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Abstract 

Defining chemical properties of intracellular organelles is necessary to determine their 

function(s) as well as understand and mimic the reactions they host. However, the small size 

of bacterial and archaeal microorganisms often prevents to define local intracellular chemical 

conditions in a similar way to what has been established for eukaryotic organelles. This work 

proposes to use magnetite (Fe3O4) nanocrystals contained in magnetosome organelles of 

magnetotactic bacteria as reporters of elemental composition, pH and redox potential of an 

hypothetical environment at the site of formation of intracellular magnetite. This methodology 

requires combining recent single-cell mass spectrometry measurements together with 

elemental composition of magnetite in trace and minor elements. It enables a quantitative 

characterization of chemical disequilibria of 30 chemical elements between the intracellular 

and external media of magnetotactic bacteria, revealing strong transfers of elements with 

active influx or efflux processes that translate into elemental accumulation (Mo, Se, Sn) or 

depletion (Sr, Bi) in the bacterial internal medium of up to seven orders of magnitude relative 

to the extracellular medium. Using this concept, we show that chemical conditions in 

magnetosomes are compatible with a pH of 7.5 – 9.5 and a redox potential of -0.25 – -0.6  V. 
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Introduction 

Organelles are subcellular membrane-bounded structures executing key biochemical 

reactions. Even though they were originally considered as a hallmark of eukaryotic cells, many 

organelles have been discovered in bacteria and archaea including anamoxosomes 1, 

acidocalcisomes 2, or ferrosomes 3. These compartments are physically separated from the 

cytoplasm. They generate a local well-defined environment with specific chemical properties 

that constrain the biochemical reactions occurring within this dedicated intracellular space. 

Determining these chemical specificities is critical to understand the biological reactions they 

host, their function(s), as well as for designing new technologies through synthetic biology 

approaches 4. Successful investigations have characterized the pH and redox potential (Eh) 

homeostasis in eukaryotic organelles5, mainly through methodologies involving fluorescent 

dyes or probes and subsequent sample imaging5–10. Similarly, fluorescent methodologies have 

been used to quantify and map incorporation of calcium and magnesium in intracellular 

structures for precipitation of biominerals 10–12. However, the spatial resolution of these 

techniques prevents their use for small bacterial and archaeal organelles that can be as small 

as 50 nm in diameter or less. Alternative approaches must therefore be defined to constrain 

local chemical conditions in prokaryotic microorganisms. 

Magnetosomes in magnetotactic bacteria (MTB) are bacterial organelles consisting of bi-

layered lipid membranes containing a single crystal of magnetite [Fe(II)Fe(III)2O4] or greigite 

[Fe(II)Fe(III)2S4] (Fig. 1) 13. They are aligned in chains, usually along the cell’s long axis, and 

provide the bacteria with a permanent magnetic moment that is proposed to allow passive 

orientation along the geomagnetic field, facilitating the reach of optimum environmental 

conditions 14. As evidenced in a few species that represent a small fraction of the whole MTB 
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diversity, magnetosome formation is genetically controlled, and requires ~30 genes mostly 

clustered in a specific portion of the genome 15. Magnetosome vesicles first invaginate from 

the inner membrane 16. A large amount of iron is then incorporated into the cytoplasm and/or 

periplasm of MTB 17 where it is stored as ferrihydrite-like species, and then partially reduced 

into soluble Fe(II) for delivery to magnetosomes and subsequent re-oxidation and 

precipitation into magnetite or greigite 18,19. Accordingly, the composition and physico-

chemical properties of the magnetosome internal medium are likely to vary over the 

biomineralization process. In magnetite-forming bacteria, the growth of newly formed 

magnetosomes is blocked until magnetite nucleation triggers further expansion and maturation 

of the magnetosome 20. The signal generating such vesicle remodeling is unknown, and could 

correspond to specific protein content as recently proposed by Wan and co-workers who 

showed that growth of magnetosome vesicle is associated with processing of the protein 

MamD by MamE proteases21. In addition, vesicle remodeling could also be triggered by 

specific chemical properties of the magnetosome internal medium (e.g., elemental 

composition, pH, Eh). A detailed characterization of the chemical medium at the interface 

with magnetite would thus bring important insights into the biogenesis of magnetosomes. 

In a previous study, the chemical composition in minor and trace elements of magnetite 

synthesized by the magnetotactic strain Magnetospirillum magneticum AMB-1 was 

determined (Fig. 1) 22. Moreover, the partitioning of trace and minor elements between 

magnetite and the external solution was determined in the case of magnetite nanoparticles 

synthesized abiotically from Fe2+ and Fe3+ co-precipitation. In the present study, using the 

methodology for single-cell measurements of iron in AMB-1 developed recently 17, we are 

now able to estimate the concentration of dissolved iron in the aqueous solution in contact 
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with magnetite. When combined with the previous set of trace and minor elements in abiotic 

magnetite, single-cell iron measurements are used to determine the concentrations of chemical 

elements in a conceptual equivalent solution at thermodynamic equilibrium with magnetite. 

The pH and Eh values in this equivalent solution are also determined following this approach, 

and are contained in a domain around pH = 7.5 – 9.5 and Eh = -0.25 – -0.6 V, respectively. 

Such pH conditions are higher from the cytoplasmic and periplasmic values previously 

reported, which points to the specific local chemical conditions allowing magnetite formation. 

