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x-dependent structural control on
Fe isotope fractionation during its adsorption onto
and assimilation by heterotrophic soil bacteria†

Aridane G. González, *a Franck Poitrasson,b Felix Jiménez-Villacorta,c

Liudmila S. Shirokovabd and Oleg S. Pokrovskybe

Despite the importance of structural control on metal stable isotope fractionation in inorganic and abiotic

systems, the link between metal structural changes and related isotopic fractionation during reactions with

organic surfaces and live cells remains poorly established. We conducted reversible adsorption of Fe(II) and

Fe(III) on the surface of exopolysaccharide (EPS)-rich and EPS-poor Pseudomonas aureofaciens, and we

allowed Fe intracellular uptake by growing cells. We analyzed the Fe isotopic composition of the

remaining fluid and cell biomass, and compared the isotopic fractionation during adsorption and

assimilation reaction with relative changes in Fe structural status between aqueous solution and bacterial

cells, based on available and newly collected X-ray absorption spectroscopy (XAS) observations. Iron(III)

adsorption onto P. aureofaciens at 2.8 # pH # 6.0 produced an enrichment of the cell surface in

heavier isotopes with D57Fecell-solution ranging from +0.7 to +2.1&, without a link to pH in EPS-rich

cultures. In contrast, the magnitude of isotopic fractionation increased with pH in EPS-poor cultures.

Iron(II) adsorption produced an even larger enrichment of the cell surface in heavier isotopes, by up to

3.2&, tentatively linked to Fe(III) hydroxide precipitation. Intracellular assimilation of Fe(II) favored heavier

isotopes and led to D57Fecell-solution of +0.8&. In addition, Fe(III) cellular uptake produced an enrichment

of the bacterial biomass in lighter isotopes with D57Fecell-solution of −1&. The XAS analyses demonstrated

the dominance of Fe(III)–phosphate complexes both at the cell surface and in the cell interior. We

suggest that heavier isotope enrichment of the cell surface relative to the aqueous solution is due to

strong Fe(III)–phosphoryl surface complexes and Fe complexation to ligands responsible for metal

transfer from the surface to the inner cell. In case of Fe(II) adsorption or assimilation, its partial oxidation

within the cell compartments may lead to cell enrichment in heavier isotopes. In contrast, loss of

symmetry of assimilated Fe(III) relative to the aqueous Fe3+ ion and longer bonds of intracellular ions

relative to aqueous Fe(III)–citrate or hydroxo-complexes could produce an enrichment of cells in lighter

isotopes. The versatile nature of Fe(II) and Fe(III) fractionation without a distinct effect of pH and surface

exopolysaccharide coverage suggests that, in natural soil and sedimentary environments, Fe isotope

fractionation during interaction with heterotrophic bacteria will be primarily governed by Fe

complexation with DOM and Fe redox status in the soil pore water.
Environmental signicance

This investigation provides valuable insights into the mechanisms governing Fe isotope fractionation in soil-uid bacterial systems. Isotopic partitioning during
the adsorption of Fe(II) and Fe(III) by a common soil bacterium is dominated by Fe complexation with DOM. The adsorption of Fe(III) results in an enrichment of
heavier isotopes on the cell surface that is attributed to the stronger andmore symmetrical complexation of Fe(III) with surface phosphoryl moieties compared to
hydroxyl complexes in the aqueous solution. In natural environments, the d57Fe values in solution or microbial biomass may vary from approximately −1 to
+3&, depending on the Fe redox status in soil porewater, and this can occur rapidly over short time scales, independent of pH and the presence of microbial EPS.
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1. Introduction

Iron (Fe) is the fourth most abundant element in the Earth's
crust and it is crucial for most living organisms because of its
implication in a number of metabolic processes.1–5 Besides, Fe
is a limiting factor of primary productivity in many aquatic
systems6,7 because of very low free-ion concentration and low
solubility of its hydroxides.8 Due to the high abundance of Fe in
soil systems,9 versatile Fe redox status,10–12 strong complexation
with natural organic matter,13 and the ability of Fe isotopes to
track sources and processes, Fe isotope fractionation in natural
Earth-surface systems has been at the forefront of isotopic
studies for the past two decades.14,15

Iron has four stable isotopes (54Fe, 56Fe, 57Fe, and 58Fe),
known to fractionate mass-dependently during abiotic and
bacterially mediated processes in low temperature
environments.16–19 Iron isotope fractionation during Fe inter-
action with bacteria has received signicant attention, mostly
with regard to anaerobic phototrophic Fe-oxidizing,20 aerobic
neutrophilic Fe-oxidizing,21 and heterotrophic Fe-reducing
bacteria.22 Most of these studies demonstrated signicant
isotopic fractionation occurring during Fe assimilation by the
cells and the production of bacterially induced Fe biominerals.
For example, Croal et al.20 investigated the Fe(II) isotopic frac-
tionation in anaerobic conditions caused by the photoautotro-
phic bacteria of genus Thiodictyon. The hydrous ferric oxide
(HFO) metabolic products yielded d57Fe values with heavier
isotopic composition than the initial Fe(II), with a fractionation
factor (D57FeFe(III)–oxides–Fe(II)aq.) of 2.2&. Crosby et al.23 reported
that the Fe dissimilatory reduction promoted by Geobacter sul-
furreducens and Shewanella putrefaciens strains caused Fe
isotopic fractionation of approximately 2.2&, with nal Fe(II)
species enriched in light isotopes. Beard et al.,24 Wiesli et al.25

and Johnson et al.26,27 showed that Fe(II)aq. produced by the
dissimilatory reduction exhibited lower 57Fe/54Fe ratios when
compared to the initial ferrihydrite substrates, with a fraction-
ation factor (D57FeFe(III)–oxide–Fe(II)aq.) ranging from 1.9 to 4&.

Bacterial adsorption and assimilation of metals, in partic-
ular Fe, play an essential role in overall metal biogeochemical
cycling in soils and waters.4,28–30 It is known that, during equi-
librium isotope fractionation processes, heavier Fe isotopes are
preferentially adsorbed onto solid surfaces.23,31–33 Generally, the
binding affinity of metals on bacteria cell walls and their exo-
polymer substances (EPS) is controlled by proton-active surface
functional groups such as carboxyl, hydroxyl, sulydryl, phos-
phoryl and amine moieties that undergo deprotonation and
bind metal ions to form stable ligand–metal surface
complexes.30,34–40 However, while the main molecular mecha-
nisms controlling metal adsorption onto bacterial surfaces and
metal assimilation into microbial cells are identied, this is not
so for metal isotope–bacteria reaction. Rarely have researchers
combined structural study of metal speciation in the cell or
solution and its isotope fractionation measurements and this
was mostly applied to Zn and Cu isotopes.38,41–44 To our knowl-
edge, the combined XAS and Fe isotope approach on bacteria
was used only twice so far. Mulholland et al.32 investigated the
This journal is © The Royal Society of Chemistry 2024
Fe isotope fractionation during the interaction of aqueous Fe
with three species of cyanobacteria (Gloeocapsa sp., Syneho-
coccus sp., and Planthothrix sp.) conducted in batch experiments
using two distinct Fe oxidation states (Fe(II) and Fe(III)). In these
cultures, the structural status of adsorbed Fe was characterized
in a concomitant in situ X-ray Absorption Spectroscopy (XAS)
study.40 It was demonstrated that in the presence of surface
organic ligands, the oxidation of divalent iron occurs, but the
polymerization of Fe(III) oxy(hydr)oxides is partially inhibited.
As a result, the adsorbed iron stays in the form of both Fe–O–Fe
polymers and individual Fe atoms which are attached to phos-
phoryl moieties. We also showed that the presence of EPS in
solution reduces metal-cell surface binding capacity and
enhances Fe polymerization in the form of Fe(III) oxy(hydr)
oxides at the bacterial surface. The isotopic results showed
a systematic enrichment in heavy Fe isotopes upon iron
adsorption onto bacterial cell surfaces, and this was particularly
strong when Fe oxidation was involved in the process.32

