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Abstract

Iron(ll) (Fe(Il)) can be formed by abiotic Fe(lll) photoreduction, particularly when Fe(lll)
is organically complexed. Light-influenced environments often overlap or even coin-
cide with oxic or microoxic geochemical conditions, for example, in sediments. So far, it
is unknown whether microaerophilic Fe(ll)-oxidizing bacteria are able to use the Fe(ll)
produced by Fe(lll) photoreduction as electron donor. Here, we present an adaption
of the established agar-stabilized gradient tube approach in comparison with liquid
cultures for the cultivation of microaerophilic Fe(ll)-oxidizing microorganisms by using
a ferrihydrite-citrate mixture undergoing Fe(lll) photoreduction as Fe(ll) source. We
quantified oxygen and Fe(ll) gradients with amperometric and voltammetric micro-
electrodes and evaluated microbial growth by gPCR of 16S rRNA genes. We showed
that gradients of dissolved Fe(ll) (maximum Fe(ll) concentration of 1.25 mM) formed in
the gradient tubes when incubated in blue or UV light (400-530 nm or 350-400 nm).
Various microaerophilic Fe(ll)-oxidizing bacteria (Curvibacter sp. and Gallionella sp.)
grew by oxidizing Fe(ll) that was produced in situ by Fe(lll) photoreduction. Best
growth for these species, based on highest gene copy numbers, was observed in in-
cubations using UV light in both liquid culture and gradient tubes containing 8 mM
ferrihydrite-citrate mixtures (1:1), due to continuous light-induced Fe(ll) formation.
Microaerophilic Fe(ll)-oxidizing bacteria contributed up to 40% to the overall Fe(ll)
oxidation within 24 h of incubation in UV light. Our results highlight the potential im-
portance of Fe(lll) photoreduction as a source of Fe(ll) for Fe(ll)-oxidizing bacteria by

providing Fe(ll) in illuminated environments, even under microoxic conditions.
KEYWORDS

chemical and microbial Fe(ll) oxidation, cryptic cycling, cultivation, iron(ll)-oxidizing bacteria,
iron(lll) photoreduction, microoxic

cycling of Fe between its two main redox states +2 and +3 impact-

ing its mobility, speciation, and bioavailability (Kappler et al., 2021).

Iron (Fe) is an abundant element in aquatic and terrestrial envi- For instance, at circumneutral pH and air saturation, ferrous iron

ronmental systems. Various biogeochemical interactions lead to (Fe(ll)) gets rapidly chemically oxidized by oxygen (O,) and usually
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precipitates as poorly soluble Fe(lll) (oxyhydr)oxides (Davison &
Seed, 1983; Huang et al., 2021; Millero et al., 1987; Tamura et al.,
1976). The rate of Fe(ll) oxidation depends, among other factors, on
pH, concentration of dissolved O, and is catalyzed by the autocat-
alytic effect of Fe(lll) mineral surfaces (Millero et al., 1987; Tamura
et al., 1976). During the oxidation of Fe(ll) by O,, the reactive oxygen
species (ROS) superoxide (O5), hydrogen peroxide (H,0,), and hy-
droxyl radical (OH) form at the stepwise reduction in O,, which can
themselves oxidize Fe(ll) (Egs. 1-4) (King et al., 1995):

Fe(ll) + O, — Fe(lll) + O, (1)
Fedl) + Oy +2H* - Fe(lll) + H,0, (2)
Fe(ll) + H,0, — Fe(lll) + 'OH + OH~ (3)

Fe(ll) + 'OH — Fe(lll) + OH~ 4)

Fe(ll) can also be microbially oxidized, for instance at neutral pH by
microaerophilic bacteria, which use Fe(ll) as an electron donorand O, as
electron acceptor for chemolithotrophic growth (Emerson et al., 2010;
Emerson & Moyer, 1997). Due to competition with rapid chemical Fe(ll)
oxidation by O,, these bacteria often live at oxic-anoxic interfaces with
opposing gradients of Fe(ll) and O,, such as in sediments (Laufer et al.,
2016), in the rhizosphere of wetland plants (Weiss et al., 2003), or at
hydrothermal vents (Emerson & Moyer, 2002). There they can compete
with the slow chemical reaction and contribute up to 50%-89% to the
total Fe(ll) oxidation (Chan et al., 2016; Neubauer et al., 2002; St Clair
et al., 2019). The dynamic competition makes cultivation of microaero-
philic, neutrophilic Fe(ll)-oxidizing bacteria in the lab challenging; how-
ever, there are several approaches. The classical method is cultivation
in agar-stabilized gradient tubes with opposing gradients of Fe(ll) and
O, (Emerson & Floyd, 2005), where microaerophilic Fe(ll)-oxidizers
might find their optimum growth conditions. Cultivation is also possible
under microoxic conditions in Petri dishes containing zero-valent iron
powder and an artificial seawater medium (“ZVI plates”) (McBeth et al.,
2011) or in liquid culture glass vials with FeCl, as Fe(ll) source and mi-
cromolar concentrations of O, (Maisch et al., 2019).