 

Methods 

Bacterial cultures 

Magnetospirillum magneticum strain AMB-1 (ATCC700264) was cultivated for two days in 

10-mL tubes following ATCC recommendations at 30°C under controlled atmosphere (90 % 

N2, 10 % O2). The sole iron source in bacterial growth media corresponded to Fe(III)-citrate 

added to the growth medium at 10, 50, 100, 200, 300 or 500 M. Volume of cultures were 

kept constant in all conditions by adding an iron-free citrate solution. The pH of both Fe(III)-

citrate and citrate solutions were first set at 6.9 (i.e. identical to growth medium) before 

addition to AMB-1 media. AMB-1 cells were recovered by centrifugation (8 000 g, 10 min) 

and washed three times in Phosphate Buffer Saline (PBS) to prevent cell lysis and remove 

iron from the growth media or adsorbed on the cell surfaces. 

 

Single-cell mass spectrometry 

The iron content in single AMB-1 cells was measured following a time-resolved mass 

spectrometry methodology that was previously developed 17. Briefly, the concentration of iron 
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in PBS solutions containing bacteria was measured to ensure that no intracellular iron was lost 

during sample preparation. Bacteria were then diluted and nebulized into the plasma. Each 

cell forms an ion cloud containing the intracellular iron that is collected by the detector. At 

millisecond dwell times, the ion cloud produces a signal pulse, whose intensity is directly 

related to the number of ions in the cloud and therefore to the cell mass. Also, assuming 

constant nebulization efficiency, the number of detected pulses is directly related to the 

number of cells in the sample. Analyses were performed on an HR-ICP-MS Element II 

(ThermoScientific, Germany) located in an ISO 4 cleanroom at the Institut de Physique du 

Globe de Paris (France). 56Fe was monitored in medium resolution (MR; R > 4000) as the 

separation power of the Element II in MR is high enough to resolve the main interference (c. 

40Ar16O at m/z = 56). Externalized iron concentrations were determined averaging 9 data 

acquired with a 50 ms dwell time using the uFREASI software 23 for the intensity-

concentration conversion. 

 

Electron microscopy 

Abiotic magnetite nanoparticles and cells were deposited on copper grids coated with a 

Formvar film, and observed with a Jeol J-2100 transmission electron microscope operating at 

200 kV. 

 

Thermodynamic calculations 

Magnetite solubility simulations were performed using the geochemical code CHESS 

(CHemical Equilibrium of Species and Surfaces) 24 combined with the THERMODDEM 

database 25. The starting solution contained magnetite at 5  10-3 M, which corresponds to the 
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concentration of magnetite in MTB cells (Tables S1 and 1). For solutions containing Fe2+ 

ligands, two compounds (L2-) with log values of 5 and 10 were added to the starting solutions. 

The ligand was added in excess compared to Fe2+, with a magnetite/ligand ratio of 3 

(corresponding to the magnetite/ferritin ratio in MTB) (Table 1). The final concentrations of 

magnetite, total iron, Fe2+, Fe(II)L and Fe3+ were calculated at 298 K for pH and Eh values 

ranging between 2 and 12, and -0.9 and 0.4 V, respectively. Because only magnetite is 

observed in MTB, distinct iron phases (goethite, hematite, lepidocrocite, maghemite, wustite 

and elemental iron) were excluded from the simulations. Finally, Fe2+ phase diagram under 

the same pH and Eh conditions was also simulated with the CHESS code. 

 

Results and Discussion 

Partition coefficients between abiotic magnetite nanoparticles and coexisting solutions 

Incorporation of chemical elements other than iron into magnetite synthesized by co-

precipitation of dissolved Fe2+ and Fe3+ in aqueous solution was recently measured 22. The 

exchange reaction between iron and a chemical element X in magnetite and solution can be 

written as: 

 

𝑋𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 + 𝐹𝑒𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑡𝑒  ⇌ 𝑋𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑡𝑒 + 𝐹𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 [1] 

 

The partition coefficient (KX/Fe) of an element X normalized to iron and describing the 

thermodynamics of partitioning between magnetite and the external solution in Eq. 1 is given 

by: 
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𝐾𝑋/𝐹𝑒 =  
{𝑋𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑡𝑒} {𝐹𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛} 

{𝑋𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛} {𝐹𝑒𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑡𝑒}
 [2] 

 

where {Fesolution} and {Femagnetite} are the activities of iron in solution and magnetite, 

respectively, and {Xsolution} and {Xmagnetite} are the activities of an element X in solution 

and magnetite, respectively. In the case of an ideal aqueous solution, a standard system can 

be chosen in which the activities {Fesolution} and {Xsolution} are equal to the mass 

concentrations of Fe ([Fesolution]) and X ([Xsolution]) in solution expressed in ppb (i.e., part 

per billion corresponding to the mass of Fe or X in g measured in 1 kg of solution). In a 

similar way, in the case of ideal mixing of the  X in magnetite, a standard system can be 

chosen in which the activities {Xmagnetite} correspond to the mass concentrations in 

magnetite ([X]magnetite) (i.e., the mass of element X in relation to the total mass of 

magnetite). In the case of iron, using a solvent-type reference system implies that: 

 

{𝐹𝑒𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑡𝑒}  =  1  [3] 

 

 However, for most elements X, both in solution and in magnetite, mixing is not ideal which 

leads to: 

 

{𝑋𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛}  =  𝛾𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
𝑋  ×  [𝑋𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛] [4.1] 

 

{𝐹𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛}  =  𝛾𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
𝐹𝑒  × [𝐹𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛] [4.2] 

 

where 𝛾𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
𝑋 and 𝛾𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

𝐹𝑒 are the activity coefficients of an element X and Fe in solution, 
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respectively, and: 

 

{𝑋𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑡𝑒} =  𝛾𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑡𝑒
𝑋  ×  [𝑋𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑡𝑒] [5] 