Subsequently, Swanner et al.21 expanded on this Fe isotopic
study of Fe oxidation by Synechoccus sp. and focused the XAS
investigation on the characterization of the Fe–oxide minerals
produced.

Upon assimilation inside the cell organelles, metals,
including Fe, can be subjected to redox reactions such as
a reduction to form S-bearing proteins, complexation with
strong ligands in the cytoplasm45–47 or scavenging in the form of
insoluble carbonates, phosphates and oxalates.48 Any single
reaction involving metals inside the cell has its specic equi-
librium isotopic fractionation, in addition to the kinetic isotope
effect which can operate in each reaction of intracellular Fe
transformation. This may set serious limitations on the capacity
to interpret the isotopic fractionation measured between the
aqueous solutions and intracellular assimilated metals, even
though the average structural status of metal can be deter-
mined. In contrast, adsorption processes are typically fast,
reversible and rarely includemore than 2–3major binding sites,
thus allowing a more straightforward assessment of the struc-
tural control on metal isotope fractionation. Considering these
intrinsic limitations and the information available at the
present time for Fe and other metal interaction with microor-
ganisms, the goal of the current investigation was to test the
hypothesis that both Fe(II) and Fe(III) adsorption onto the cell
surface brings about preferential removal of the heavier
isotopes from solution, whereas cell growth in Fe(II) or Fe(III)-
bearing media leads to cell enrichment in lighter Fe isotopes
inside the cells. In other words, adsorption of Fe can favor
heavier isotopes and incorporation might enrich the cells with
lighter Fe isotopes. Relative to previous work where we
combined structural (XAS) and isotopic measurements during
Fe adsorption on phytoplankton cells,32,40 here we further
intended to test the impact of bulk Fe structural status assessed
by synchrotron-based spectroscopy (oxidation state, coordina-
tion number, nature of atomic neighbors) on Fe isotopic frac-
tionation between the bacteria and aqueous solution, both at
the cell surface and inside the cells. For this, we used this time
a well-known soil heterotrophic bacterium, Pseudomonas aur-
eofaciens. Examination of the link between the speciation of
Environ. Sci.: Processes Impacts, 2024, 26, 344–356 | 345
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surface- and intracellularly bound Fe and Fe isotope fraction-
ation between the cell and aqueous solution was conducted
considering, in particular, the effect of (i) Fe redox state; (ii)
solution pH, and (iii) the presence or not of microbial cell
exometabolites. By encompassing a wide variety of soil and
aquatic environments, we anticipate that the results can be
used to better constrain factors controlling Fe isotopic compo-
sition of soil or sediment porewaters and surface waters in the
presence of heterotrophic bacteria.
2. Materials and methods
2.1. Heterotrophic bacterial culture

The bacterial strain P. aureofaciens CNMN PsB-03 was obtained
from the Laboratory of Plant Mineral Nutrition and Hydric
Regime (Institute of Genetics and Plant Physiology, Moldovan
Academy of Sciences, Chisinau, Moldova). It was isolated from
temperate organic-rich soil and selected due to its capacity of
producing EPS on a sucrose-containing medium.49 The strain of
P. aureofaciens was maintained at 4 °C in a liquid succinic acid
(SA) medium,50 and cultured either in the sucrose-peptone (SP)
media,51 thus promoting rich EPS synthesis, or in the SA media
with poor EPS production. Cultivation was performed at 25 °C
during 48–72 h with continuous shaking. The qualitative
monosaccharide composition of the EPS produced is different
depending on the culture media: the SP-media yields the EPS
composed of 76% fructose, 11% glucose and <10% of other
sugars, whereas in the SA media, polysaccharides contain 50%
glucose, 22% fructose and 14% mannose and other sugars.52

Experiments were performed for non-rinsed and rinsed
bacterial biomass that produced two sub-samples for both EPS-
rich and EPS-poor samples. In the rst case, the bacteria were
collected from the culture without rinsing, using centrifugation
for 20 min at 8000 g. Therefore, for non-rinsed biomass, the EPS
content of the cell wall is expected to remain intact. The rinsed
biomass was produced by repeated (3 times) centrifugation in
an inert electrolyte solution (0.01 M NaNO3). Repetitive rinsing
of biomass in this electrolyte solution should lead to the
removal of part of the EPS from the cell surface. For EPS-rich
(SP-media) and EPS-poor (SA-media) cultures, 28% and 6% of
the total biomass were removed during centrifugation, respec-
tively. The biomass concentration is given in gwet l−1 (aer
centrifugation for 20 min at 8000 g). The conversion factor of
wet to dry biomass is equal to 3.6 and 5.0 for EPS-rich and EPS-
poor cultures, respectively.
2.2. Adsorption experiments

Prior to the adsorption experiments, the biomass was collected
via centrifugation and rinsed with 0.01 M NaNO3 solution three
times via centrifugation. The last supernatant was considered
as the reference solution used for control experiments. The
biomass of P. aureofaciens was xed to 4 gwet l

−1 for all the
experiments. The pH was adjusted by adding aliquots of 0.01–
0.1 M NaOH or HNO3. Adsorption experiments were carried out
in 0.01 M NaNO3 under darkness at 25 ± 0.2 °C and continu-
ously shaken bacteria suspension. The initial concentrations of
346 | Environ. Sci.: Processes Impacts, 2024, 26, 344–356
Fe(II)–ammonium sulfate or Fe(III) chloride (Sigma) solutions
were 20 and 3.3 mg l−1, respectively (Table ESI-1†). Divalent Fe
was added to thoroughly rinse bacterial biomass and main-
tained in 0.01 M NaNO3 at pH of 4.9 under continuous nitrogen
bubbling and stirring. Iron(III) adsorption was studied on live
bacteria as a function of pH (2.8 to 6.0) and with 3 hours of
exposure time. Bacteria-free control experiments with Fe(II) and
Fe(III) did not yield signicant (i.e., >5–10%) dissolved (<0.45
mm) Fe concentration decrease during an exposure time
comparable to that of the adsorption experiments with bacteria.
This indicated a lack of Fe adsorption on reactor cell walls, Fe(II)
oxidation and particulate Fe(III) precipitation.

