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Abstract

Magnetotactic bacteria (MTB) are ubiquitous aquatic microorganisms that
biomineralize dissolved iron from the environment into intracellular nanoparticles
of magnetite [Fe(Il)Fe(Ill),O,] or greigite [Fe(Il)Fe(IIl),S,] in a genetically
controlled manner. After cell death, these magnetite and greigite crystals are
trapped into sediments which effectively removes iron from the soluble pool. MTB
may significantly impact the iron biogeochemical cycle, especially in the ocean
where dissolved iron limits nitrogen fixation and primary productivity. Although
MTB are ubiquitous in the environment, their impact on the biogeochemical cycling
of metallic elements is still poorly constrained. A thorough assessment of the mass of
iron incorporated by MTB has been hampered by a lack of methodology to
accurately measure the amount of, and variability in, their intracellular iron
content. Here, we quantify the mass of iron contained in single MTB cells of the
model organism, Magnetospirillum magneticum sp. AMB-1, using a time-resolved
mass spectrometry methodology. Bacterial iron content depends on the external
iron concentration, and reaches a maximum value of 10° ng of iron per cell when
bacteria are cultivated with initial iron concentrations of 100 uM or higher. From
our experimental results, we calculated the flux of dissolved iron incorporation into
natural MTB populations and conclude that MTB may mineralize a significant
fraction of environmental dissolved iron into crystals.

Significance statement

Magnetotactic bacteria (MTB) are the only known bacterial species that form
intracellular iron crystals in a genetically controlled manner and are observed in all
aquatic environments. When the bacteria die, their crystals can be trapped into sediments
and the iron they contain is, at least temporally, lost from the environment. MTB could
thus prevent other organisms from accessing iron, which is an essential nutrient. To
determine whether MTB significantly impact iron in the environment, we developed a
mass spectrometry methodology to quantify the iron content in individual bacterial cells
cultivated in the laboratory. We then show that MTB populations in the environment may
incorporate a mass of iron that is of the same order of magnitude as the amount of

bioavailable iron delivered to the ocean.
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Iron is one of Earth’s most abundant element and an essential constituent for all
living organisms. Before the Great Oxidation Event ~2.5 Ga ago, the atmosphere and
hydrosphere redox state was such that iron could accumulate in the hydrosphere as
soluble reduced Fe(II) species, thus available to living organisms for metabolic purposes
(1). Later, oxygen accumulation at the Earth surface led to Fe(II) oxidation into insoluble
Fe(IlT) and a dramatic decrease in the concentration of bioavailable iron (2). Biological
organisms adapted to these changing environmental conditions by developing new
strategies for accessing iron to sustain their metabolic activity, e.g. secreting soluble
organic compounds binding iron. Indeed, although nitrogen and phosphorus are usually
considered to be the nutrients limiting biomass production, iron has been demonstrated to
limit nitrogen fixation and primary production in large open “High Nutrient, Low
Chlorophyll” ocean surfaces (3, 4). Iron fertilization in these regions, as well as in
laboratory experiments, leads to higher primary production and chlorophyll content (e.g.
3-5). Dissolved iron concentration in the ocean thus controls carbon and nitrogen fixation
into the biomass.
Magnetotactic bacteria (MTB) are ubiquitous microorganisms observed in all modern
aquatic environments. MTB, which can represent up to 30% of the total microbial
biomass in some microhabitats (6), take up dissolved iron from their environment and
precipitate it as intracellular nanoparticles of magnetite [Fe(II)Fe(Il),0,] or greigite
[Fe(IT)Fe(III),S,] via a genetically controlled pathway (7). Magnetite or greigite crystals

are arranged as chains inside the cell, and provide the bacteria with a magnetic dipole for
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navigation purposes (7). In sediments or water column, MTB are markers of oxic/anoxic
transition zones (OATZ) where the concentration of dissolved iron is at its maximum (8,
9). MTB have been proposed to represent some of the most ancient organisms capable of
biomineralization, with an origin dating back to at least 3 Ga (10). Although MTB are
ubiquitous on Earth, their impact on the past and modern biogeochemical cycling of
metallic elements is still poorly constrained. The significance of MTB rises from their
capacity to sequester dissolved iron in crystals. When the cells die, the magnetite and
greigite crystals are trapped into sediments (11). Therefore, MTB potentially lower the
concentration of dissolved iron in aquatic environments such as oceans and prevent other
organisms from accessing an available pool of iron.