 

where 𝛾𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑡𝑒
𝑋  is the activity coefficent of element X in magnetite. Using Eqs. 2, 4.1, 

4.2 and 5, we write: 

 

𝐾𝑋/𝐹𝑒 =  
𝛾𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑡𝑒

𝑋  𝛾𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
𝐹𝑒  

𝛾𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
𝑋  

 ×  
[𝑋𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑡𝑒] [𝐹𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛] 

[𝑋𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛]
  [6] 

 

Finally, considering: 

 

Γ =  
𝛾𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑡𝑒

𝑋  𝛾𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
𝐹𝑒  

𝛾𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
𝑋  

  [7]  

 

and: 

 

K𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡
𝑋/𝐹𝑒

 =  
[𝑋𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑡𝑒] [𝐹𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛] 

[𝑋𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛]
   [8]  

 

we obtain: 

 

K𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡
𝑋/𝐹𝑒

 =  
K

𝑋/𝐹𝑒

Γ
  [9]  
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The K𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡
𝑋/𝐹𝑒

 values can be obtained from the measurements of mass concentrations of 

each chemical element in magnetite and solution. Results are given in Table S1. 

 

Chemical composition of biological magnetite nanoparticles and inference of 

elemental composition of coexisting solutions 

Using the values of 𝐾𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡
𝑋/𝐹𝑒

 measured in the experiments of abiotic synthesis of 

magnetite (previous section and Table S1), we can now estimate the chemical composition 

of the equivalent solution which is the hypothetic aqueous fluid in thermodynamic 

equilibrium with magnetite within MTB cells. Activity coefficients in solution may vary 

between the conditions of abiotic magnetite precipitation and that of the equivalent 

solution, due mostly to differences in ionic strength. Using standard activity-concentration 

relations (e.g., extended Debye-Hückel), we observe that in most cases changes in ratios 

 𝛾𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
𝐹𝑒  

𝛾𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
𝑋  

 (Eq. 7) between the two conditions result in corrections on 𝐾𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡
𝑋/𝐹𝑒

 (Eq. 9) 

smaller than error bars (Table S1). We note that 
 𝛾𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

𝐹𝑒  

𝛾𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
𝑋  

 (Eq. 7) ratios may show larger 

differences between the two conditions of magnetite formation for highly charged cations 

(Al3+), up to a factor of 25 which would still not have a significant effect on the comparison 

between abiotic and biological partition coefficients (Table S1). Moreover, the activity 

coefficient of element X in magnetite is likely very close between abiotic and biological 

magnetite given the similar crystal-chemical speciation of X26–29. Therefore, the 

assumption that the  parameters are close between those two conditions is reasonable in 

first approximation. We also note that the details of activity coefficients in the intracellular 

medium depend in a large part on specific interactions between the different metallic 
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elements and the proteome of MTB, and thus remain essentially unknown so far requesting 

a lot of data acquisition in the future. Under this assumption, and under the hypothesis of 

a thermodynamic equilibrium in element partitioning in the abiotic magnetite formation 

experiments, the concentrations of chemical elements in the equivalent solution ([X]solution) 

can be determined using Eq. 8. In Eq. 8,  the measured mass concentration of an element 

X in the biological magnetite, the mass concentration of iron in the equivalent solution 

from which biological magnetite precipitates, and the partition coefficients (𝐾𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡
𝑋/𝐹𝑒

) are 

experimental data measured in abiotic magnetite precipitation experiments. The 

concentrations of trace and minor elements in AMB-1 magnetite ([X]magnetite) are obtained 

from high-resolution – inductively coupled plasma – mass spectrometry data when bacteria 

were cultivated either in a 2-liter bioreactor (one replicate) or bottles (two replicates), 

which allowed us to assess the biological variability induced by varying external conditions 

(Table S2) 22. Using the assumptions described above, it is then possible to infer a chemical 

composition of this equivalent aqueous solution in both bottle and bioreactor conditions if 

the concentration in dissolved iron (i.e., [Fesolution]) can be estimated in the equivalent 

aqueous solution. A last assumption will be made here, according to which the intracellular 

concentration of iron is a first low-boundary approximation of the concentration in the 

equivalent solution. Then, a measurement of the intracellular concentration of iron, if 

technically possible, would provide the concentration of iron in the equivalent solution and 

thus of all elemental concentrations (Eq. 2). The first step to estimate the intracellular iron 

concentration is to measure the bulk iron content in MTB cells. The intracellular mass of 

iron contained in MTB at the population level has been estimated and typically ranged 

between 1.5 and 13 mg per g (dry weight) 30–32. However, it has so far not been connected 
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to the number of cells in the population, preventing assessment of the bacterial iron content. 

Using a dry mass of single magnetotactic cell of 103 fg 33, we estimate a total mass of iron 

ranging between ~1 and 10 fg per cell. Recently, a mass spectrometry methodology has 

been developed for direct determination of the total mass of iron contained in AMB-1 

bacteria at the single-cell level 17. In the present study, we followed this method to measure 

the mass of iron in AMB-1 cells cultivated with iron added at various concentrations in the 

growth medium: 10, 50, 100, 200, 300 and 500 M. Results showed a total mass of iron 

ranging between ~0.7 and 2.4 fg per cell (Fig. 2 and Table S3). They are in good agreement 

with previous measurements 17, and are compatible with the masses estimated from data 

obtained at the population level mentioned above 30–32. Assimilating AMB-1 cells to a 3-

m long cylinder with a radius of 0.5 m (Fig. 1), these masses transform into bulk iron 

intracellular concentrations ranging between 5.41 ± 2.54  10-3 M and 1.82 ± 0.86  10-2 

M (Fig. 2 and Table S3).  