Aer sampling, experimental solutions were ltered through
0.45 mm acetate cellulose lters, acidied with ultrapure NaNO3

and stored at 5 °C pending analysis. The reversibility of
adsorption was tested following the method developed by Fowle
and Fein.53 A homogeneous parent bacteria suspension with
Fe(III) was adjusted to pH ∼ 5, under which 100% of Fe was
adsorbed onto bacteria. Aer 3 hours of interaction, aliquots of
this parent suspension solution were collected and adjusted to
sequentially lower pH values (to 3 and then to 1.5). The reaction
vessels were equilibrated at new pH values for 3 hours and
sampled for dissolved Fe. The “desorbed” metal supernatant
concentration was used to calculate the level of irreversibly
“incorporated” metal. This amount ranged between 5 and 15%
of the initially added Fe, which suggests an equilibrium
adsorption process with a relatively small quantity of Fe(III)
penetrating inside the cell under our experimental adsorption
conditions (not shown). For the reversibility of Fe(II) adsorption
and oxidation, a similar technique yielded 100 ± 10% revers-
ibility. The average experimental reproducibility of metal
adsorption yield, calculated based on 2 to 3 replicates at iden-
tical conditions, was between 5 and 10%, as assessed in a series
of separate adsorption experiments. For these reasons, the
replicates were not measured for isotopic ratios.
2.3. Iron assimilation by living cells

Iron incorporation into the cells during microbial growth
experiments was performed over 2–3 days aer 2 days of cell
culturing. This period corresponded to maximal cell viability at
the exponential to the beginning of the stationary growth
state,39,40 and was consistent with previous studies on metal
isotope fractionation during metal assimilation by bacterial
cultures.38,42 Iron was added in the EDTA-free nutrient medium
in the form of either Fe(II) ammonium sulfate, Fe(II) lactate,
Fe(III) citrate, or FeCl3. Total aqueous Fe concentration ranged
from 2 to 100 mg l−1. Other nutrient metals (Cu, Zn, Mn, Co, Ni,
Mo) were present in trace amounts required for bacteria growth,
with concentrations of 1–2 orders of magnitude lower than that
of Fe. The main organic ligands controlling Fe speciation in
organic-rich nutrient media of P. aureofaciens, in addition to cell
exometabolites, are soluble proteins, phosphate, and carboxyl-
ates which are capable of complexing Fe(II) and Fe(III) in solu-
tion. By analogy with Cu2+ (ref. 38) and according to the Fe-
binding capacities, thermodynamic calculations using visual
Minteq soware demonstrate that >99% of total dissolved Fe is
This journal is © The Royal Society of Chemistry 2024
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complexed with phosphate and peptone in SP-media and with
phosphate and succinate in SA-media.

For all Fe assimilation experiments during bacterial growth,
prior to the analysis, the cells collected via centrifugation were
rinsed in 0.01 M Fe-free NaNO3 aqueous solution and then in
a 0.01 M EDTA solution for 10 min, in order to remove Fe that
was reversibly adsorbed on surface envelopes (e.g., Hudson and
Morel;29 Knauer et al.;54 Le Faucheur et al.55). We also performed
additional washing in inert electrolyte solution of the same
ionic strength as that of the growth media to ensure complete
removal of all the EDTA traces from the wet pellet. In this work,
surface adsorbed external (EDTA-removable) and incorporated
(non EDTA-removable) iron fractions are operationally dened
entities.56,57 The experimental reproducibility of metal assimi-
lation degree, calculated based on 3 replicates under identical
conditions, ranged between 5 and 15%.

The oxidation of some Fe(II) in solutions could not be
excluded because the experiments were not conducted in
a glove box. To quantitatively account for this possibility, abiotic
reference experiments were performed in bacterial supernatant
solution containing a DOC concentration comparable with that
of culture experiments. These experiments demonstrated the
absence, within the experimental reversibility of ±10%, of the
Fe dissolved (<0.45 mm) concentration decrease under the
conditions where most of the assimilation occurred. This
suggests that the fraction of oxidized iron during the experi-
ments remained lower than the experimental uncertainty of
10%, if it ever occurred.

2.4. Chemical analyses

The analysis of aqueous iron concentration was carried out
using a ame atomic absorption spectrometer (PerkinElmer
5100 PC) with an uncertainty of ±2% and a detection limit of
0.05 mg l−1. For all experiments, sterile de-ionized water (Milli-
Q, 18 MU) purged with CO2 by N2 bubbling was used. The
amount of Fe adsorbed onto the biomass in each vial was
calculated by subtracting the concentration of Fe in the ltrate
at the end of the experiment from the initial quantity of metal
added in the suspension.

2.5. Iron isotopic measurements

During sample preparation for isotopic analyses, we followed
the methodology of bacterial cell decomposition elaborated by
Mulholland et al.32 The ltered (<0.45 mm) solutions were
evaporated at 80 °C prior to their digestion. The initial salts
were digested and dissolved through a double-step addition of
2 ml of bi-distilled 6 M HCl with overnight reaction on a hot-
plate at 80 °C. The biomasses, the evaporated experimental
solutions, and the experimental analytical blanks were pro-
cessed using a multi-step acid attack on a Teon hot plate in an
individual evaporation hood (class A 100) of the clean room,
using Merck Suprapur H2O2 (30%), bidistilled 6 M HCl, Merck
Suprapur conc. HF, bi-distilled conc. HNO3, and de-ionized
water (Milli-Q, 18 MU). The digested samples did not produce
any solid residue. Iron purication was processed through
anionic exchange chromatography in HCl medium using 0.5 ml
This journal is © The Royal Society of Chemistry 2024
of Bio Rad AG1 X4 resin, 200–400 mesh (ref. 58) to remove all
matrix elements. Iron was puried using thermoretractable
Teon columns with an internal diameter of 4mm, as described
by Poitrasson et al.59 The resins were conditioned using 6 MHCl
prior to sample loading in 0.5 ml of 6 MHCl. The matrix species
were eluted in 3 ml of the same acid and, subsequently, Fe was
quantitatively eluted with 2 ml of 0.05 M HCl. The puried Fe
solutions were evaporated at 120 °C and re-diluted in 1 to 5 ml
of 0.05 M HCl, depending on the amount of Fe available, before
sample analyses.

