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Abstract

Oscillations between reducing and oxidizing conditions are observed at the interface of anaerobic/

oxic and anaerobic/anoxic environments, and are often stimulated by an alternating flux of 

electron donors (e.g., organic carbon) and electron acceptors (e.g., O2 and NO3
−). In iron (Fe) rich 

soils and sediments, these oscillations may stimulate the growth of both Fe-reducing bacteria 

(FeRB) and Fe-oxidizing bacteria (FeOB), and their metabolism may induce cycling between 

Fe(II) and Fe(III), promoting the transformation of Fe (hydr)oxide minerals. Here, we examine the 

mineralogical evolution of lepidocrocite and ferrihydrite, and the adaptation of a natural microbial 

community to alternating Fe-reducing (anaerobic with addition of glucose) and Fe-oxidizing (with 

addition of nitrate or air) conditions. The growth of FeRB (e.g., Geobacter) is stimulated under 

anaerobic conditions in the presence of glucose. However, the abundance of these organisms 

depends on the availability of Fe(III) (hydr)oxides. Redox cycling with nitrate results in decreased 

Fe(II) oxidation thereby decreasing the availability of Fe(III) for FeRB. Additionally, magnetite is 

detected as the main product of both lepidocrocite and ferrihydrite reduction. In contrast, 

introduction of air results in increased Fe(II) oxidation, increasing the availability of Fe(III) and 

the abundance of Geobacter. In the lepidocrocite reactors, Fe(II) oxidation by dissolved O2 

promotes the formation of ferrihydrite and lepidocrocite, whereas in the ferrihydrite reactors we 

observe a decrease in magnetite stoichiometry (e.g., oxidation). Understanding Fe (hydr)oxide 

transformation under environmentally relevant redox cycling conditions provides insight into 
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nutrient availability and transport, contaminant mobility, and microbial metabolism in soils and 

sediments.

Graphical Abstract

INTRODUCTION

Iron (Fe) plays a major role in soil and sediment biogeochemical processes.1,2 The transition 

between Fe(II) and Fe(III) is of particular interest in dynamic environments that experience 

alternating reducing and oxidizing conditions. These variable conditions can be caused by 

shifts in the influx of electron donors (e.g., reduced organic carbon) and acceptors (e.g., 

nitrate and dissolved O2). Under anaerobic conditions, Fe(III) (hydr)oxides may be reduced 

by dissimilatory Fe-reducing bacteria (FeRB)3–5 or other reduced species, such as sulfide.6 

Oxidation of Fe(II) is promoted by the presence of dissolved O2,7 nitrite (NO2
−),8 

manganese oxides,9 and O2 or Fe-oxidizing bacteria (FeOB).10–12 Chemical and biological 

formation, transformation, and dissolution of Fe-bearing minerals occurs at the interface of 

reducing and oxidizing conditions, making an understanding of these reactions crucial for 

discerning environmental Fe mineralization pathways. Additionally, Fe (hydr)oxide mineral 

transformation directly impacts nutrient availability and transport, contaminant mobility, and 

microbial metabolism in soils and sediments.13–16

In natural environments, at circumneutral pH, Fe(III) is generally present as solid-phase 

Fe(III) (hydr)oxides.17 The structure, solubility, bioavailability, and relative thermodynamic 

stability of these phases varies greatly depending on the biogeochemical conditions during 

their formation.17 Iron (hydr)oxide mineralogical transformations are relatively well 

characterized after a single reduction or oxidation cycle.18–21 For example, chemical or 

biological reductive dissolution of ferrihydrite results in magnetite or goethite 

formation,22–26 and aqueous Fe(II) oxidation by dissolved O2 or nitrate-dependent Fe-

oxidizing bacteria (NDFeOB) may result in ferihydrite,10,27 lepidocrocite,18 or even 

magnetite formation.28 However, these single condition studies are not representative of 

natural, redox-dynamic environments.