The second step for estimating the dissolved iron concentration in the equivalent 

solution is to estimate the fraction of total cellular iron previously measured that is not 

dissolved but instead precipitated as magnetite or associated with iron-storage proteins (i.e., 

ferritins). Several research groups have characterized iron speciation in three strains of 

magnetospirilla: Magnetospirillum magneticum AMB-1, Magnetospirillum 

gryphiswaldense MSR-1 and Magnetospirillum magnetotacticum MS-1. Their findings are 

summarized in Table 1, and show that magnetite is far from being the sole iron reservoir 

in MTB. Ferritin-like structures and ferrous metabolites likely corresponding to ferrous 

sugar phosphates or to Fe2+ more or less complexed in the cytoplasm were also identified 

34–37. In AMB-1, magnetite represents 30 to 50 % of the total intracellular iron 37. Such 
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fraction was found higher in MSR-1 (50-70 %) and MS-1 (80%). We note that additional 

works also determined the temporal evolution of iron speciation in AMB-1 and MSR-1 

using X-ray absorption spectroscopy 38,39. In these cases, bacteria were first cultivated 

under iron-starving conditions, which were shown to alter iron homeostasis and favor iron 

precipitation into magnetite 37. We have not taken into account those X-ray absorption 

results for the present inference of dissolved intracellular iron concentrations because they 

were acquired in experimental conditions quite different from those of the present study. 

The concentration of dissolved iron in MTB was obtained from the difference between 

total iron concentration in cell and that of the other iron phases (magnetite, ferritins, etc.), 

and was determined from data in Tables S3 and 1. It ranges between 3.25 ± 1.53  10-4  and 

1.09 ± 0.51  10-3 M (i.e., 1.81 ± 0.85  104 and 6.09 ± 2.85  104 ppb, respectively). Here, 

we consider that all dissolved iron corresponds to Fe(II) phases as shown by previous work 

34,35 and present thermodynamic modeling (see below). These concentrations are close to 

(500 M condition) or higher than (low initial iron conditions) the iron concentrations 

measured in the external growth medium (Tables 2 and S2), which suggests active uptake 

under iron-limited conditions and passive diffusion of Fe(II) between the intracellular 

medium and the external solution under iron-sufficient conditions, in good agreement with 

previous findings 18,40. 

Using the results reported in Tables S1 and 1, the concentration of each tested element 

in the equivalent solution was then determined using Eq. 2 (Table 2). Results show a large 

variation, with concentrations ranging between 2.01 ± 0.10 ppb for strontium and 1.24 ± 

0.61  108 ppb for tin. These concentrations were then compared with the elemental 

concentrations in the residual bacterial medium after bacterial growth and magnetite 
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formation (Table 2). They showed much less variations, with most values ranging between 

102 and 104 ppb.  

Comparison of elemental concentrations in the equivalent solution and the external 

growth medium can provide further insight on the element transfer to AMB-1 magnetite. 

In the case of abiotic precipitation, the solution in contact with magnetite is directly 

accessible and the similarity between actual and calculated pH and Eh values (see below) 

is in favor of thermodynamic equilibrium between magnetite and solution. In this case, the 

supernatant of magnetite corresponds to the equivalent solution in equilibrium with 

magnetite. There is no obvious reason for which the biological equivalent solution should 

be close to the residual aqueous phase in the external culture medium. Indeed, bacterial 

cells possess efflux transporters of specific transition metals, heavy metals and metalloids 

to prevent toxicity 41. The bacterial membranes may also create a physical barrier restricting 

the chemical elements in the growth medium to reach the location of magnetite formation. 

Alternatively, metals can be actively incorporated into the intracellular environment to 

maintain homeostasis (e.g., iron incorporation by MTB for magnetosome formation). A 

possibility we previously mentioned is that the composition of the equivalent solution could 

be close to that of the intracellular medium. In this case, the concentration ratios between 

the external residual medium and the equivalent solution (Table 2) give interesting 

indications on the efflux or active pumping of chemical elements between the external and 

the intracellular media. Three types of behavior are observed: (i) the ratio is much higher 

than 1 (> 10; i.e., efflux processes), which suggests that the element is evacuated from the 

intracellular medium where we assume magnetite is formed. This is observed for Ba, Bi, 

Co, Cu, In, La, Mg, Mn, Pb, Sr, Th, Tl, Y. Specifically, Sr and Bi showed strong depletion, 
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with a ratio of ~5  102 and 103, respectively. Such depletion may illustrate homeostasis of 

these elements, as Sr is known to act as a Ca antagonist and disturb Ca regulation that is 

essential for cell signaling 42. (ii) The ratio is much lower than 1 (< 0.1; i.e., active 

pumping), which suggests that the element is actively incorporated and concentrated in the 

intracellular medium at the assumed location of magnetite formation in comparison with 

the external solution. This is the case for As, Ca, Cs, Ga, Mo, Rb, Se, Sn, Zn. Importantly, 

our methodology revealed extreme ratios for Mo (< 10-5), Se (< 10-4) and Sn (< 10-6), 

showing that these elements are highly accumulated in the intracellular medium. They may 

illustrate the role of metalloproteins and co-factors on the element partitioning. Indeed, 

molybdenum is contained in proteins enabling denitrification and cell respiration in AMB-

1, and is essential for maintaining chemical conditions allowing magnetite 

precipitation22,43. This is illustrated by molybdenum-starving conditions, which severely 

hamper magnetite formation in AMB-1 43. In addition, the capacity of AMB-1 to hyper-

accumulate selenium in the intracellular medium has also been reported 44. Selenium is also 

involved in aerotolerance and prevents accumulation of reactive oxygen species, which 

helps stabilizing the gene clusters necessary for magnetosome formation 45,46. Finally, tin 

is the more concentrated element in the equivalent solution. The mechanisms leading to 

such incorporation remain unclear, but could correspond to detoxification processes as 

previously proposed 47. Alternatively, a low-affinity transporter of iron and zinc in yeast 

was shown to lead to tin accumulation in the intracellular medium 48. Tin accumulation in 

the equivalent solution could thus represent a by-product of iron incorporation by MTB. 