Iron isotope measurements were performed using a Thermo
Electron Neptune MC-ICPMS (Multi-Collector Inductively
Coupled Plasma Mass Spectrometer) as described by Poitrasson
and Freydier.60 This protocol allows mass-bias correction
through a combination of Ni-doping and sample-standard-
bracketing approaches. Depending on the available Fe and
the MC-ICPMS sensitivity, the samples were analyzed using
a medium resolution entry slit and the SIS (Stable Introduction
System) consisting of a tandem quartz glass spray chamber
(cyclone + standard Scott double pass) coupled with a low ow
PFA nebulizer. Iron isotope results (Table 1) are reported using
the delta notation relative to the IRMM-14 iron isotopic refer-
ence material, expressed in & (per thousand) for 56Fe/54Fe and
57Fe/54Fe ratios as:

d56Fe = [(56Fe/54Fesample)/(
56Fe/54FeIRMM14) − 1]103 (1)

d57Fe = [(57Fe/54Fesample)/(
57Fe/54FeIRMM14) − 1]103 (2)

The validation of the analyses was performed by comparing
repeated measurements of our in-house hematite standard
from Milhas, Pyrénées, every 6 samples (see Poitrasson and
Freydier60). The d57Fe value obtained by pooling 18 individual
analyses obtained in the present study by group of 6 was 0.753±
0.032& (2SD), consistent with the values previously
reported.31,33,60–62 We also analyzed the European lichen refer-
ence material BCR 482 and obtained d57Fe = −0.00 ± 0.11&
(2SE; Table 1), which is undistinguishable from the previously
reported value of −0.03 ± 0.15& by Aebischer et al.63

2.6. X-ray absorption spectroscopy for adsorbed and
assimilated iron

X-ray absorption spectroscopy (XAS) experiments of Fe-bearing
solids (standards) and freeze-dried cells, including XANES and
EXAFS, were carried out at the SpLine-BM25A (Spanish CRG
beamline) of the European Synchrotron Radiation Facilities
(ESRF). The spectra were collected in transmission and uo-
rescence mode as a function of the Fe concentrations at the Fe
K-edge (∼7.112 keV) over the energy range 6.9–7.9 keV. The
energy was selected using a Si(111) double-crystal mono-
chromator and a 5 mm iron metal foil was used as a reference;
the energy of the rst inection point in the XANES spectrum
was set to 7112 eV. The spectra of the bacteria were collected in
uorescence mode with a 13-element Si(Li) detector (e2v
Instruments). Iron(III) standard compounds (citrate, phosphate,
goethite and alginate) and Fe(II) references (lactate, L-ascorbate,
Environ. Sci.: Processes Impacts, 2024, 26, 344–356 | 347
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Table 1 Isotopic fractionation of iron in the adsorption and assimilation experiments represented as d57Fe and d56Fe, including values in the
starting stock solutions. The isotopic fractionation factor is computed from eqn (4) in the text

Name Type of sample pH d57Fe 2SE d56Fe 2SE D57Fe (&) 2SE

Adsorption experiments (3 h)
EPS-rich-2 Biomass 4.0 0.678 0.047 0.432 0.061 0.74 0.14

Solution −0.062 0.129 −0.062 0.317
EPS-poor-3 Biomass 4.0 0.963 0.040 0.670 0.099 0.89 0.10

Solution 0.084 0.091 0.005 0.045
EPS-rich-4 Biomass 5.5 0.466 0.044 0.279 0.090 0.81 0.11

Solution −0.347 0.098 −0.250 0.129
EPS-poor-5 Biomass 6.0 0.747 0.148 0.515 0.093 1.96 0.22

Solution −1.212 0.163 −0.790 0.108
EPS-poor-1 Biomass 2.0 0.198 0.108 0.129 0.124 0.72 0.15

Solution −0.525 0.111 −0.419 0.076
EPS-poor-2 Biomass 2.8 0.199 0.034 0.122 0.068 0.78 0.13

Solution −0.578 0.123 −0.407 0.152
EPS-rich-3 Solution 4.6 −0.680 0.132 −0.503 0.136 1.29 0.30
EPS-poor-Fe2 Solution 4.9 −0.176 0.191 −0.135 0.121 3.16 1.60

Assimilation experiments (48 h)
EPS-rich-4 Solution 7.2 0.558 0.058 0.363 0.177 −1.10 0.46
EPS-rich-5 Biomass 7.1 1.003 0.132 0.653 0.124 0.77 0.32

Solution 0.236 0.291 0.208 0.119
EPS-poor-6 Biomass 7.5 0.996 0.107 0.709 0.128 0.83 0.66
EPS-poor-8 Biomass 7.1 0.749 0.068 0.490a 0.088 −0.99 0.24
EPS-rich-6 Biomass 7.2 0.172 0.097 0.127 0.063 −1.01 0.51
EPS-rich-7 Biomass 7.2 −0.392 0.095 −0.256 0.056 −1.12 0.23
EPS-poor-Fe2-2 Biomass 7.8 0.749 0.119 0.492 0.093 −0.04 0.19

Starting stock solutions
FeCl3 Stock — 0.55 0.179 0.349 0.045 — —
Fe(II)–ammonium sulfate Stock 0.188 0.068 0.104 0.066 — —
Fe(III)–citrate Stock — 0.295 0.098 0.197 0.065 — —
Fe(II)–lactate Stock — 0.788 0.142 0.537 0.106 — —
BCR482 Stock — −0.002 0.109 −0.028 0.034 — —

a Recalculated from d57Fe.
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oxalate, gluconate and phosphate) were measured in trans-
mission mode. The incident beam was monitored with a N2-
lled gas ionization chamber. XANES spectra were analyzed
using linear combination tting considering several footprint
components in agreement with the local environment and
geometry around Fe atoms (hydroxide as goethite, carboxylate
as ferric citrate and phosphoryl as Fe(III) phosphate). EXAFS
signals were analyzed up to a maximum k value of 12 Å−1.
Multiple scans of 60 min per scan acquisition time were
recorded at different spots of the sample to further avoid beam
induced reactions. Data treatment and analysis have been per-
formed using the ATHENA and VIPER soware, using
a weighted k3$c(k) signal with a window ranging from 2.5 to
around 12 Å−1. Fourier transforms of the spectra were ltered in
the 1–2.3 Å range to isolate contribution from the rst coordi-
nation sphere. All the biomass samples were analyzed at 5–10 K
using a liquid-helium cryostat because the low temperature
offers great benets such as decreasing the thermal disorder,
and minimizing the damage in terms of redox sensitive
elements. All biomass samples for XAS analysis were prepared
on-site at the European Molecular Biology Laboratory (EMBL) in
the vicinity of the ESRF and processed at the beamline within
several hours aer the end of the freeze-drying procedure. This
348 | Environ. Sci.: Processes Impacts, 2024, 26, 344–356
greatly reduced the possibility of sample degradation, and
allowed achievement of the highest Fe concentration for XAS
spectra acquisition without increasing the level of initial Fe
loading.
2.7. Calculation of isotopic fractionation in adsorption and
assimilation experiments

The experimental conditions of Fe adsorption and assimilation
assays are listed in Table ESI-1.† It presents the data for both
biomass and solutions analyzed in this work. For samples from
the batch adsorption and assimilation experiments performed
in a closed system, the isotopic signature of the bacterial cells
(d57Fecell) was calculated from the mass balance equation using
the isotopic ratio in the aqueous phase (d57Fesolution), the
proportion of adsorbed Fe (A, %), and the isotopic composition
of the initial solution (d57Feinitial):

d57Fecell = (100 × d57Feinitial − (100 − A) × d57Fesolution)/A (3)