Many subsurface environments have redox transition zones where the temporary influx of 

dissolved O2 promotes the biological or chemical oxidation of Fe(II), generating Fe(III) for 

subsequent microbial Fe reduction in the presence of organic carbon or H2, under anaerobic 

conditions.29–31 Activity of Fe redox cycling microbial communities is observed in soils and 
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sediments that experience these shifts in electron donors and acceptors.32–34 Additionally, 

recent studies illustrate that depending on reaction conditions, natural Fe(III) (hydr)oxide 

crystallinity can increase and mineral surface properties change throughout continuous 

redox cycling.35,36 The mobility and speciation of contaminants associated with Fe 

(hydr)oxides (e.g., U, Tc and As) is also affected by redox cycling conditions, although 

whether the metals are mobilized or retained depends on a large number of biogeochemical 

parameters.37–39 Overall, dynamic redox environments shape microbial communities, 

affecting both microbial and chemical Fe reduction and oxidation processes, and impacting 

Fe (hydr)oxide transformation pathways and the fate of associated nutrients and 

contaminants in soils and sediments. However, it is not clear how oxidation environment 

shape Fe (hydr)oxide transformations and soil microbial communities during redox cycling 

conditions.

Here we describe the transformation of lepidocrocite and ferrihydrite in the presence of a 

natural inoculum, under alternating reducing (anaerobic with addition of glucose) and 

oxidizing (with addition of dissolved O2 or nitrate) conditions. Powder X-ray diffraction 

(XRD) and X-ray absorption spectroscopy (XAS) are employed to determine Fe (hydr)oxide 

mineralogy, while sequencing of 16S rRNA genes resolves microbial community 

composition throughout Fe redox cycling. Understanding Fe (hydr)oxide transformation 

during controlled biologically induced redox cycling provides insight into the 

biogeochemical transformation of iron, carbon, and nitrogen taking place in Fe-rich, redox 

active soil and sedimentary environments.

MATERIALS AND METHODS

Fe (Hydr)oxide Synthesis

Lepidocrocite was synthesized by titrating a 0.31 M ferrous chloride solution to pH 6.8 with 

NaOH, while stirring and bubbling with air at a flow rate of 100 mL/min.40 Two-line 

ferrihydrite was synthesized by rapid titration of a 0.29 M ferric chloride solution with 

NaOH to pH 7.0. The Fe (hydr)oxides were washed three times by centrifugation and freeze-

dried (lepidocrocite) or suspended in anaerobic artificial groundwater (AGW) media 

(ferrihydrite). Ferrihydrite was used within 1 week of preparation to limit effects of mineral 

aging. X-ray diffraction (XRD) verified the presence of only the desired mineral phase in 

each of the starting materials.

Inoculum Source

Fresh surface sediment (0 to 30 cm) was used as a natural microbial inoculum for the 

experiments and was collected from Dorn Creek, Dane County, WI. The sediment was 

sieved, diluted in AGW media, stored in amber bottles (Nalgene, NY) and used within 2 

days of the collection date. The contribution of iron from the sediment to the total iron 

concentration in the reactors was less than 2%.

Experimental Setup

Duplicate experiments consisted of 1 L of AGW media, 30 mM Fe mineral (lepidocrocite or 

ferrihydrite), and 10 mL of inoculum. AGW media contained 0.5 mM MgSO4, 0.20 mM 
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Na2CO3, 0.50 mM Ca(NO3)2, 0.05 mM NH4Cl, 0.05 mM K2HPO4, 1 mL/L trace metal 

solution,32 0.1 mL/L vitamin stock solution,32 and 10 mM 1,4-piperazinediethanesulfonic 

acid (PIPES) buffer at pH 6.8. The media was boiled and bubbled with oxygen-free N2 

(passed over hot Cu-filings) for several hours before use. Reactors were sealed with thick 

butyl stoppers and remained in an anaerobic COY chamber (95% N2 and 5% H2), in the 

dark, at room temperature, for the duration of the experiment. Reactors were thoroughly 

mixed during each sampling point; otherwise, they remained still. The glucose and nitrate 

stock solutions were sterilized in an autoclave at 122 °C for 20 min and were not degassed 

prior to addition to the reactors. All chemicals were ACS grade or better. Glassware was 

allowed to equilibrate for 24 h in the anaerobic chamber before use. Throughout the 

experiment, the pH remained at 7.1 ± 0.2 for all reactors.