(iii) The ratio is between 0.1 and 10, which indicates either a control by almost free 

diffusion between the external medium and the equivalent solution or some compensation 
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between transport at the cell/external medium and intracellular medium/magnetite 

interfaces, respectively. This third case is observed for Ag, Al, Bi, B, Cd, Ce, Cr, K, Li, Ni, 

Sb, Ti, U, V. Iron belongs to this category: it is not dramatically concentrated in the 

intracellular medium (~1.8  104 to 6.1  104 ppb versus 1.3  104 ppb in the residual 

growth medium), in agreement with literature data suggesting a concentration factor of the 

order of 3-4 in iron limited culture conditions [see below and 17]. Overall, the present 

methodology is the only available approach enabling the comparison of gradients of 

elemental concentrations between the intracellular medium and the external aqueous 

solution that reveals active transfers of elements in a quantitative manner. 

 

Modeling incorporation of divalent elements from the first transition series into 

magnetite 

Because of lacking thermodynamic data, it is generally not possible to model the 

composition of magnetite at equilibrium with an aqueous solution of known composition. 

However, due to available data in thermodynamic databases, this can be achieved in the 

case of divalent elements from the first series of transition metals (X2+ = Mn2+, Co2+, Ni2+, 

Cu2+, Zn2+). The mixing of a compound X2+Fe2O4 in magnetite can reasonably be 

considered as not too far from ideality especially at low concentrations of element X in 

X2+Fe2O4. In the case of divalent cations exchange with Fe2+, reaction [1] is written as: 

 

𝑋2+ + 𝐹𝑒2+𝐹𝑒2𝑂4 ⇌ 𝐹𝑒2+ + 𝑋2+𝐹𝑒2𝑂4 [10] 
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The corresponding partition coefficient (DX/Fe) of an element X normalized to iron is given 

by: 

 

𝐷𝑋/𝐹𝑒 =  
{𝑋𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑡𝑒

2+ } {𝐹𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
2+ } 

{𝑋𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
2+ } {𝐹𝑒𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑡𝑒

2+ }
 = 

[𝑋𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑡𝑒
2+ ] [𝐹𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

2+ ]  

[𝑋𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
2+ ] 

 [11] 

 

Partition coefficients DX/Fe of the first series of transition elements under the assumption 

of ideal behavior are given in Table 3 with concentrations in solutions ([𝑋𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
2+ ] and 

[𝐹𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
2+ ]) expressed in molalities and those in solid phase ([ 𝑋𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑡𝑒

2+ ]) in molar 

fractions. For abiotic magnetite precipitation, measured values of logDX/Fe of Mn2+, Co2+, 

Ni2+, Cu2+, Zn2+  show similar values close to -11, ranging between -12.38 ± 0.59 (Zn) and 

-10.41 ± 0.01 (Mn) (Table 3), in good agreement with experimental results. Calculated 

values from the THERMODEM database compiled by the French Geological Survey 

(BRGM institute) 25 also given in Table 3 are close to these values, showing that ideal 

behavior upon X2+-Fe2+ substitution is a valid assumption at least in the case of these 

elements. Only cobalt shows a significant discrepancy between thermodynamically-

calculated (-0.8) and experimentally determined (-10.42 ± 0.19) logDX/Fe values (Table 3). 

In the present experiment, the value obtained for cobalt (-10.42) is close to those of the 

other divalent elements, which is indeed the expected behavior. The origin of the very high 

logDX/Fe value previously proposed in the case of cobalt remains unknown, but could arise 

from highly non-ideal behavior of cobalt solid solution in magnetite. Overall, putting aside 

the case of cobalt that is still uncertain, the consistency between values deduced from 

thermodynamic databases and assessments of partition coefficients between abiotic 

magnetite and the residual aqueous solution suggests that the hypothesis of local 
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thermodynamic equilibrium for the incorporation of trace and minor elements in magnetite 

is valid. 

 

Dependence of magnetite solubility upon pH and Eh 

We have measured intracellular iron concentrations to give an estimate of the iron 

concentration in the equivalent solution (~1.8  104 to 6.1  104 ppb), which was needed to 

estimate the concentration of all other chemical elements in the equivalent solution. At 

thermodynamic equilibrium, such iron content strongly depends on pH and Eh conditions. 