In many environments, (micro)oxic and photic zones overlap. Light
is therefore present at many oxic-anoxic interfaces, such as in sedi-
ments, where it can penetrate several millimeters (Kihl et al., 1994;
Lueder et al., 2020). Light can drive light-induced iron cycling by serving
as energy source for phototrophic Fe(ll)-oxidizing bacteria (Bryce et al.,
2018; Widdel et al., 1993) or by inducing Fe(lll) photoreduction. During
the latter process, Fe(ll) is formed from reduction in organically com-
plexed Fe(lll), either by a direct ligand-to-metal charge transfer (LMCT)
or by photochemically formed radicals such as superoxide (Barbeau,
2006; King et al., 1993; Rose & Waite, 2005; Sulzberger et al., 1989).
Fe(lll) photoreduction is an important Fe(ll) source in water bodies and
sediments, even at oxic conditions (Emmenegger et al., 2001; Kuma
etal.,, 1995; Lueder, Jargensen, et al., 2020; Miller & Kester, 1994) and
phototrophic Fe(ll)-oxidizing bacteria are able to oxidize Fe(ll) produced
by Fe(lll) photoreduction (Peng et al., 2019). However, it is unknown

whether microaerophilic, neutrophilic Fe(ll)-oxidizing bacteria can use
Fe(ll) produced by photoreduction as electron donor for chemolitho-
trophic growth. This would enlarge their habitat to eventually oxic sys-
tems, in which, due to fast chemical Fe(ll) oxidation by O,, Fe(ll) usually
is not available. Fe(lll) photoreduction, however, could counterbalance
chemical Fe(ll) oxidation in light-influenced habitats and provide Fe(ll)
that might be metabolized by microaerophilic Fe(ll)-oxidizing bacte-
ria enabling their growth. This could eventually even lead to a cryptic
cycle if Fe redox turnover would be very quick. Therefore, the goals
of this study were (i) to adapt a cultivation method for microaerophilic
Fe(ll)-oxidizing bacteria that exclusively utilize Fe(ll) produced by Fe(lll)
photoreduction, (i) to demonstrate and quantify the extent of growth
of microaerophilic Fe(ll)-oxidizing bacteria from Fe(ll) formed by light-
induced reactions under different illumination conditions, and (iii) to
identify the best growth conditions for microaerophilic Fe(ll)-oxidizers
in gradient tubes and liquid culture glass vials based on Fe(ll) produced
by Fe(lll) photoreduction.

2 | MATERIAL & METHODS

2.1 | Cultivation of bacteria and experimental
set-up

Microaerophilic Fe(ll)-oxidizing bacteria were cultivated either in
agar-stabilized gradient tubes or in liquid culture glass vials. Gradient
tubes were prepared based on Emerson and Floyd (2005). In 8 ml
screw-cap vials, 0.75 ml of different bottom layers (stabilized with
1% (wt/vol) high-melt agarose) was overlaid by 3.75 ml top layer (sta-
bilized with 0.15% (wt/vol) low-melt agarose). The top layer medium
consisted of modified Wolfe's mineral medium (MWMM) (Emerson
& Floyd, 2005) containing 0.1 g NH,CI, 0.2 g MgSO, x 7 H,0,0.1 g
CaCl, x 2 H,0 and 0.05 g K,HPO, with 1 ml L of 7-vitamin, SL10
trace metal, and selenite-tungstate solution (Pfennig, 1978; Tschech
& Pfennig, 1984), adjusted to pH 6.5. The bottom layer consisted of
MWMM mixed with either ferrous sulfide (FeS), 10 mM ferrihydrite,
10 mM Na-citrate, or different equimolar mixtures (1, 2, 4, 6, 8, or
10 mM each) of ferrihydrite and Na-citrate. FeS was synthesized by
reaction of equimolar amounts of sulfide (Na,S x 9 H,0) with Fe(ll)
(FeSO, x 7 H,0) (Lueder et al., 2018). Ferrihydrite was synthesized
by adjusting the pH of a 0.2 M Fe(NO,), solution with 1 M KOH to
7.3 while stirring, and after 2 h without stirring, 1 M KOH was added
until reaching pH 7.5. The resulting Fe(lll) mineral precipitate slurry
was washed four times with deionized water (MilliQ water, Milli-Q
Integral System, Merck Millipore). The gradient tubes were prepared
anoxically and then either pre-incubated for 1 day and illuminated
with UV light (Plus lamp TVX20-ECO UVA 20W) to enable Fe(ll) for-
mation by Fe(lll) photoreduction (electron donor for microaerophilic
Fe(ll)-oxidizers) or kept in the dark for the same duration (no Fe(ll)
formation). During that time, formed Fe(ll) can diffuse from the bot-
tom layer upwards. The tubes were then (after 1 day) opened (approx.
1 min) and inoculated under sterile conditions with 10 ul of a ten-fold
diluted bacterial suspension sample taken from another gradient
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tube with growing microaerophilic Fe(ll)- oxidizers. The inoculum
was inserted with a pipette that was slowly moved upward, starting
to inject the inoculum just above the bottom layer. Negative controls
(both pre-incubation conditions, anoxically incubated in UV light or
dark) were just opened for 1 min but not inoculated with bacteria.