Two sets of experiments were conducted in duplicate batch reactors to assess the impact of 

redox cycling on Fe (hydr)oxide mineral transformations and microbial community 

structure. (1) Fe redox cycling with nitrate was performed by addition of glucose (final 

concentration of 0.5 mM) on days 0, 26, 55, and 79 to induce Fe(III) reduction, followed by 

addition of nitrate (final concentration of 2 mM) on days 21, 49, 74, and 101 to induce Fe(II) 

oxidation. (2) Fe redox cycling with dissolved O2 was performed by addition of glucose 

(final concentration of 0.5 mM) on days 0, 26, 52, and 77 to induce Fe(III) reduction, 

followed by exposure to air on days 21, 49, 74, and 101 to induce Fe(II) oxidation. Oxygen 

was introduced by rapidly stirring unsealed reactors outside the anaerobic chamber, 

continuously introducing dissolved oxygen. The solubility of dissolved oxygen at room 

temperature is ~9 mg-O2/L. Four redox cycles (Fe reduction followed by Fe oxidation) were 

carried out over 108 days (Table S1). Reduction half-cycles lasted for ~19 days (time in 

which Fe(II) production ceased), whereas oxidation half-cycles lasted either 5 days with 

nitrate (complete nitrate consumption) or 3 days with dissolved O2 (complete Fe(II) 

depletion). A control experiment to examine the transformation of lepidocrocite and 

ferrihydrite under strictly reducing conditions was investigated in the Fe reducing 

experiments, where glucose was added once to a final concentration of 0.5 mM and oxidant 

was not added (Figures S2 and S3).

Sampling and Analysis

Reactors were sampled inside the anaerobic chamber by removing 1.5 mL of well-mixed 

slurry every 1 to 3 days and centrifuging (10000 rpm) for 5 min. The supernatant was 

filtered through a 0.22 µm PTFE filter; 100 µL of the filtrate were then added to 1 mL of 0.6 

M HCl for aqueous Fe(II) quantification, and the remaining filtrate was preserved at −18 °C 

for subsequent nitrate and nitrite analysis. Nitrate and nitrite were measured using a Dionex 

DX1000 ion chromatograph (IC) system, equipped with a 2100 Ion Pac AS9HC 4 × 250 mm 

column, using 15 mM NaOH as the eluent. The solid pellet from the centrifugation was 

suspended in 1 M HCl for 1 h and then filtered through a 0.22 µm filter. The 1 M HCl filtrate 

was collected for extractable, solid-associated Fe(II) quantification. Fe(II) was measured by 

adding 10–300 µL of the 0.6 M HCl (aqueous Fe(II)) or 1 M HCl (solid-associated Fe(II)) 

sample to 5 mL of ferrozine solution (1 g ferrozine dissolved in 1 L of 50 mM HEPES 

buffer at pH 6). The mixture was kept in the dark for 10 min before measuring the 
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absorbance at 562 nm. Addition of aqueous Fe(II) and solid-associated Fe(II) represents 

total Fe(II) in the system.

Solid-Phase Characterization

Solid-phase samples were collected at the end of each redox half-cycle by filtering 35 mL of 

well-mixed slurry through a 0.22 µm filter and drying it in a desiccator located inside the 

anaerobic chamber to avoid oxidation. Incomplete sample drying compromised the solid-

phase samples taken at the end of the first reduction period (day 21) and therefore this data 

is excluded from our analysis. Dried solids were analyzed by X-ray diffraction (XRD), and 

Match! software41 was used to determine which crystalline Fe phases were present in the 

sample. X-ray absorption spectroscopy (XAS) was carried out at the Fe K-edge (7112 eV) to 

determine the relative percentages of the mineral phases using SIXPACK software (see SI 

for detailed description).42 Sample preparation for XRD and XAS analysis was performed 

inside the anaerobic chamber and samples were sealed prior to removing them from the 

chamber (details in SI). The Fe (hydr)oxide mineral standards used in linear combination 

fitting included two-line ferrihydrite (Fe(OH)3), lepidocrocite (γ-FeOOH), goethite (α-

FeOOH), maghemite (γ-Fe2O3), and magnetite (FeIIFe2
IIIO4). In our results, the presence of 

maghemite is due to partially oxidized or nonstoichiometric magnetite, rather than pure 

maghemite being present.43–46

Microbial Community Analysis

Slurry samples collected at day 0 and at the end of each reduction half-cycle were 

immediately frozen and stored at −80 °C after sampling. A MO BIO UltraClean Soil DNA 

kit was used to extract DNA from these samples and the samples were stored at −80 °C 

immediately after extracting the DNA. The purified DNA was analyzed at the University of 

Wisconsin–Madison Biotechnology Center, where the V3-V4 region of the 16S rRNA gene 

was amplified and sequenced using Illumina MiSeq technology. Illumina reads were 

barcode-removed, filtered and paired-end merged using a PAired-eND Assembler for 

Illumina sequences (PANDAseq).47 Operational taxonomic units (OTUs) were assigned to 

sequences (0.97 threshold) by clustering the sequences (cd-hit)48 and assigning taxonomy 