It is thus important to check whether pH and Eh values compatible with our iron 

measurements are not unrealistic from conditions typical of intracellular environments. The 

dissolution of magnetite can be written as: 

 

𝐹𝑒3𝑂4 + 8𝐻+  ⇌  2𝐹𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
3+ + 𝐹𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

2+ + 4𝐻2𝑂  [12] 

 

The equilibrium constant (Ks) associated with Eq. 12 is: 

 

𝐾𝑠  =  
{𝐹𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

3+ }2  {𝐹𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
2+ }

{𝐹𝑒3𝑂4}{𝐻+}8  =  
[𝐹𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

3+ ]2  [𝐹𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
2+ ]  

[𝐻+]8   [13] 

 

with {Fe2+
solution} and {Fe3+

solution} the activities of Fe2+ and Fe3+ in the aqueous solution, 

respectively, {Fe3O4} the activity of magnetite, and [Fe2+]solution and [Fe3+]solution the 

concentrations of Fe2+ and Fe3+ in the aqueous solution and [H+] the concentration of H+ in 

solution. Magnetite activity ({Fe3O4}) is taken as 1 (single-component pure solid phase). As 

shown by Eqs. 12 and 13, the concentration of iron in solution (𝐹𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛) increases when 
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pH decreases. If one decreases the Eh value of the equivalent solution, the Fe2+ content in the 

equivalent aqueous solution will be altered according to: 

 

𝐹𝑒3𝑂4 + 8𝐻+ + 2𝑒−  ⇌  3𝐹𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
2+ + 4𝐻2𝑂 [14] 

 

In this case, the Fe2+, Fe3+ and total dissolved concentrations can be determined using the 

redox potential (Eh) of the solution according to the Nernst equation: 

 

𝐸ℎ = 𝐸0 + (
𝑅𝑇

𝑛𝐹
) Ln (

{𝐹𝑒3𝑂4} {𝐻+}8

{𝐹𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
2+ }3  

) = 𝐸0 + (
𝑅𝑇

𝑛𝐹
) Ln (

{𝐹𝑒3𝑂4} [𝐻+]8

[𝐹𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
2+ ]3 ) [15]  

 

where E0 is the standard potential, R is the ideal gas constant, T is the temperature in Kelvin, 

n is the number of electrons transferred in the reaction, and F is the Faraday constant. The 

concentration [𝐹𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
2+ ]  thus increases when Eh decreases. Using Eqs. 12 and 15, the 

concentration of Fe2+ and of total dissolved iron released by magnetite dissolution were 

calculated for each pH and Eh values using the CHESS code (see materials and methods). 

Results are shown in Fig. 3A.  

Abiotic magnetite was synthesized under known pH (12) and Eh (-0.75 V) conditions 49. 

The decimal logarithm of the concentration in residual iron (log[Fe2+] in molar) was measured 

(-7.09, see Table S1). Under these pH and Eh conditions, all free iron is calculated to be Fe2+ 

(Fig. S1). As illustrated in Fig. 3A, the log[Fe2+] calculated in the solution at equilibrium with 

magnetite at a pH of 12 and a Eh of -0.75 V is -7.25, which is close to the measured value of 

-7.09. These pH and Eh conditions also fall in the magnetite stability domain (Fig. 2), and are 

thus consistent with the preferential precipitation of magnetite as the stable iron-bearing phase. 
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The agreement between measured iron concentrations in contact with magnetite at pH 12 and 

Eh of -0.75 V is also consistent with the hypothesis of thermodynamic equilibrium and 

validates our modelling approach.  

The same methodology was then applied to infer the pH and Eh conditions in the equivalent 

solution, which is possible thanks to the estimates of intracellular dissolved iron 

concentrations (Tables 1 and 2) ranging between 3.25 ± 1.53  10-4 and 1.09 ± 0.51  10-3 M 

(log[Fe2+] values of -3.48 and -2.96, respectively). Only free Fe2+ was considered in those 

calculations (Fig. 3A), which may not be an accurate description of dissolved iron in the cell 

environment 35. We thus investigated the impact of iron complexation by ligands (L2-) on the 

modeling of magnetite solubility and associated release of Fe2+. Two ligands showing 

different affinity constants () with Fe2+ were considered given by: 

 

𝛽 =  
[𝐹𝑒𝐿]

[𝐹𝑒2+] [𝐿2−]
  [16] 

 

Magnetite solubility was calculated in the presence of two ligands with affinity constants of 

log =  and 10, respectively (Fig. 3B and 3C). Results show that the presence of ligands 

increases magnetite solubility, with higher concentrations of dissolved Fe2+ for given pH and 

Eh values. Increased magnetite solubility was more pronounced for higher log. It was already 

shown that dissolved Fe2+ in MTB is associated with phosphates 35, which have a log of 3.6 

for complexation with Fe2+  50. Labile Fe2+ was also identified in MTB 37. Therefore, a log 

higher than 5 for complexation with Fe2+ may not be realistic. The range of pH and Eh values 

of the equivalent solution is then deduced from Fig. 3B and shown more precisely in Fig. 4. 

The pH and Eh values of the equivalent solution are estimated to be comprised in the ranges 
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7.5 – 9 and -0.25 V – -0.6 V, respectively, centered near pH = 8.5 and Eh = -0.45 V for falling 

within the primary stability field of magnetite (Figs. 2 and 4). Almost all Fe2+ (93 %) is then 

associated with its ligand (L2-) (Fig. S2), supporting the results of previous experiments 34,35. 

Iron in the equivalent solution is also present as Fe2+ under these conditions (Fig. S1), in good 

agreement with experimental observations 34,35,37.  

 

The meaning of the equivalent solution 

The present work establishes the concentrations in trace and minor elements as well as the 

pH and Eh of the equivalent solution, which is defined as the aqueous solution at 

thermodynamic equilibrium with magnetite. This leaves open the question of the 

interpretation of the equivalent solution. The elemental content, pH and Eh of the equivalent 

solution have been reconstructed based on the iron concentration in the cytoplasm. Thus, the 

dissolved Fe(II) concentration was considered to be homogeneous so that the chemical 

properties of the equivalent solution in contact with magnetite is assumed not to be 

dramatically different from the bulk intracellular medium. Such picture is supported by the 

fluorescent detection of labile Fe(II) in AMB-1 homogenously distributed in the cell 37. 