Similarly, in case if only bacterial cell Fe isotope measure-
ments were performed, the isotopic signature of the uid phase
(d57Fesolution) was calculated via:
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 d57Fe values of the initial solution calculated by the mass
balance between cell and solution Fe concentrations and isotopic
compositions. Asterisks represent the data on Fe isotope fractionation
during adsorption onto cyanobacteria, as reported byMulholland et al.,
2015.32 Note that the isotopic offset during assimilation is strongly
dependent on the initial Fe redox status – negative in case of Fe(III) and
positive in case of Fe(II) as distinguished by red and blue rectangles,
respectively.
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d57Fesolution = (100 × d57Feinitial − A × d57Fecell)/(100 − A) (4)

In this work, we dene the isotopic fractionation factor
between Fe in solution and Fe adsorbed onto or assimilated by
bacteria as:

D57Fecell-solution = d57Fecell − d57Fesolution (5)

The values of isotopic signature (d57Fe and d56Fe) and
isotopic fractionation factor (D57Fecell-solution) and those of the
starting products are listed in Table 1. In the adsorption
experiments, 6 pairs of samples (cell biomass and correspond-
ing aqueous solution) were processed for isotopic analyses. This
allowed straightforward calculation of D57Fecell-solution using
eqn (4) (Table 1). In these experiments, we also calculated
d57Fecell using eqn (3); the values of D57Fecell-solution obtained
from such indirect calculation agreed within propagated
analytical uncertainties with directly measured D57Fecell-solution
values for 4 out of the 6 experiments. For the remaining two
experiments (EPS-poor-1 and 2), it is possible the proportion of
adsorbed Fe on the cell surfaces is only known with an uncer-
tainty larger than our 3% estimate. With this caveat in mind, we
computed d57Fecell using eqn (3) when only d57Feaqueous was
available (exp. EPS-rich-3 and EPS-poor-Fe2 in Table 1). Simi-
larly, in the assimilation experiments, coupling of cell and
solution measurements in EPS-rich-5 samples yielded direct
D57Fecell-solution (+0.767 ± 0.32& by eqn (4)), which is similar
within uncertainty to the calculated value (+0.739 ± 0.25& by
eqn (3) and (4)). This allowed using other measured d57Fecell to
calculate d57Fesolution and D57Fecell-solution via eqn (4) and (5),
respectively.

We also obtained d56Fe values, though slightly less precisely
than d57Fe values on a per amu basis. Given that the relation-
ships between d56Fe and d57Fe of both adsorbed and assimi-
lated samples plot on a single mass fractionation line (Fig. ESI-
1†), only d57Fe values are discussed in this paper. The resulting
linear regression for d57Fe vs. d56Fe (Fig. ESI-1†) was:

d57Fe = (0.016 ± 0.009) + (1.456 ± 0.022) × d56Fe (R2 = 0.996)(6)

This is consistent with d57Fe being equal to ∼3/2 of d56Fe.
Given the ndings reported by Amor et al.64 on mass-
independent Fe isotope fractionation during magnetotactic
bacteria metabolism, we searched for such mass independent
Fe isotope fractionation on our experimental products to see
whether such an effect could also occur with other type of
bacteria. However, we could not detect any signicant mass
independent effect outside 0.1& uncertainty.
3. Results
3.1. Isotope fractionation during Fe adsorption onto and
assimilation by the bacteria

In case of Fe3+ adsorption onto EPS-rich and EPS-poor cells (see
Table ESI-1†), the d57Fecell was always higher than d57Fesolution
(Table 1). However, for the two sets of experiments having the
same pH range (close to 4 and 4.6–4.9, respectively), the
This journal is © The Royal Society of Chemistry 2024
D57Fecell-solution is slightly higher for EPS-poor cultures
compared to the EPS-rich ones, although the difference is
comparable to uncertainties. Iron(III) adsorption onto P. aur-
eofaciens at 2.8 # pH # 6.0 produced an enrichment of the cell
surface in the heavier isotope with D57Fecell-solution ranging from
+0.72 to +2.0& (Table 1 and Fig. 1). The EPS-poor culture
exhibited a possible impact of pH on the isotopic offset during
adsorption, which increased from +0.72& at pH of 2 to +1.96&
at pH of 6 (Table 1 and Fig. 1).

The isotope fractionation induced by Fe(II) and Fe(III)
assimilation during bacterial growth demonstrated the
following features. The EPS-poor-8 cells exhibited higher
d57Fecell values of assimilated Fe compared to those of the EPS-
rich-6 ones for the same pH range (Table 1), even though the
starting Fe(III)–citrate of the former was isotopically lighter than
the starting FeCl3 of the latter (Table 1). This feature of Fe(III)
assimilation is not conrmed for the case of Fe(II) assimilation
since the d57Fecell values in EPS-poor-6 and EPS-rich-5 experi-
ments were undistinguishable (Table 1). Intracellular assimi-
lation of Fe(II) led to preferential uptake of heavier isotopes
producing D57Fecell-solution of +0.77 and +0.83& for EPS-rich-5
and EPS-poor-6 experiments. In contrast, intracellular uptake
of Fe(III) yielded an enrichment of the cell in lighter isotopes
with D57Fecell-solution close to −1& as calculated from EPS-poor-
8 and EPS-rich-4,6,7 experiments (Table 1). It is noteworthy that
the Fe(III) uptake from both initial FeCl3 and Fe–citrate salts
yielded similar isotopic offsets (Tables ESI-1† and 1). Consid-
ering the propagated uncertainties (see Table 1), the magnitude
of isotopic offset (D57Fecell-solution) in the EPS-rich cells (from
−1.01 to −1.12&) was not distinguishable from that in the EPS-
poor cells (D57Fecell-solution =−0.99&) for the experiments using
Fe(III) salts (Tables ESI-1† and 1).
Environ. Sci.: Processes Impacts, 2024, 26, 344–356 | 349
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3.2. XAS characterization of Fe bound to soil bacteria

The structural characterization of Fe adsorbed onto P. aur-
eofaciens was based on XAS (EXAFS and XANES) analysis of
Fig. 2 Fe K-edge XANES spectra at the Fe K-edge energies (A) and (B), p
(D) of the Fe adsorbed on cells.

350 | Environ. Sci.: Processes Impacts, 2024, 26, 344–356
samples as was also described in previous work.40 These results
are directly used for testing structural control on adsorbed
Fe(III) and Fe(II) from aqueous solution as described in Section
4.1 below. The intracellularly assimilated Fe was not
resenting Fe K-edge oscillations (C) and Fourier transform magnitudes

This journal is © The Royal Society of Chemistry 2024
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Table 2 Summary of Fe structural parameters of Fe(II) and Fe(III) assimilation experiments. Experimental details are listed in Table ESI-1

Sample pH Fe(III) phosphate (%) Goethite (%) R (Å) (�0.05 Å) N (atom) (�0.5) s2 (Å2) (�0.001 Å2) R-factor

EPS-rich-5 7.1 95 5 2.07 5.9 0.007 0.08
EPS-poor-6 7.8 100 2.07 5.1 0.006 0.13
EPS-rich-4 7.2 100 2.07 6.0 0.007 0.05
EPS-poor-8 7.1 100 2.06 5.6 0.005 0.15
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characterized previously and newly obtained results are pre-
sented below.