(RDP classifier)49 using an established computational analysis pipeline from quantitative 

insights into microbial ecology (QIIME).50

RESULTS

Iron Dynamics During Redox Cycling

Fe(II) production is the result of microbial Fe(III) reduction and associated microbial 

processes (e.g., fermentation of glucose to short-chain organic acids, H2)51 linked to glucose 

metabolism by the natural inoculum. The Fe-reducing control experiments illustrate that 

once Fe(III) reduction ceases (~day 14) aqueous and solid Fe(II) concentrations remain at 

0.61 ± 0.09 mM and 2.8 ± 0.7 mM for lepidocrocite and 1.6 ± 0.3 mM and 7.0 ± 2 mM for 

ferrihydrite for ~45 days (Figure S2). It became evident that one of the ferrihydrite reactors 

did not follow similar Fe(II) profiles as the rest of the reactors undergoing redox cycling 

with nitrate. The integrity of this reactor was compromised due to accidental damage to the 

reactor cap at day 21, causing aqueous and solid Fe(II) concentrations to be lower than 
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expected throughout the entire experiment. The data obtained from this reactor after day 21 

is not shown in Figure 1 and is excluded from our discussion.

In experiments undergoing redox cycling, at the conclusion of the first reduction period total 

Fe(II) concentrations are 6.3 ± 0.6 mM in the lepidocrocite reactors and 11.3 ± 1.0 mM in 

the ferrihydrite reactors (Figures 1 and 2). The aqueous phase of the lepidocrocite and 

ferrihydrite reactors contains 1.96 ± 0.06 and 2.2 ± 0.2 mM dissolved Fe(II), respectively 

(Figures 1 and 2). Upon introduction of either nitrate or dissolved O2, Fe(II) concentrations 

decrease due to oxidation (Figures 1 and 2).

Addition of ~2 mM nitrate oxidizes 0.9 ± 0.3 mM aqueous Fe(II) by the end of all four 

oxidation cycles in reactors containing either lepidocrocite or ferrihydrite. Solid-associated 

Fe(II) concentrations range between 1.4–9.9 mM in the lepidocrocite reactors and 1.4–12.5 

mM in the ferrihydrite reactors throughout the experiment, and do not follow a clear 

oscillatory pattern associated with redox conditions (Figure 1). After all nitrate is consumed, 

introduction of glucose induces Fe(III) reduction, generating 0.7 ± 0.2 mM aqueous Fe(II) at 

the end of the second, third and fourth reduction cycles in all reactors.

Fe(II) oxidation is also observed during exposure to air, resulting in the oxidation of 6.3 

± 2.7 mM total Fe(II) in all reactors, leaving dissolved Fe(II) below the ferrozine detection 

limit (Figure 2). Reduction of regenerated Fe(III) (hydr)oxides occurs in both the 

lepidocrocite and ferrihydrite reactors after restoration of anaerobic conditions and addition 

of glucose, resulting in production, on average, of 5.4 ± 1.3 mM total Fe(II) during the 

second, third and fourth reduction cycles (Figure 2). Although the total amount of Fe(II) 

produced in each reactor is similar, more Fe(II) partitions into the aqueous phase when 

lepidocrocite (2.8 ± 0.4 mM) is the starting mineral, instead of ferrihydrite (1.6 ± 0.4 mM).

Iron (Hydr)oxide Mineralogy

Because of limited data collection time, XAS data plotted in Figure S4 are from solids 

collected from only one reactor. However, we collected at least one scan for samples 

obtained from the duplicate reactors and in all cases the spectra are nearly identical to the 

spectra plotted in this manuscript. In the control Fe(III) reduction experiments, lepidocrocite 

persists as the dominant mineral phase throughout the entire experiment. Conversely, in the 

ferrihydrite reactors, magnetite is the dominant mineral phase (Figure S2).

In the experiments undergoing redox cycling with nitrate, 43 mol % of lepidocrocite 

transforms into magnetite and 5 mol % transforms into goethite at the end of the first 

oxidation period. The second reduction period results in the formation of 67 mol % 

magnetite, 6 mol % goethite and 2 mol % ferrihydrite, whereas 25 mol % lepidocrocite 

remains (Figure 1). Magnetite persists at 73–83 mol % throughout the remainder of the 

experiment (Figure 1). Formation of 15 mol % ferrihydrite is observed at the conclusion of 

the third oxidation period and likely serves as the precursor for the eventual formation of 25 

mol % goethite (Figure 1). When ferrihydrite is the starting mineral, it transforms 

predominantly into magnetite (73 mol %) and lepidocrocite (10 mol %) at the conclusion of 

the first nitrate oxidation period (Figure 1). More than 70 mol % magnetite is present during 
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the entire experiment, with the remainder ranging from 0–18 mol % ferrihydrite and 0–13 

mol % goethite (Figure 1).