Previous works proposed to quantify the total mass of iron contained in natural MTB
populations to assess their impact on the iron biogeochemical cycle (6, 12) but some
parameters required for such estimations are still unknown. The critical step for
quantifying the role of MTB on the iron biogeochemical cycle is to determine their iron
content. To date, no analytical methodology can achieve the measurement of bacterial
iron mass at the cellular level. The mass of iron in a single magnetotactic cell has mainly
been estimated from measurement of the volume of magnetite observed with electron
microscopy (e.g. 6, 13). Iron isotope studies of MTB suggested that a large fraction
(~50%) of the total cellular iron could be located in a reservoir distinct from magnetite
(14, 15), such that the mass of magnetite in MTB cells is not an accurate estimate of the
total mass of iron they contain. Estimation of total iron in MTB cells from measurement
of total bacterial iron in a given population is also prone to biases. Such methodology can

only estimate the mean iron content, and cannot determine variability in a given MTB


https://doi.org/10.1101/541953
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/541953; this version posted February 5, 2019. 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-NC 4.0 International license.

population. Recently, time-resolved Inductively Coupled Plasma — Mass Spectrometry
has drawn interest for single-cell characterization of biological samples. Instead of a
measurement of bulk cellular iron dissolved in acid solutions, this technique allows for
the introduction of whole intact cells to the plasma for the detection of their
corresponding ionized iron clouds, each corresponding to the content of an individual
cell. Such mass spectrometry technique enables the analysis of a large number of cells
corresponding to a given population (e.g. 10* cells per milliliter of solution in the present
study), thus providing strong statistical insights. It has been used for analyses of large
eukaryotic cells, but only a handful of bacterial characterizations were carried out in
which iron could not be detected (16). In the present study, we performed Single-Cell —
Inductively Coupled Plasma — Mass Spectrometry (SC-ICP-MS) measurements to
determine the mass of iron contained in cells of the magnetotactic bacterium
Magnetospirillum magneticum strain AMB-1 cultivated at different initial iron
concentrations. Bacterial iron content ranged between ~0.5 and 1 10” ng/cell. The length
of magnetite crystals produced by AMB-1 strongly correlated with both external iron
concentration and bacterial iron content. Using these experimental findings, we estimate
that environmental MTB populations incorporate a significant amount of iron which may

be equivalent in magnitude to iron inputs into oceans.

Results and Discussion

Iron content in single AMB-1 cells

AMB-1 was cultivated at initial iron concentrations ranging between 10 and 500
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uM for two or four days (see supplementary materials). After cultures, cells were
recovered and washed three times using a phosphate buffer (PBS) to remove iron
potentially adsorbed on the cell surfaces. We ensured that no iron leaked outside of the
cells before analyses, and the iron mass balance of the experiments was checked to
demonstrate that all iron fractions were recovered. Bacteria were then analyzed for their
iron content. All experiments were carried out in triplicates. The distributions of iron
content in the different AMB-1 populations showed contrasting patterns depending on the
initial iron concentration conditions (Fig. 1). Data were consistent after 2 and 4 days of
culture for a given initial iron concentration in the external solution. At 10 uM of iron in
the external medium, bacterial iron content showed low variability between the different
cells (Fig. 1). The mass of iron per cell ranged from ~0.07 x 10° to 0.7 x 10 ng/cell
(table S1). The variability between cells increased at higher initial iron concentration in