The XANES spectra of assimilated Fe–bacteria samples are
illustrated in Fig. 2 and Table 2. When comparing the samples
with reference spectra, the analysis clearly shows that the
unique organic component in most of the samples (and main
component in all cases) is Fe(III)–phosphate, corresponding to
Fe binding to the phosphoryl group. The relative proportion of
Fe(III)–phosphate and goethite was estimated from linear
combination ts (LCF analysis) of XANES spectra and using
Fe(III) reference compounds. The choice of the best corre-
sponding standard for each spectrum was made using auto-
mated combinational tting (Athena soware).

The EXAFS results allowed extracting the rst shell of Fe
(Table 2) which exhibited similar features among samples
(Fig. 2). Note that the modeling of EXAFS spectra in biological
samples is very difficult due to distorted geometries and the
presence of different neighbors, like O, N and S, light elements
with similar weak cross section values, in the nearest metal
coordination shell. In this sense, XANES resultsmay complement
the EXAFS via identifying the ligands using the edge features.

The ltered Fourier transform curves (EXAFS signals ltered
for the rst coordination sphere) were tted using Fe–O bonds.
The inelastic loss factor was estimated/set, based on references
and the EPS-rich-4 sample, as S0

2 = 0.87. Results show a coor-
dination number of around 6 in all cases. This is in good
agreement with an octahedral geometry of 6 oxygen atoms
surrounding Fe cations, with a Fe–O distance of ∼2.07 Å. We
could not quantify the relative contribution of Fe(III)–phos-
phoryl or carboxyl complexes that are typical in samples of
microorganisms,38,65,66 although the samples showed an
important contribution of Fe(III)–phosphate like groups in the
XANES analysis (peak at ∼1.9–2.0 Å−1). Overall, the EXAFS
spectra conrmed the XANES results.

4. Discussion
4.1. Heavier isotope enrichment of cells during Fe(II) and
Fe(III) adsorption

The adsorption of Fe onto P. aureofaciens allowed quantifying
the adsorption constants and surface binding site concentra-
tions. The total amount of proton-binding sites was two times
higher in the EPS-rich cells compared to the EPS-poor ones (5.5
and 2.6 mmol gwet

−1), whereas the concentration of phosphoryl-
like groups was higher in the EPS-poor cells and the concen-
tration of carboxyl-like groups was higher in the EPS-rich cells.
The adsorption of Fe(III) started at acidic pH (∼1.5) and
increased with the pH, following the “universal pH-edge” for
This journal is © The Royal Society of Chemistry 2024
metals.67,68 González et al.40 provided chemical characterization
of Fe3+ adsorbed onto soil bacteria by X-ray absorption spec-
troscopy (XAS), and demonstrated that Fe(III)–phosphate was
the predominant Fe-binding compound on the cell surfaces of
the EPS-poor cultures, at pH from 2.0 to 6.0. In addition, the
goethite-like component was present in the EPS-rich cells (pH
from 3.0 to 4.6). Therefore, EXAFS spectra supported the XANES
results.

The present study demonstrated that, during Fe(III) adsorp-
tion, the effect of pH was strongly pronounced for the EPS-poor
culture (D57Fecell-solution increased from +0.72& at pH = 2.0 to
+1.96& at pH= 6.0; Table 1 and Fig. 1). The pH effect could not
be tested for the EPS-rich culture, for which our two experi-
ments yielded signicantly different D57Fecell-solution values
(+0.74 ± 0.14& and +1.29 ± 0.30&; Table 1 and Fig. 1) at
similar 4 # pH # 4.6. The exact reasons for these differences
between these EPS-rich and EPS-poor cultures in the circum-
neutral pH range (Fig. 1) are not clear. It can be hypothesized
that, in the case of EPS-poor strain, the phosphoryl moieties of
the cell wall are not protected from solution and adsorption
occurs essentially on these high affinity sites. This could
produce stronger fractionation at higher pH, where phosphor-
ylated groups are mostly deprotonated. However, this seems to
be inconsistent with XAS-based bulk speciation of Fe at the cell
surface, because the surface-bound Fe(III) was dominated by Fe–
phosphoryl ligands, regardless of pH and the presence or
absence of the EPS. At the same time, one should keep in mind
that XAS treatment provides dominant (ca. 90%) speciation of
an element. The remaining 10% are not detectable by spec-
troscopy but it is not excluded that they can be responsible for
observed isotope fractionation, provided that the isotopic
offsets of reactions with these minor compounds strongly
exceed those of the major binding constituents of Fe. Recently,
Oleinikova et al.69 studied the adsorption of organo-ferric
colloids onto P. aureofaciens and demonstrated an enrichment
in d57Fe (+0.4&) of cell surfaces compared to the remaining
solution. Consistent with the results of Gonzalez et al.40 and of
the present study, this could be explained by the dominance of
Fe(III)-complexes with phosphoryl groups on cell surfaces.
Therefore, the only possible explanation for the observed
difference in isotopic offset between the aqueous solution and
cell biomass of EPS-rich an EPS-poor cultures is the shielding
effect of carboxylate-rich EPS on aqueous Fe ions. These rather
inert EPS layers can prevent direct interaction and binding of
Fe2+(aq.) and Fe3+(aq.) with the strong phosphoryl moieties of
the external cell membrane.

Globally, the XAS analyses of adsorbed Fe demonstrated
a dominance of Fe(III)–phosphate complexes at the cell surface
Environ. Sci.: Processes Impacts, 2024, 26, 344–356 | 351
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regardless of the identity of strain and the chemical composi-
tion of solution. Therefore, we suggest that the heavier isotope
enrichment of the cell surface relative to aqueous solution is
due to strong Fe(III)–phosphoryl surface complexes compared to
FeOH2+, Fe(OH)2

+ and Fe(III)–organic complexes in aqueous
solution. Presumably, these phosphoryl surface complexes
exhibit shorter bond lengths and higher symmetry than
aqueous Fe(III) inorganic species (FeOH2+, Fe(OH)2

+, FeCl2
+) and

Fe(III)–EPS complexes. Note that the isotopic measurements of
Fe(III) adsorption rule out the possibility of Fe(OH)3 precipita-
tion at the cell surface, because the observed isotopic offset
(D57Fecell-solution = +0.70 to +2.1&) is opposite to the sign of the
Fe3+(aq.) / Fe(OH)3(solid) reaction (D57FeFe(III)hydroxide–Fe3+(aq.) from
−0.2 to −1.5&), with more fractionated values at slower reac-
tion rates.70