Introduction of dissolved O2 results in greater Fe(II) oxidation and formation of Fe(III) 

(hydr)oxide minerals such as lepidocrocite, ferrihydrite and maghemite (Figure 2). By the 

end of the first oxidation period, lepidocrocite transforms into 10 mol % ferrihydrite, 7 mol 

% goethite and 46 mol % magnetite, with 36 mol % lepidocrocite remaining. As redox 

cycling proceeds, the amount of lepidocrocite gradually decreases to zero, as ferrihydrite (43 

mol %) and goethite (30 mol %) increase, and magnetite (27 mol %) decreases (Figure 2). 

When ferrihydrite undergoes redox cycling with dissolved O2, 86–98 mol % magnetite is 

observed at the conclusion of the reduction periods, while oxidation periods result in the 

partial oxidation of magnetite and formation of 36–61 mol % maghemite (Figure 2). 

Depending on the redox conditions ferrihydrite (1–6 mol %) and goethite (2–11 mol %) are 

intermittently detected.

Microbial Community Dynamics

Initially, sequences that best match the aerobic soil taxa Cupriavidus52 (Table S2) comprise 

the largest component (~14%) of the 16S rRNA gene amplicon libraries; however, their 

relative abundance declines during redox cycling. Sequences closely related to Geobacter53 

become prominent in all reactors by the end of the first reduction period (day 21, Figure 3). 

At the conclusion of the final redox cycle, Geobacter is more abundant in reactors 

undergoing redox cycling with dissolved O2 (16–28% abundance) than those undergoing 

redox cycling with nitrate (4–9% abundance). Redox cycling with nitrate results in the 

growth of NDFeOB, such as Dechloromonas (~1.5%),12 and organotrophic nitrate reducers, 

including Propionivibrio (~32%),54 Sporomusa (~4.1%),55 and Rhodocyclus (~7.9%)56 

(Figure 3).

DISCUSSION

Microbial Iron Redox Cycling

Iron reducing bacteria (FeRB) and Fe oxidizing bacteria (FeOB) are commonly found in 

redox transition zones that experience temporary reducing or oxidizing conditions.32–35 In 

the present study, the growth of FeRB is stimulated by the addition of glucose under 

anaerobic conditions, leading to microbial reduction of both ferrihydrite and lepidocrocite, 

and secondary mineralization (Figure 1 and 2). Under solely anaerobic conditions, after a 

single addition of glucose, Fe(III) reduction ceases after ~14 days and both aqueous and 

solid Fe(II) concentrations remain relatively constant for ~45 days (Figures S2 and S3). 

Additionally, 16S libraries illustrate that FeRB such as Geobacter, and bacteria involved in 

fermentation such as Clostridium and Propionivibrio, are enriched under these conditions 

(Figure S3).

Reactors undergoing redox cycling reveal that after ~19 days of the first reduction period, 

introduction of an oxidant (nitrate or dissolved O2) regenerates Fe(III) (hydr)oxides. 

However, the oxidation environment dictates the amount of Fe(II) oxidized and influences 

the microbial community dynamics. Specifically, nitrate additions (~2 mM final 
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concentration) result in low Fe(II) oxidation. Under these conditions Fe(II) accumulates 

throughout the experiment, Fe(III) becomes limited and FeRB are outcompeted by 

organotrophic nitrate reducers. Conversely, high Fe(II) oxidation is observed during 

exposure to atmospheric oxygen. Regeneration of Fe(III) (hydr)oxides by dissolved O2 

enhances the growth of FeRB during subsequent anaerobic conditions.