Liquid culture glass vials were prepared in a slightly modified way
as described in Maisch et al. (2019). Briefly, 2 ml anoxic MWMM
with 800 uM ferrihydrite and 800 uM Na-citrate was added to an-
oxic 20 ml glass vials and pre-incubated for 5 days in UV light to en-
able Fe(ll) formation by Fe(lll) photoreduction without abiotic Fe(ll)
oxidation by O,. The glass vials were then inoculated with 200 pl
of a ten-fold diluted microaerophilic enrichment culture grown on
ZVI plates (McBeth et al., 2011), and 500 ul ambient air (at 20°C)
were added leading to dissolved O, concentrations of 10 uM in the
medium (quantified by a fiber-optic O, meter, see below). Negative
controls were not inoculated with bacteria.

For the experiments, a microaerophilic Fe(ll)-oxidizer enrich-
ment culture from a mine (Segen Gottes Mine, Haslach im Kinzigtal,
Germany) dominated by Curvibacter sp. (99.57% 16S rRNA gene
identity to Curvibacter delicatus, 99.14% identity to Leptothrix sp.)
was selected due to its robust and reproducible growth with Fe(ll).
Curvibacter spp. have only recently be identified as a novel Fe(ll)-
oxidizing bacterial lineage (Gulay et al., 2018). Additionally, an-
other microaerophilic Fe(ll)-oxidizing enrichment culture from Lake
Constance sediment dominated by Gallionella sp. (Lueder et al.,
2018) was selected for visual growth approval in gradient tubes.

After inoculation with Fe(ll)-oxidizing bacteria and addition of O,,
gradient tubes or liquid culture glass vials were incubated without
shaking at room temperature for 6 days or 96 h, respectively, in either
UV light (350-400 nm plus some longer wavelength peaks, photon
flux approx. 40 pmol photons m™2 s7%), blue light (Akaiyal PAR38 15W
6000K & Lee filter 119, 400-530 nm, photon flux approx. 40 umol
photons m2 sY (Lueder et al., 2022), or in the dark. Fe(ll), 02) and
H,O, concentrations as well as cell growth were determined at differ-
ent time points for the different incubation conditions.

2.2 | Fe(ll), Oz’and H,0, quantification

In gradient tubes, Fe(ll) and O, concentrations were quantified with
microsensors. Just before inoculation with bacteria, Fe(ll) was quan-
tified in gradient tubes that have anoxically been incubated in UV
light or dark for 1 day, before they were then either placed in UV
light, blue light, or dark. After 2 and 6 days of incubation in UV light,
blue light, or dark, Fe(ll) and O, were quantified in both inoculated
gradient tubes and negative control tubes. Different gradient tubes
were used at each measuring time point. For O, concentration gradi-
ent profiles, amperometric Clark-type O, microelectrodes (Unisense,
Aarhus, Denmark) with 100 um tip diameter were used. After two-
point calibration in anoxic and air-saturated MWMM, O, profiles
were recorded in triplicates in depth intervals of 2 mm using a micro-
manipulator (Unisense). Fe(ll) concentration profiles were recorded
by voltammetry using a DLK-70 potentiostat (Analytical Instrument
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Systems, Flemington, NJ). The standard three-electrode system con-
sisted of a glass-encased 100 um tip gold amalgam (Au/Hg) working
electrode (Brendel & Luther, 1995), a silver wire coated with AgCl
as reference electrode, and a platinum wire as counter electrode.
Before measurements, working and reference electrodes were
freshly plated. Calibration for Fe(ll) was done with Mn(ll) standards
in MWMM for subsequent conversion to Fe(ll) using the pilot ion
method (Slowey & Marvin-DiPasquale, 2012). Fe(ll) and Mn(ll) were
detected using cyclic voltammetry at 1000 mV s between -0.1 and
-1.8 V vs. Ag/AgCl. Initial conditioning at -0.9 V for 5 s followed by
-0.05V for 2 sremoved previously precipitates on the electrode sur-
face (Brendel & Luther, 1995). Eight scans were run at each measur-
ing point, and the three final voltammograms were used for Fe(ll) or
Mn(ll) quantification using VOLTINT program for Matlab® (Bristow
& Taillefert, 2008). Fe(ll) concentration data were recorded in 4 mm
depth intervals using a micromanipulator (Unisense).