In contrast, in case of Fe(II) adsorption on EPS-poor cultures
(D57Fecell-solution of +3.16&measured in this study; EPS-poor-F2;
Tables ESI-1† and 1, and Fig. 1), in addition to surface
complexation with stronger than aqueous ligand, Fe(II) partial
oxidation at the cell surface may lead to overall cell enrichment
in heavier isotopes. Indeed, it is known that the Fe(II)aq. /
Fe(III)–hydroxide (solid) reaction exhibits a D57Fesolid-solution of
+2.3 ± 0.3&,16,19,20 although an isotopic offset as high as +4.8&
was also reported in case of hematite precipitation.71
4.2. Fe assimilation by bacterial cells

Intracellular assimilation of Fe(II) enriched the cells in heavier
isotopes producing undistinguishable D57Fecell-solution of +0.77
± 0.02& and +0.83± 0.08& for EPS-rich and EPS-poor cultures,
respectively (Tables ESI-1† and 1). Two possible mechanisms
can be responsible for this enrichment. First, partial oxidation
of Fe(II) on the cell surface (not removed by EDTA treatment) or
inside the cells, favorable at circumneutral pH of nutrient
media (7.2–7.5), which can yield sizable enrichment in heavier
isotopes at the surface, as follows from D57Fesolid-solution of +2.3
± 0.3& for the Fe(II)aq. / Fe(III)–hydroxide (solid).16,19,20

However, in order for this effect to be pronounced, at least 30%
of Fe(II) should be transformed into Fe(III) (15–20% in the case
where the isotopic offset of Fe2+ oxidation equals +4.8& as re-
ported by ref. 71). Second, higher symmetry and shorter bonds
of Fe(II) in the cells compared to Fe(II)–lactate solutions may be
responsible for cell enrichment in heavy isotopes relative to the
nutrient media. Unfortunately, we could not resolve the 2nd
neighbor symmetry in this type of sample due to the relatively
low Fe concentration in the nutrient solution.

In contrast to Fe(II), cellular uptake of Fe(III) produced an
enrichment of the cell biomass in lighter isotopes with D57Fecell-
solution around −1&, regardless of the presence or not of EPS
and the form of Fe(III) in the nutrient media (chloride or citrate;
Tables ESI-1† and 1, and Fig. 1). Interestingly, the long-term
bacterial uptake of Fe(III) oxy(hydr)oxide colloids and organic
complexes by P. aureofaciens produced D57Fecell-solution of
−0.7&,69 which is similar to the results of the present study.
Iron can be involved in a number of both extra- and intra-
cellular redox reactions, under strong control of organic
binding ligands. For example, Fe(II) can be oxidized and Fe(III)
352 | Environ. Sci.: Processes Impacts, 2024, 26, 344–356
can be reduced within the cells,47 where both inorganic insol-
uble Fe, inorganic soluble Fe and organically complexed soluble
Fe can be adsorbed onto and transported into the cells. In
addition, Fe can be adsorbed onto cell surfaces prior to being
reduced to Fe(II) or to being incorporated.4 The preference of
cell intracellular compartments with lighter Fe isotopes may be
controlled by two factors. First, Fe(III) in the nutrient media can
be reduced to Fe(II). However, the lack of XAS conrmation of
this redox transformation and also lack of information on Fe(II)
speciation in cell compartments cannot support this possibility.
Another mechanism of lighter isotope enrichment of cell
biomass could be a loss of symmetry of assimilated Fe(III)
relative to octahedrally coordinated aqueous Fe3+ ions and
longer bonds of intracellular ions relative to aqueous Fe(III)–
citrate or hydroxo-complexes.

Overall, although the obtained results are fully consistent
with available data on Fe isotope fractionation during adsorp-
tion and redox transformation, we could not evidence
a straightforward structural control on Fe isotope fractionation
between aqueous solution and soil bacteria. The versatile
nature of Fe(II) and Fe(III) fractionation without the distinct
effect of pH and surface exopolysaccharide coverage suggests
that, in soil environments, the nature of microorganisms
(presence or not of EPS) which adsorb and assimilate Fe and
solution pH (between 4 and 6) exhibit a subordinate effect on Fe
isotopic signature in the microbial biomass. As such, Fe isotope
fractionations during its interaction with heterotrophic
bacteria, mineral or organic sediments will be primarily gov-
erned by Fe complexation with DOM and Fe redox state in soil
or sediment porewater.72,73

5. Conclusions

With the aim of assessing the role of heterotrophic bacteria in
Fe isotope fractionation in aqueous solutions, we measured the
isotopic partitioning during Fe(II) and Fe(III) adsorption onto
and assimilation by a common soil bacterium. We notably
compared the obtained isotopic offsets between the uid and
the biomass with Fe speciation in the nutrient media and Fe
chemical status on the cell surface and in the cell interior.

Adsorption of Fe(III) led to cell surface enrichment in heavier
isotopes, tentatively linked to the stronger and more symmet-
rical complex of Fe(III) with surface phosphoryl moieties
compared to hydroxyl complexes of Fe(III) in aqueous solution.
This was especially pronounced for the EPS-poor culture in
circumneutral solutions, when the binding sites of the cell
membrane were not protected by the carboxylates of EPS.
Adsorption of Fe(II) could yield some Fe(III) hydroxides at the
surface, which produced even stronger enrichment of cells (by
up to 3.2&) in heavier isotopes.

Iron(III) assimilation from nutrient media produced ca. −1&
cell enrichment in lighter isotopes. This isotopic offset was
similar for EPS-rich and EPS-poor cultures and Fe(III) citrate or
Fe(III) chloride in the initial nutrient media. In contrast, Fe(II)
uptake by bacteria yielded an enrichment of cells by ca. +0.8&
in heavier isotopes, following the formation of Fe(III) hydroxides
or other minerals inside the cells or due to formation of
This journal is © The Royal Society of Chemistry 2024
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stronger bonds with phosphoryl moieties in cell organelles
compared to nutrient media.

Taken together, the results obtained indicate that the
mechanisms controlling Fe isotope fractionation in the soil
uid–bacterial system are better constrained. In natural
settings, the d57Fe in solution or microbial biomass may vary
from ca. −1 to +3& depending primarily on the Fe redox status
in soil and sediment porewater and these changes may occur
over a short time scale (hours to days) regardless of pH and the
presence or not of microbial extracellular substances.
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M. González-Dávila, Oxidation of Fe(II) in natural waters at
high nutrient concentrations, Environ. Sci. Technol., 2010,
44, 8095–8101, DOI: 10.1021/es1009218.

13 E. L. Rue and K. W. Bruland, Complexation of iron(III) by
natural organic ligands in the Central North Pacic as
determined by a new competitive ligand equilibration/
adsorptive cathodic stripping, Mar. Chem., 1995, 50, 117–
138, DOI: 10.1016/0304-4203(95)00031-L.

14 B. Wu, W. Amelung, Y. Xing, R. Bol and A. E. Berns, Iron
cycling and isotope fractionation in terrestrial ecosystems,
Earth-Sci. Rev., 2019, 190, 323–352, DOI: 10.1016/
j.earscirev.2018.12.012.