Despite being obligate anaerobes, Geobacter species are aerotolerant and commonly found 

in cyclically aerobic environments.34 Geobacter species also grow under cyclically anoxic 

conditions (e.g., nitrate input) alongside nitrate-dependent Fe oxidizing bacteria (NDFeOB), 

such as Dechloromonas species (Figure 3).32 However, the availability of Fe(III) 

(hydr)oxides to serve as terminal electron acceptors during redox cycling, greatly influences 

the growth of these organisms.3 Here, redox cycling with nitrate oxidizes 0.9 ± 0.3 mM 

aqueous Fe(II), while cycling with dissolved O2 oxidizes 6.3 ± 2.7 mM total Fe(II) during 

oxidation periods (Figures 1 and 2). Determining the exact amount of solid-associated Fe(II) 

oxidized by nitrate is difficult because there is not a clear transition between anaerobic and 

anoxic conditions in the amount of solid-associated Fe(II) (Figure 1). However, it is clear 

that dissolved O2 results in greater Fe(II) oxidation than nitrate.

In anoxic environments, at circumneutral pH, the chemical oxidation of Fe(II) by nitrate is 

thermodynamically favorable, but not kinetically favorable. In our reactors, the decrease in 

aqueous Fe(II) (Figure 1) and nitrate (Figure S1) occur simultaneously, indicating that 

nitrate reduction is coupled to Fe(II) oxidation. Neutrophillic NDFeOB can catalyze the 

enzymatic transfer of electrons from Fe(II) to nitrate, in some cases leading directly to 

production of N2 by both pure and mixed cultures (eq 1).1,28

(1)

However, the chemical reactions between Fe(II) and NO2
− or NO (nitrate reduction 

intermediates) are thermodynamically and kinetically favorable at circumneutral pH and 

may also drive Fe(II) oxidation.8,57,58 The presence of NO2
− was not detected by IC 

(detection limit ~0.05 ppm), indicating that it was likely consumed by a combination of 

chemical Fe(II) oxidation and/or biological nitrite reduction. Overall, Fe(II) oxidation may 

be due to either enzymatic or chemical processes, or possibly a combination of both; 

unfortunately, this study was not designed to discern which pathway is dominant. The 16S 

libraries reveal the enrichment of NDFeOB belonging to the genus Dechloromonas. 

However, denitrifying organisms such as Propionivibrio,54 Sporomusa,55 and Rhodocyclus56 

are among the most abundant organisms (Figure 3). We suspect that the competition 

between organotrophic nitrate reducers and NDFeOB limits Fe(II) oxidation.

At circumneutral pH, the half-life for dissolved Fe(II) is less than 5 min in air-saturated 

solutions.7 Accordingly, rapid chemical Fe(II) oxidation occurs in reactors undergoing redox 

cycling with dissolved O2, resulting in regeneration of Fe(III) (hydr)oxides, creating optimal 

conditions for the growth of Geobacter upon the onset of anaerobic conditions. In fact, 16S 

libraries show a greater abundance of Geobacter in the reactors exposed to dissolved O2 

compared to those exposed to nitrate (Figure 3). Additionally, growth of FeOB is not 
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expected or observed (Figure 3) due to the rapid chemical oxidation of Fe(II) by dissolved 

O2.59 Oxygen-dependent FeOB (e.g., lithotrophic β-Proteobacterium strain TW2) are 

generally prevalent only under microaerophilic conditions, where dissolved O2 

concentrations are low (less than 50 µM).60

Fe(III) (Hydr)oxide Transformation During Redox Cycling

The amount of Fe(II) oxidized during the oxidation periods and the physiochemical nature 

of the Fe (hydr)oxide assemblage prior to further oxidation or reduction, are major factors 

influencing Fe (hydr)oxide transformation. The amount of Fe(II) oxidized controls the 

formation of fresh Fe(III) (hydr)oxide minerals, which may differ in crystal structure, 

particle size, surface area, solubility and bioavailability, influencing the rate of subsequent 

microbial Fe(III) reduction and the rate of electron injection and atom exchange by Fe(II) 

under anaerobic conditions.24,26,61,62

Microbial Fe(III) reduction during the anaerobic periods is evident in all reactors through the 

production of Fe(II) (Figures 1 and 2). In this study, Fe(III) reduction and Fe(II) oxidation 

are not expected under sterile conditions. In the presence of a natural inoculum it is 

hypothesized that FeRB can utilize Fe(III) (hydr)oxides as terminal electron acceptors and 

the fermentative metabolites of glucose (e.g., acetate) as electron donors.63 However, the 

extent of Fe(III) reduction is largely controlled by the properties of the Fe (hydr)oxide(s) 

present. For instance, during the first reduction period, due to its poorly crystalline structure 

and higher surface area, ferrihydrite is more bioavailable than lepidocrocite, resulting in 

greater microbial Fe(III) reduction and higher total Fe(II) concentrations (Figures 1 and 