the growth medium, with cellular iron content ranging from ~0.2 x 10° to 2 x 10 ng/cell

at 50 uM, and ~0.1 x 10° to 2 x 10° ng/cell at 100 uM. For higher initial iron
concentrations in the external medium, distribution and variability patterns of bacterial
iron contents were similar to the 100 uM condition. From the distributions shown in
figure 1, we calculated a mean bacterial iron content in AMB-1 populations
corresponding to each experimental condition. The mass of iron incorporated into AMB-
1 cells showed a logarithmic increase with increasing external iron concentration (Figs. 1,
2 and table S1). Mean values ranged between ~0.35 x 10° and 1.20 x 10 ng/cell when
bacteria were cultivated for two days. Cellular iron content was similar after four days of
culture, although consistent lower values were observed (Fig. S1 and table S1). This

observation indicates that some bacterial iron could be lost during growth in culture, a
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finding in good agreement with previous studies that proposed Fe(Il) diffusion between

the bacterial internal medium and the external solution (15). The maximum bacterial iron
content was reached at 100 uM of iron in the initial external medium, with a mass of iron

per cell of ~1 x 10 ng/cell, and no increase in intracellular iron was observed for higher
initial iron concentrations (Fig. 2).

We next wanted to determine whether iron uptake is strictly linked to magnetite
biomineralization, or if a potential additional iron pool, distinct from magnetite, exists in
AMB-1. Magnetosome formation and magnetite precipitation in AMB-1 require ~30
genes that are necessary and sufficient for biomineralization, and are contained in a
specific portion of the genome called the magnetosome gene island (MAI) (7). We used a
mutant AMB-1 strain lacking MAI (AMAI strain), which is unable to form
magnetosomes and shows no magnetic-sensitive behavior (17) (see supplementary
materials). This mutant AMB-1 strain was cultivated in the same experimental conditions
as the wild-type strain, and analyzed for its iron content. Iron content distributions in
AMALI bacteria were similar in all experimental conditions, although the number of cells
detected by the spectrometer was lower compared to non-mutant AMB-1 (Fig. S4, table
S3). This could be explained by two hypotheses: (i) the iron content in some of the AMAI
cells was below the detection limit (i.e. 1.75 x 10® ng/cell, see supplementary materials),
or (if) a more efficient growth for non-mutant cells compared to the AMAI AMB-1.
Growth curves for the two strains indicated a consistent higher optical density (400 nm)
for the non-mutant bacteria, illustrating a higher bacterial density (table S4). This shows
that experimental results can be at least partially explained by the less efficient growth for

the AMALI strain. It is important to note, however, that the difference in optical density
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does not account for the difference in cell number as measured by the mass spectrometer.
Thus, we predict that the AMAI cultures, as compared to wild-type cell cultures,
contained more cells with iron contents below the detection of the mass spectrometer.
Nevertheless, the mean mass of iron in AMAI cells ranged between 1.73 x 10”7 and 5.08 x
107 ng/cell (table S3), corresponding to 20-40% of the mass of iron contained in non-
mutant cells (Fig. S4). This shows that AMB-1 cells unable of forming magnetosomes

can still incorporate a significant mass of iron.

Magnetite length as a proxy for external iron concentration and bacterial iron
content

Magnetite length strongly correlated with both external iron concentration and the
mass of iron in bacteria (Fig. 3). The mean size of magnetite nanoparticles measured with
transmission electron microscopy (see supplementary materials) increased from 28.5 +
0.5 nm in AMB-1 cells cultivated at an initial iron concentration of 10 uM to 35 = 0.7 nm