However, some AMB-1 cells accumulated labile Fe(II) at the location of both magnetite-

containing and magnetite-free magnetosome vesicles 37. At this stage, we cannot firmly 

determine whether the equivalent solution is more representative of the cytoplasmic 

environment or of more local compartments (magnetosome organelles). The range of pH 

values (7.5 - 9.5) compatible with the experimentally-determined magnetite solubility and 

shown in Fig. 4 demonstrates sub-basic to basic conditions in the equivalent solution, which 

is close to or higher than the one proposed for AMB-1 cytoplasm (~7.5) 51. A more precise 
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and direct measurement of pH conditions within magnetosomes [such as what has been 

initiated using fluorescent constructions in prokaryotes 51, although the precise location of the 

fluorescent reporters could not be checked due to the limitations mentioned in the introduction, 

and in eukaryotes 10–12] could, if coupled to measurements of iron in the same vesicles, lead 

to more precise scenarios in terms of redox and iron speciation inside these organelles.  

 

Conclusions 

From a combination of experimental and modeling approaches, we were able to determine 

the elemental composition, pH and Eh of an hypothetical solution being in contact with 

magnetite nanoparticles produced by MTB in their magnetosomes. We identified strong 

elemental gradients between the intracellular and extracellular media, leading to efflux 

processes or active pumping of trace elements into bacteria. The pH and Eh conditions in the 

equivalent solution inferred from the presented methodology fall within the magnetite stability 

domain and are thus consistent with the preferential magnetite precipitation in magnetosomes.  

Future application of the methodology presented in this work to distinct bacterial organelles 

will deepen our understanding of key biological functions in prokaryotic microorganisms. A 

notable example of such intracellular inclusions correspond to calcium-carbonate vesicles in 

cyanobacteria and MTB, which were shown to be formed in a genetically controlled manner 

within membrane-delimited vesicles 52,53. Precipitation of calcium carbonates requires higher 

pH than that of cytoplasmic environments 54, suggesting a regulated pH in the carbonate-

forming vesicles and pointing to a potential organelle function of these vesicles. This 

hypothesis could be tested using the methodology presented here. 
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Supporting Information 

Figure S1. Fe2+/ total Fe ratios under various pH/Eh conditions in solutions containing no 

ligand, or containing iron ligands with stability constants (log) of 5 or 10. 

Figure S2. Complexation of dissolved Fe(II) by ligands (L) with complexation constants 

(log) of 5 and 10, and under various pH/Eh conditions. 

Table S1. Mass concentrations of trace and minor elements in magnetite and residual solution, 

and measured partition coefficients in the case of abiotic precipitation of magnetite.  

Table S2. Mass concentrations of trace and minor elements in magnetite and residual solution 

in the case of biological magnetite. 

Table S3. Mass of iron per AMB-1 cell and intracellular bulk iron concentration measured 

with single-cell – inductively coupled plasma – mass spectrometry in bacterial cultures 

supplemented with Fe(III)-citrate at 10, 50, 100, 200, 300 and 500 M. 

Table S4. Mass concentration of trace and minor elements in the residual growth medium, 

ratios of concentrations in the residual growth medium versus concentrations in the equivalent 

solution, and concentrations of trace and minor elements in magnetite and residual growth 

medium normalized to iron. 
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Figures 

 

Figure 1. Transmission electron microscopy observation of (A) abiotic magnetite 

nanoparticles and (B) the magnetotactic strain Magnetospirillum magneticum AMB-1. (C-

D) Fate of iron (Fe) and distinct cations (X) during (C) abiotic magnetite formation in 

aqueous solution and (D) in AMB-1 magnetite. Dark solids represent magnetite 

nanoparticles. {Fe} and {X} correspond to the activity of Fe and X, respectively, in 

magnetite, the equivalent solution (see main text for details) and the growth medium of 

MTB. They were all measured using mass spectrometry, except {Fe} and {X} values of 

the equivalent solution in MTB. The present work aims at determining the element 

composition, pH and redox potential (Eh) of the equivalent solution being at equilibrium 

with the biological magnetite.  
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Figure 2. Mass of iron per AMB-1 cell measured with single-cell – inductively coupled 

plasma – mass spectrometry in bacterial cultures supplemented with Fe(III)-citrate at 10, 

50, 100, 200, 300 and 500 M. The intracellular concentration in bulk iron was calculated 

assuming that bacteria are 3-m long cylinders with a radius of 0.5 m (Fig. 1).  
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Figure 3. Stability domains of iron solid phases under a range of pH (2/12) and Eh (-0.9/0.4 

V) conditions calculated with an initial dissolved magnetite concentration (5  10-3 M) 

representative of MTB (see Materials and Methods). Addition of iron ligands in the system 

does not affect the distribution of stability domains. 
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Figure 4. Modeling of magnetite solubility under various pH and Eh conditions. The 

concentration of  Fe2+ (in molars) in the solution at equilibrium with magnetite was 

calculated and expressed as log[Fe2+] in (A) the absence of iron ligands, and with ligands 

having various stability constants (log) with iron of (B) 5 and (C) 10. 
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Figure 5. Range of pH / Eh (dashed lines) compatible with the iron concentration (-3.48 < 

log[Fe2+] < -2.96) and speciation (complexation with ligands having log = 5) in the 

equivalent solution for each Eh value. The magnetite stability domain (light grey area) is 

also reported. The filled area represents the range of pH and Eh values compatible with the 

presence of magnetite. 
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Tables 

 

Table 1. Iron speciation in the three magnetotactic strains Magnetospirillum magneticum 

AMB-1, Magnetospirillum gryphiswaldense MSR-1 and Magnetospirillum 

magnetotacticum MS-1. 