2).3,21,64 Fe(II) drives mineral transformations via the transfer of electrons from Fe(II) to the 

solid phase and later atom exchange.24,26,62 At low Fe(II)/ferrihydrite ratios, dissolution/

reprecipitation of ferrihydrite results in the formation of lepidocrocite, and both ferrihydrite 

and lepidocrocite are precursors of goethite.26 Conversely, at high Fe(II)/ferrihydrite ratios 

magnetite is the end product of a topotactic transformation.26 The transformation pathway 

and ultimately its products also depend on the type of Fe mineral present. For example, in 

the presence of the same concentration of aqueous Fe(II), the transformation of ferrihydrite 

to magnetite is more rapid than the transformation of lepidocrocite to magnetite.65 In fact, 

by day 49 more magnetite is observed in the ferrihydrite reactors than in the lepidocrocite 

reactors regardless of the redox cycling conditions (Figures 1 and 2).

Redox cycling with nitrate results in total Fe(II) concentrations above ~3 mM throughout the 

entire experiment. These elevated Fe(II) concentrations and long incubations provide enough 

time for the transformation of both lepidocrocite and ferrihydrite to magnetite to occur at 

circumneutral pH (Figure 1).26 Once magnetite becomes the dominant Fe (hydr)oxide, redox 

cycling of this mineral may result in the “charging” and/or “discharging” of the solid by 

storing or donating electrons.43 This “battery-like” behavior results in magnetite acting as a 

possible electron sink for FeRB or a donor for FeOB in the environment.43

When ferrihydrite is the starting mineral, the relative concentration of magnetite increases at 

the end of the second, third, and fourth nitrate induced oxidation periods (Figure 1). It is 

likely that glucose and/or its metabolites are not entirely consumed during the reduction 

periods, and that organotrophic denitrifiers consume the remainder during the oxidation 
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periods, leaving metabolic potential for additional microbial Fe(III) reduction and Fe(II)-

mediated formation of magnetite even under anoxic conditions. Conversely, when 

lepidocrocite is subjected to redox cycling with nitrate, the presence of ferrihydrite is 

detected at the conclusion of the third oxidation period, and likely serves as a precursor for 

goethite formation toward the end of the experiment (Figure 1).66

Redox cycling with dissolved O2 mimics anaerobic environments that are periodically 

exposed to O2 due to variations in water table and other changes in geochemical 

conditions.60 At circumneutral pH, O2 rapidly oxidizes Fe(II),67 depleting dissolved and 

solid-associated Fe(II) and resulting in the net production of Fe(III) (hydr)oxides (Figure 

2).18,24,43 When lepidocrocite is the starting mineral, magnetite formation is expected due to 

Fe(III) reduction during the first reduction period; however, the quantity of magnetite 

decreases as ferrihydrite and goethite content increase throughout redox cycling (Figure 2). 

Compared to the ferrihydrite reactors, aqueous Fe(II) concentrations are higher in the 

lepidocrocite reactors prior to introduction of air. Higher aqueous Fe(II) concentrations may 

enhance the formation of ferrihydrite due to rapid oxidation of aqueous Fe(II) by dissolved 

O2. Under subsequent anaerobic conditions, ferrihydrite likely serves as the precursor for 

goethite (Figure 2).24,62

When ferrihydrite is the starting mineral, magnetite is the dominant mineral phase at the end 

of all reduction periods (Figure 2). Microbial Fe oxidation and reduction promotes the 

partial oxidation of magnetite (detected as an increase maghemite content in EXAFS 

spectra) and its subsequent reduction.43 In this study, exposure of the reduced solids (e.g., 

magnetite) to excess dissolved O2 results in Fe(II) oxidation, a change in the ratio of 

Fe(II):Fe(III) and formation of maghemite (Figure 2). At the end of each oxidation period, 

the amount of total Fe(II) determined by ferrozine is considerably lower than what would be 

predicted from the amount of stoichiometric magnetite (FeIIFeIII
2O4). This disparity 

suggests the presence of non-HCl extractable Fe(II) within the mineral phase or that the 

magnetite detected is not stoichiometric. In environmental systems, maghemite often occurs 

as a weathering product of magnetite (eq 2).45,46 Magnetite is found in many soils and 

sediments and has a cubic inverse spinel structure, in which the tetrahedral sites are occupied 

by Fe3+ ions and the octahedral sites are occupied by equal Fe2+ and Fe 3+ ions.46 The 

oxidation of magnetite is a topotactic reaction, where oxygen layers are added as Fe cations 

migrate to the surface.68,69 This nonstoichiometric magnetite remains with a cubic structure, 

contains partially occupied octahedral sites and can be used as a terminal electron acceptor 

for FeRB.68,69

(2)