when bacteria were cultivated at 500 uM (table S2), corresponding to an average

intracellular iron content of ~0.35 x 10° and 1.20 x 10 ng/cell, respectively. The
magnetite length was logarithmically correlated with the external initial iron
concentration, whereas it showed an exponential-like increase with increasing bacterial
iron content (Fig. 3). The general picture of iron cycling in AMB-1 suggests that iron is
first transported to the additional iron pool, distinct from magnetite, before its
precipitation in magnetosomes (15). Our results are in good agreement with this model,
as they indicate a delay in magnetite precipitation as iron incorporation in AMB-1

increases. Overall, they show that magnetite length could be useful for paleo-
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environmental reconstructions (9), in which fossils of MTB corresponding to their
mineralogical remains could be used to determine the concentration of iron in ancient

fluids hosting MTB as well as the mass of iron in MTB cells.

Implication for natural MTB populations and the iron biogeochemical cycle

Based on our experimental results, we can propose an estimate for the global mass
of iron contained in environmental MTB populations (M,,;3) by utilizing the MTB
concentration in various aqueous environments, the global volume of water hosting MTB

(V) and the mass of iron in MTB cells (Mg,):

Myrg = Mge Cyrg Vurs (1)

The concentration of MTB is different between freshwater (10° < Cy < 107 cells/cm’),
seawater (10° < Cy;p5 < 10° cells/cm’), and estuaries (10* < Cypp < 107 cells/cm’) (e.g. 13,
18-22). The volume of water containing MTB (V,,15) can be expressed as the sum of the
surfaces of freshwater (4.16 x 10'® cm?), seawater (3.63 x 10" cm?) or estuaries (1.1 x
10" em?) (23-25), multiplied by the thickness of OATZ. For a 1-cm thick OATZ, Vi
corresponding to the freshwater, seawater and estuaries is of 4.6 x 10'°,3.6 x 10" and 1 x
10" cm’, respectively. In order to calculate the most conservative estimates of My, We
considered the lowest mass of iron per cell we measured in AMB-1 (i.e. ~0.5 x 10°
ng/cell, corresponding to an initial iron concentration of 10 uM). Analyses of AMB-1
cells cultivated with no iron added to the growth medium showed similar values to the 10

UM condition (see supplementary materials, table S5), showing that 0.5 x 10 ng/cell is
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an appropriate conservative estimate of bacterial iron content. The dissolved iron
concentration in the ocean is also low, but MTB observed in marine environments show
chains of magnetite containing 10-20 crystals as in AMB-1 (26). My can thus be
estimated for MTB populations in freshwater (2.5 x 10> < My < 2.5 x 10° kg), oceans (2
x 10° < My < 2 x 10° kg), and estuaries (6 x 10" < M5 < 3 x 10* kg). To convert this
mass estimate into a flux, we use a turnover time of MTB populations of 2 days measured
in environmental bacteria (i.e. corresponding to the time needed for doubling the total
mass of iron incorporated by MTB populations) (12), leading to a flux of iron processed
by MTB of 4 x 10° < M, < 4 x 107 kg per year for freshwater, 3.3 x 10° < My < 3.3
107 kg per year for the ocean, and 10* < M,z < 5 x 10° kg per year for estuaries. Shorter
turnover times were proposed for natural MTB populations (i.e. one division every
twelve hours for each cell), but they may correspond to an exponential phase of growth
that is probably not representative of natural environments (27). The most variable
parameter in our calculations corresponds to the OATZ thickness. In various
environmental settings, MTB populations were observed to span over a few-meter thick
OATZ (11, 13, 22, 28). Therefore, our estimate of the flux of iron processed each year by
MTB is most likely conservative. Using thicker estimates for the OATZ in estuaries in
which MTB thrive (i.e. up to a few meters) (11, 13, 22), the flux of dissolved iron

incorporated by MTB increases up to 5 x 10° < My, < 2.5 x 10° kg per year (50-cm thick

OATZ) and 10° < M5 < 5 x 10° kg per year (1-m thick OATZ) kg/yr. We also note that
AMB-1 produces less nanoparticles (~15 per cell) than MTB observed in natural
environmental settings which can produce up to five hundred nanocrystals per cells,

including greigite-forming MTB (13). This reinforces the conservative character of our

10
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estimate, and shows that AMB-1 is appropriate to model natural samples. Lin and

collaborators proposed a conservative estimate of iron uptake by lacustrine and world

MTB of 2 x 10° and 1 x 10® kg per year, respectively, which falls within our estimates
(6).