 

Reference Strain  
Fraction of iron in 

magnetite (%) 

Fraction of iron in 

ferrihydrite (%) 

Fraction of iron in 

Fe(II) (%) 

34 MSR-1 71.7 21.9 6.4 

35 MSR-1 61.2 22.7 6.1 

55 MSR-1 50 0 to 50  0 to 50 

37 AMB-1 30 to 40 0 to 70 0 to 70 

18 AMB-1 50 0 to 50 0 to 50 

36 MS-1 80 0 to 20 0 to 20 
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Table 2. Massic concentrations (in ppb) of trace and minor elements in the equivalent 

solution at equilibrium with biological magnetite. Each value represents the mean of 

fermentor (one replicate) and bottle (two replicates) cultures ± one standard deviation (SD). 

 

Element 
Concentration in equivalent 

solution (ppb) ±1SD 

Concentration in residual 

growth medium (ppb) ± 

1SD 

[X] in the residual growth 

medium / [X] in the 

equivalent solution 

Ag 0.82 ± 1.13  101 1.18  101 7.32  10-1 

Al 6.89 ± 9.72  105 1.48 ± 0.52  103 6.20 ± 8.75  10-1 

As 3.79 ± 1.75  104  7.77 ± 2.14  102 2.45 ± 1.70  10-2 

B 4.71 ± 4.85  104 5.35 ± 5.61  103 1.11 ± 0.05  10-1 

Ba 2.26 ± 2.62  101 5.14 ± 3.15  102 4.47 ± 3.79  101 

Bi 3.04 ± 4.20 2.61 ± 3.45  102 1.54 ± 0.99  103 

Ca 2.92 ± 1.00  105 6.33 ± 3.17  103 2.50 ± 1.94  10-2 

Cd 8.57 ± 4.15  101 3.87 ± 4.68  102 6.60 ± 8.65 

Ce 2.79 ± 2.83  101 4.94 ± 4.51  102 1.96 ± 0.38  101 

Co 3.58 ± 4.00  101 1.52 ± 1.21  103 6.27 ± 3.62  101 

Cr 1.36 ± 1.13  103 9.35 ± 1.17  102 1.00 ± 0.75 

Cs 2.88 ± 0.08  104 7.53 ± 3.19  102 2.60 ± 1.04  10-2 

Cu 4.63 ± 3.23  101 4.41 ± 5.01  102 1.76 ± 2.31  101 

Fe 1.81 x 104 to 6.09  104 1.32 ± 0.54  104 2.17 x 10-1 - 7.28  10-1  

Ga 6.00 ± 8.24  105 7.39 ± 2.93  102 1.54 ± 2.06  10-2 

In 7.92 ± 9.51  101 6.67 ± 0.17  102 2.98 ± 3.56  101 

K 1.74 ± 1.53  106 1.64 ± 0.93  106 1.92 ± 2.22 

La 2.79 ± 3.29 4.77 ± 4.56  102 2.44 ± 1.24  102 

Li 4.52 ± 2.84  103 8.63 ± 3.96  102 2.04 ± 0.40  10-1 

Mg 7.81 ± 5.56  103 5.30 ± 5.32  104 1.23 ± 1.56  101 

Mn 4.39 ± 5.13  102 1.00 ± 1.26  104 1.90 ± 0.60  101 

Mo 1.17 ± 0.21  107  8.66 ± 4.77  102 7.56 ± 2.88  10-5 

Ni 2.92 ± 1.63  102 1.17 ± 0.34  103 5.14 ± 4.01 

Pb 3.70 ± 0.86  101 4.06 ± 2.67  102 1.04 ± 0.48  101 

Rb 8.75 ± 1.57  104 1.02 ± 0.13  103 1.20 ± 0.36  10-2 

Sb 1.02 ± 1.37  103 5.78 ± 3.51  102 3.34 ± 4.14 

Se 2.21 ± 0.58  106 6.67 ± 6.78  102 3.54 ± 4.00  10-4 

Sn 1.24 ± 0.61  108 3.33 ± 0.29  102 2.99 ± 1.24  10-6 

Sr 2.01 ± 0.01 6.91 ± 3.11  102 3.40 ± 1.38  102 

Th 1.09 ± 1.53  101  2.09 ± 2.40  102 4.01 ± 5.43  102 

Ti 1.51 ± 1.67  103 6.22 ± 2.19  102 8.57 ± 8.04  10-1 

Tl 2.42 ± 2.86  101 6.16 ± 2.66  102 6.24 ± 6.26  101 
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U 0.79 ± 1.09  103 4.34 ± 1.49  102 0.8 ± 1.08  101 

V 2.47  102 5.19  102 1.05 

Y 1.63 ± 2.05 5.00 ± 4.20  102 6.82 ± 5.99  102 

Zn 6.08 ± 2.23  103 1.86 ± 0.58  102 3.10 ± 0.19  10-2 
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Table 3. Known (extracted from the THERMODEM database) and experimental 

(measured in our study) partition coefficients (logDX/Fe, with concentrations in solutions 

and magnetite expressed in molality and molar fractions respectively) between magnetite 

and the residual precipitation solution.  

 

Element 
Previously  

proposed logDX/Fe 

Measured logDX/Fe  

in abiotic magnetite 

Co2+ -0.8 -10.42 ± 0.19 

Cu2+ -10.32 -11.48 ± 0.22 

Mn2+ -14.91 -10.41 ± 0.01 

Ni2+ -9.78 -11.39 ± 0.24 

Zn2+ -11.73 -12.38 ± 0.59 

   

 