Environmental Implications

Our experiments illustrate that a microbial system undergoing repeated oscillations in the 

input of organic carbon (e.g., glucose) followed by oxidant (e.g., nitrate or dissolved O2) can 

develop a microbial community capable of mediating repeated Fe(III) reduction and Fe(II) 

oxidation at the interface of anaerobic/anoxic and anaerobic/oxic conditions. These results 
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are similar to previous studies,10,32,34,60,70 and suggest that Fe cycling, microbial 

communities are not only present and active in surface environments that experience shifts in 

dissolved O2 but also in anoxic subsurface environments and/or nitrate-contaminated 

aquifers that experience shifts in organic carbon and nitrate input.31,71 Although redox 

cycling shapes microbial communities, it is also clear that alternating between reducing and 

oxidizing conditions also influences solution chemistry and thus impacts Fe (hydr)oxide 

mineralogy.

When nitrate is the oxidant, Fe(II) oxidation depends on the organic carbon loading,32 hence 

nitrate reduction may occur through organotrophic denitrification or nitrate-dependent Fe(II) 

oxidation. Competition between organotrophic and lithotrophic organisms may restrict 

Fe(II) oxidation, thereby depleting Fe(III) pools for subsequent microbial reduction, 

constraining cycling between Fe(II) and Fe(III). Our 16S gene sequences demonstrate that 

redox cycling with nitrate triggers the growth of known FeRB (e.g., Geobacter) and 

NDFeOB (e.g., Dechloromonas); however, organisms that are not known to be involved in 

Fe reduction and oxidation (e.g., Propionivibrio) are more abundant. Oxidation with higher 

nitrate concentrations than used in this study may result in regeneration of additional Fe(III) 

and formation of Fe(III) (hydr)oxides, such as those observed with O2 oxidation.18 From a 

mineralogical perspective, a key aspect of this study is that both lepidocrocite and 

ferrihydrite transform primarily into magnetite. This finding has important implications for 

magnetite acting as an electron sink for sustaining microbial communities in oxygen-poor 

environments that undergo nitrate-driven redox fluctuations.

FeRB are known to be active in environments that experience temporal shifts in dissolved 

O2.34 Here, the introduction of dissolved O2 generates poorly crystalline Fe(III) 

(hydr)oxides such as lepidocrocite and ferrihydrite, via chemical Fe(II) oxidation, and 

increases subsequent Fe(III) reduction by Geobacter upon transitioning to anaerobic 

conditions. When lepidocrocite is the starting mineral, the formation of ferrihydrite and 

goethite, illustrates that these Fe(III) minerals are readily accessible to FeRB and promote 

Fe redox cycling. Additionally, unlike the reactors undergoing redox cycling with nitrate, 

dissolved O2 can oxidize Fe(II) atoms in magnetite and promote the formation of non-

stoichiometric magnetite during oxidation periods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Impact of redox cycling driven by introduction of glucose (G), followed by nitrate (NO3

−) 

on aqueous Fe(II) (a, b), solid-associated Fe(II) (c, d) and Fe (hydr)oxide mineralogy (e, f) 

in reactors containing lepidocrocite (a, c, e) or ferrihydrite (b, d, f) as the starting minerals. 

EXAFS spectra and fits used to generate panels e and f are available in the SI. Anaerobic 

periods are shaded gray, while anoxic periods are in white.
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Figure 2. 
Impact of redox cycling, driven by introduction of glucose (G) followed by air (O2) on 

aqueous Fe(II) (a, b), solid-associated Fe(II) (c, d) and Fe (hydr)oxide mineralogy (e, f) in 

reactors containing lepidocrocite (a, c, e) or ferrihydrite (b, d, f) as the starting minerals. 

EXAFS spectra and fits used to generate e and f are available in the SI. Anaerobic periods 

are shaded gray, whereas oxic periods are in white.
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Figure 3. 
Taxa enriched by more than 1% (~25 reads) after 108 days of redox cycling with glucose 

and nitrate (a), or glucose and air (b), in the presence of lepidocrocite (L) and ferrihydrite 

(F) as the starting minerals. All taxa with functional classification are available in the SI.
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