Finally, to assess the impact of MTB populations on the iron biogeochemical cycle, we
compared our results with the main three inputs of dissolved iron to the oceans (Fig. 4):
rivers (~ 1.5 x 10® kg/yr), hydrothermalism (~3 x 10® kg/yr), and atmospheric dust (~5 x
10° kg/yr) (29). Given that we consider only the most conservative estimations, this
shows that MTB can incorporate a significant fraction of the mass of dissolved iron
transported to the ocean. In estuarine environments, the estimated mass of dissolved iron
incorporated by bacteria corresponds to 1-500 % of the mass of dissolved iron
transported by the rivers. MTB could thus act as a sink of iron in these environments and
prevent accumulation of riverine dissolved iron in the ocean (11). We note that dissolved
iron corresponds to a small fraction of the total iron transported by rivers (less than 1%;
see ref. 29). Iron mineral phases could thus dilute MTB nanoparticles in sediments,
although magnetite and greigite crystals likely produced by MTB have been magnetically
identified in estuarine samples (11, 30).

In sum, chemical and microbial data show that MTB may play an important role by
transferring a significant fraction of dissolved, bioavailable iron to stable solid phases in
sediments (Fig. 4). This precipitation flux could limit primary production in oceanic
regions. Given that a significant fraction of iron is not precipitated as magnetite or
greigite in MTB, it remains to be determined whether some of the iron assimilated by

bacteria can be released to the environment after the cell death. This fraction could

11
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correspond to iron associated with organic compounds that include proteins. Iron isotope
work on MTB showed a specific enrichment in heavy isotopes of the iron fraction
associated with these proteins (14, 15), in good agreement with iron isotope data obtained
from environments in which MTB populations were observed (31, 32). This suggests that
MTB could control partly the dissolved iron isotope budget in the environment, and that
iron isotopes could be used as a tool for probing iron released and/or precipitated by
MTB. In the future, direct measurements of the division times of environmental MTB
populations and a more accurate picture of the biogeography of their distribution will
yield a more accurate estimate of the impact of MTB on environmental fate and cycling

of iron.

Material and methods
Detailed procedures for AMB-1 culture, electron microscopy characterizations and

chemical analyses are provided in the supplementary materials.
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Figure captions

Fig. 1. Mass of iron per cell measured in AMB-1 populations cultivated at (A) 10, (B) 50,

(C) 100, (D) 200, (E) 300 or (F) 500 pM of Fe(III).

Fig. 2. Mass of iron per AMB-1 cell cultivated for two days versus initial Fe(III)
concentration in the external medium. Each symbol represents the mean value of three
replicates + 1SD. The mass of iron per cell shows a logarithmic increase with higher iron

concentration in AMB-1 growth medium (correlation coefficient of 0.92).

Fig. 3. Magnetite length in AMB-1 versus (A) Initial Fe(IIl) concentration in the external
medium and (B) mass of iron per cell. Each point corresponds to the mean value of two
replicates + 1SD. At least 300 magnetite nanoparticles corresponding to a given
population were measured. Magnetite length shows logarithmic and exponential increase
with Fe(III) concentration in the external medium (correlation coefficient of 0.97) and

mass of iron per cell (correlation coefficient of 0.98), respectively.

Fig. 4. Model indicating the main inputs of dissolved iron to the oceans (in red, data from

ref. 29) and the fluxes of iron incorporation by magnetotactic bacteria (in blue, data from

this study). All flux numbers are given in kg of iron pear year.
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