturation magnetization (M), (C) coercivity

831 (H.) and (D) M;s/ M;ratios for the studied AMB-1 cultures. Each point corresponds to the

832  mean value of three replicates + 1SD. Black circles and open symbols refer to cultures with

833  an initial iron concentration of 30 and 150 uM, respectively.

834

39


https://doi.org/10.1101/2020.03.10.986679
http://creativecommons.org/licenses/by/4.0/

835

836

837

838

839

bioRxiv preprint doi: https://doi.org/10.1101/2020.03.10.986679; this version posted March 13, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

30 1

in magnetite (%)

—@— [Fel=30pM
O - [Fe]l = 150 pM

O ; : . . : .
0 10 20 30 40 50 60 70 80
Time (h)

Fraction of cellular iron

FIG 6 Relative fraction of the total cellular iron contained in magnetite. Each point
corresponds to the mean value of three replicates £ 1SD. Black circles and open symbols refer

to cultures with an initial iron concentration of 30 and 150 uM, respectively.
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840

841 FIG 7 Red (left panels), green (center panels) and merged (right panels) fluorescence images
842  of wild-type, AmamP and AmamT AMB-1 incubated with FIP-1 for 180 min. The two
843  AmamP panels show the two fluorescence patterns (diffuse and located to the magnetosome
844  chains, as in wild-type) observed in the populations. Scale bars = 4 microns. Additional

845  pictures are available in the supplementary materials.
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846  Table 1 Fe(Il) and total iron concentration in initial and final sterile growth media.
847

Time of Volume of Initial [Fe(11)] Initial [Fe] Final [Fe(11)] Final [Fe]
culture (h) culture (mL) (uM) (uM) (uM) (uM)
[Fe] =30 uM

24 #1 190 21.41 33.07 8.53 33.59
24 #2 190 18.97 31.50 6.61 30.28
24 #3 190 18.27 32.02 5.39 31.33
47 #1 190 14.44 30.46 6.70 32.10
47 #2 190 12.18 32.20 5.29 31.22
47 #3 190 11.14 30.46 4.94 31.75
78.5#1 190 8.70 31.15 9.88 31.22
78.5 #2 190 5.22 30.98 6.88 32.28
78.5 #3 190 4.35 31.15 6.53 31.39
[Fe] = 150 uM

24 #1 190 33.07 151.58 11.83 146.53
24 #2 190 29.59 151.06 10.44 149.49
24 #3 190 30.63 150.71 - -
47 #1 190 24.02 152.45 10.93 153.27
47 #2 190 22.28 139.57 8.64 146.39
47 #3 190 19.14 151.41 7.05 142.68
78.5#1 190 12.53 153.49 1041 147.80
78.5 #2 190 11.66 149.49 9.70 149.03
78.5 #3 190 8.70 148.45 7.58 151.33

848
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849  Table 2 Fe(Il) and total iron concentration in the growth medium before and after AMB-1 cultures,
850  and final optical density at 400 nm (OD4go.m) and pH values of bacterial cultures (starting pH = 6.9).
851

Volume

Time of Initial [Fe(1)]  Initial [Fe] Final Final Final [Fe(11)] Final [Fe]
cuture () N () (M) ODuom (AD)  pH (uM) (uM)
[Fe] =30 uM

26 #1 185 16.87 31.36 0.067 6.95 7.29 30.94
26 #2 185 17.24 31.72 0.060 6.91 11.03 30.94
26 #3 185 17.05 31.72 0.083 7.01 28.45 30.94
46 #1 185 14.12 32.46 0.209 7.26 24.99 24.30
46 #2 185 13.94 32.82 0.202 7.34 24.99 26.03
46 #3 185 14.85 31.72 0.214 7.26 24.12 24.12
69 #1 185 8.80 33.19 0.212 7.42 28.12 27.42
69 #2 185 8.44 33.19 0.203 7.44 28.47 27.07
69 #3 185 7.52 33.74 0.204 7.42 26.20 26.20
[Fe] = 150 uM