15 C. Johnson, B. Beard and S. Weyer, Iron geochemistry: an
isotopic perspective, Springer, 2020.

16 T. D. Bullen, A. F. White, C. W. Childs, D. V Vivit and
M. S. Schulz, Demonstration of signicant abiotic iron
isotope fractionation in nature, Geology, 2001, 29, 699–702,
DOI: 10.1130/0091-7613(2001)029<0699:DOSAII>2.0.CO;2.

17 A. D. Anbar, Molybdenum stable isotopes: observations,
interpretations and directions, Rev. Mineral. Geochem.,
2004, 55, 429–454, DOI: 10.2138/gsrmg.55.1.429.

18 A. Gronstal, V. Pearson, A. Kappler, C. Dooris, M. Anand,
F. Poitrasson, T. P. Kee and C. S. Cockell, Laboratory
experiments on the weathering of iron meteorites and
carbonaceous chondrites by iron-oxidizing bacteria,
Meteorit. Planet. Sci., 2009, 44, 233–247, DOI: 10.1111/
j.1945-5100.2009.tb00731.x.

19 B. L. Beard, R. M. Handler, M. M. Scherer, L. Wu, A. D. Czaja,
A. Heimann and C. M. Johnson, Iron isotope fractionation
between aqueous ferrous iron and goethite, Earth Planet.
Sci. Lett., 2010, 295, 241–250, DOI: 10.1016/
j.epsl.2010.04.006.

20 L. R. Croal, C. M. Johnson, B. L. Beard and D. K. Newman,
Iron isotope fractionation by Fe(II)-oxidizing
photoautotrophic bacteria, Geochim. Cosmochim. Acta,
2004, 68, 1227–1242, DOI: 10.1016/j.gca.2003.09.011.

21 E. D. Swanner, T. Bayer, W. Wu, L. Hao, M. Obst,
A. Sundman, J. M. Byrne, F. M. Michel, I. C. Kleinhanns,
A. Kappler and R. Schoenberg, Iron isotope fractionation
during Fe(II) oxidation mediated by the oxygen-producing
Environ. Sci.: Processes Impacts, 2024, 26, 344–356 | 353

https://doi.org/10.1111/j.1574-6976.1997.tb00316.x
https://doi.org/10.4319/lo.2008.53.1.0400
https://doi.org/10.4319/lo.2008.53.1.0400
https://doi.org/10.1038/371123a0
https://doi.org/10.1038/371123a0
https://doi.org/10.1038/383495a0
https://doi.org/10.1016/S0304-4203(01)00074-3
https://doi.org/10.1016/S0304-4203(01)00074-3
https://doi.org/10.1016/0016-7037(87)90093-7
https://doi.org/10.1021/es049748y
https://doi.org/10.1021/es1009218
https://doi.org/10.1016/0304-4203(95)00031-L
https://doi.org/10.1016/j.earscirev.2018.12.012
https://doi.org/10.1016/j.earscirev.2018.12.012
https://doi.org/10.1130/0091-7613(2001)029&lt;0699:DOSAII&gt;2.0.CO;2
https://doi.org/10.2138/gsrmg.55.1.429
https://doi.org/10.1111/j.1945-5100.2009.tb00731.x
https://doi.org/10.1111/j.1945-5100.2009.tb00731.x
https://doi.org/10.1016/j.epsl.2010.04.006
https://doi.org/10.1016/j.epsl.2010.04.006
https://doi.org/10.1016/j.gca.2003.09.011
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3em00332a


Environmental Science: Processes & Impacts Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
de

se
m

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 0

6.
02

.2
02

6 
23

.3
1.

47
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
marine cyanobacterium Synechococcus PCC 7002, Environ.
Sci. Technol., 2017, 51, 4897–4906, DOI: 10.1021/
acs.est.6b05833.

22 G. A. Icopini, A. D. Anbar, S. S. Ruebush, M. Tien and
S. L. Brantley, Iron isotope fractionation during microbial
reduction of iron: the importance of adsorption, Geology,
2004, 32, 205–208, DOI: 10.1130/G20184.1.

23 H. A. Crosby, C. M. Johnson, E. E. Roden and B. L. Beard,
Coupled Fe(II)-Fe(III) electron and atom exchange as
a mechanism for Fe isotope fractionation during
dissimilatory iron oxide reduction, Environ. Sci. Technol.,
2005, 39, 6698–6704, DOI: 10.1021/es0505346.

24 B. L. Beard, C. M. Johnson, L. Cox, H. Sun, K. H. Nealson and
C. Aguilar, Iron isotope biosignatures, Science, 1999, 285,
1889–1892, DOI: 10.1126/science.285.5435.1889.

25 R. A. Wiesli, B. L. Beard and C. M. Johnson, Experimental
determination of Fe isotope fractionation between aqueous
Fe(II), siderite and ‘green rust’ in abiotic systems, Chem.
Geol., 2004, 211, 343–362, DOI: 10.1016/
j.chemgeo.2004.07.002.

26 C. M. Johnson, B. L. Beard, E. E. Roden, D. K. Newman and
K. H. Nealson, Isotopic constraints on biogeochemical
cycling of Fe, Rev. Mineral. Geochem., 2004, 55, 359–408,
DOI: 10.2138/gsrmg.55.1.359.

27 C. M. Johnson, E. E. Roden, S. A. Welch and B. L. Beard,
Experimental constraints on Fe isotope fractionation
during magnetite and Fe carbonate formation coupled to
dissimilatory hydrous ferric oxide reduction, Geochim.
Cosmochim. Acta, 2005, 69, 963–993, DOI: 10.1016/
j.gca.2004.06.043.

28 K. O. Konhauser, W. S. Fyfe, F. G. Ferris and T. J. Beveridge,
Metal sorption and mineral precipitation by bacteria in two
Amazonian river systems: Rio Solimoes and Rio Negro,
Brazil, Geology, 1993, 21, 1103–1106, DOI: 10.1130/0091-
7613(1993)021<1103:MSAMPB>2.3.CO;2.

29 R. J. M. Hudson and F. M. M. Morel, Distinguishing between
extra-and intracellular iron in marine phytoplankton,
Limnol. Oceanogr., 1989, 34, 1113–1120, DOI: 10.4319/
lo.1989.34.6.1113.

30 N. Yee, L. G. Benning, V. R. Phoenix and F. G. Ferris,
Characterization of metal−cyanobacteria sorption
reactions: a combined macroscopic and infrared
spectroscopic investigation, Environ. Sci. Technol., 2004, 38,
775–782, DOI: 10.1021/es0346680.

31 N. Teutsch, U. Von Gunten, D. Porcelli, O. A. Cirpka and
A. N. Halliday, Adsorption as a cause for iron isotope
fractionation in reduced groundwater, Geochim.
Cosmochim. Acta, 2005, 69, 4175–4185, DOI: 10.1016/
j.gca.2005.04.007.

32 D. S. Mulholland, F. Poitrasson, L. S. Shirokova,
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