26 #1 185 29.16 162.65 0.069 7.03 51.57 154.89
26 #2 185 26.96 157.15 0.067 6.94 35.21 152.40
26 #3 185 26.41 159.35 0.056 6.94 25.96 154.18
46 #1 185 26.77 161.00 0.215 7.18 57.80 140.24
46 #2 185 23.29 158.25 0.215 7.28 54.15 138.85
46 #3 185 20.90 161.73 0.211 7.30 56.58 136.94
69 #1 185 15.95 160.27 0.197 7.48 143.39 146.88
69 #2 175 15.95 172.00 0.202 7.50 154.57 162.08
69 #3 185 14.12 158.80 0.202 7.50 143.74 141.99

852
853
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854  Table 3 Fe(Il) and total iron concentration in the growth medium before and after mutant AMB-1
855 cultures, and final optical density at 400 nm (OD4go.m) and pH values of bacterial cultures (starting pH

856  =6.9). Additional wild-type cultures were used as a control condition.

857
Time of 0}’23:2]; Initial [Fe(1l)]  Initial [Fe] Final Final Final [Fe(1)]  Final [Fe]
culture (h) (mL) (nM) (1M) ODy00nm (AU) pH (uM) (uM)
Wild-type
43 #1 178 25.08 150.30 0.250 7.30 26.23 145.78
43 #2 173 22.85 155.69 0.252 7.24 25.23 150.59
43 #3 167 23.22 164.05 0.255 7.40 19.42 151.99
AmamP
43 #1 171 21.55 159.59 0.261 7.32 21.43 158.20
43 #2 174 19.32 161.27 0.252 7.35 18.23 161.00
43 #3 170 18.21 162.75 0.261 7.33 14.42 159.20
AmamT
43 #1 175 16.72 157.92 0.248 7.34 15.02 158.20
43 #2 177 15.42 153.23 0.280 7.35 15.62 148.29
43 #3 164 1431 169.44 0.252 7.39 10.21 172.22

858
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Table 4 Remanent magnetization (M;s), saturation magnetization (M), coercivity (H,) and

M./M; ratios of wild-type AMB-1.

Time of M M H. M./M
culture (h) (emu) (emu) (Oe) s
[Fe] =30 uM

26 #1 1.74x10° 4.06 x 10° 75.50 0.43
26 #2 2.55x10° 7.88x10° 37.02 0.32
26 #3 7.03x10° 1.89 x 10* 102.17 0.37
46 #1 1.08 x 103 2.23x10° 138.02 0.48
46 #2 8.00 x 10 1.68 x 103 123.28 0.48
46 #3 1.22x 103 2.60x10° 134.23 0.47
69 #1 6.80 x 10 157 x10° 115.97 0.43
69 #2 1.07 x 10° 2.24x10° 156.12 0.48
69 #3 1.12x10% 2.39x10° 164.70 0.47
[Fe] = 150 uM

26 #1 5.19x 10° 1.12x10* 56.81 0.46
26 #2 1.99 x 10° 6.42x10° 34.87 0.31
26 #3 1.15x10° 3.18x10° 37.50 0.36
46 #1 2.23x10° 452 x10° 186.19 0.49
46 #2 2.01x10° 4.03x10° 175.58 0.50
46 #3 1.86 x 10 3.64x10° 179.27 0.51
69 #1 - - - -
69 #2 1.69x 10° 3.89x 107 202.27 0.43
69 #3 2.49 x 10° 457 x10° 246.70 0.55
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Table 5 Remanent magnetization (M), saturation magnetization (M), coercivity (H.) and M,y/M;

ratios of whole mutant cells recovered after cultures. Additional wild-type cultures were used as a
control condition.

Time of Ms M H; M,/M
culture (h) (emu) (emu) (Oe) s
Wild-type

43 #1 9.07 x 10* 2.29x10°% 128.62 0.40
43 #2 8.06 x 10 1.64x10° 274.89 0.49
43 #3 1.98 x 10°° 4.09x10° 197.03 0.49
AmamP

43 #1 6.92 x 10° 2.09 x 10™ 64.10 0.33
43 #2 2.89x10° 8.40 x 10° 52.29 0.34
43 #3 1.94x10° 5.56 x 10 4471 0.35
AmamT

43 4#1 0 3.32x10° 0 0
43 #2 358 x 10° 3.85x10° 0 0.09
43 43 - - - -
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