Liquid culture glass vials contained glued optode foil sensors
(PSt3, PreSens, Regensburg, Germany) on the inside for non-invasive
O, quantification using a fiber-optic oxygen meter (FiBox4, PreSens,
Regensburg, Germany) that were used as described in Maisch et al.
(2019). After addition of 500 ul ambient air just after inoculation with
microaerophilic Fe(ll)-oxidizers or in negative controls (no bacteria)
to reach 10 uM dissolved O, in the medium, O, was only checked
again at the end of the experiment to ensure similar O, concentra-
tions over the course of the experiment. Sampling for Fe and H,0,
was done in triplicate set-ups just at the start of the experiment as
well as after 6, 24, 48, 72, and 96 h of incubation in UV light, blue
light, or dark. Fe(ll), total Fe (Fe,,),
metrically quantified using the ferrozine assay (Stookey, 1970) or
leuco crystal violet assay (Cohn et al., 2005; Mottola et al., 1970),

respectively. Briefly, samples for Fe were fixed in 1 M HCl to prevent

and H,0, were spectrophoto-

Fe(ll) oxidation prior to analysis. Samples for H,O, were added to
EDTA (10 mM final concentration) to chelate Fe(ll) and avoid reac-
tion with H,0,. 100 mM KH,PO,, 41 uM leuco crystal violet, and
1 pg (0.18 units) horseradish peroxidase were added, and absor-
bance at 592 nm was measured in triplicates after 1 day.

2.3 | Cellvisualization and quantification of growth

The growth of Fe(ll)-oxidizing bacteria in gradient tubes was con-
firmed by the presence of visually distinct brownish Fe(lll) mineral
precipitation in the top layer (3.75 ml MWMM stabilized with 0.15%
(wt/vol) low-melt agarose) of gradient tubes as a clear differentiation
from the negative control tubes, in which the distinct brownish Fe(lll)
mineral precipitations do not form (Emerson & Floyd, 2005; Lueder
et al.,, 2018). Additionally, subsamples from these precipitates were
stained with LIVE/DEAD® BacLight™ fluorescent dye and the pres-
ence of living cells was confirmed by fluorescence microscopy. For
detection of close cell-mineral interactions, samples for scanning
electron microscopy (SEM) were taken from Fe(lll) mineral precipi-
tates in inoculated gradient tubes with a ferrihydrite-citrate mixture
in the bottom layer (8 mM each) after 6 days incubation in UV light.
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A volume of 1 ml sample was mixed with 50 pl anoxic glutaraldehyde
(4°C), 100 pl anoxic paraformaldehyde (20%), and 200 pl anoxic PIPES
buffer (100 mM) solution for chemical fixation. The mixture was then
stored at 4°C for 24 h. After fixation, an aliquot was transferred onto
a glass slide (diameter 0.5 cm) which was previously coated with poly-

Microbial contribution =

([Fe(”)]o b, biotic = [FE D], biotic) - ([Fe(”)]o b, abiotic ~ [Fe (D], 1, abiotic)

the interval (from time O h to time x h). The microbial contribution
to the overall Fe(ll) oxidation in liquid culture glass vials for 24 and
48 h incubation in UV light after inoculation with Curvibacter sp. was
determined by comparing Fe(ll) removal in inoculated (biotic) with
uninoculated vials (abiotic) by the following equation (Eq. 5):

L-lysin (5%). The sample was allowed to rest for 10-15 min for cells
and mineral particles to settle onto the glass slide. Subsequently,
water was removed from the sample by dehydration in ethanol solu-
tions with increasing concentrations from 15, 30, 50, 70, 80, 90, 96
to 100 vol-% for 10 min each. After the 100% ethanol wash, the glass
slide was transferred into hexamethyldisilazane (HMDS) to preserve
cell integrity during air drying of the sample. The glass slide was then
dried at room temperature in the fume hood and transferred onto an
aluminum stub with adhesive carbon tape. Before transfer into the
scanning electron microscope, all samples were sputter-coated with
platinum (layer thickness 8 nm). Image acquisition was performed
on a FIB-SEM (Crossbeam 550L, Zeiss, Germany) in high-resolution
imaging mode with electron high tension (EHT) of 5 kV, working dis-
tance (WD) of 5 mm, probe current (IProbe) of 50 pA, dwell time of
50 ns, and a secondary electrons secondary ions (SESI) detector.

Cell growth was quantified in gradient tubes and liquid culture
glass vials with quantitative polymerase chain reaction (qPCR) of
16S rRNA genes. The whole top layer from gradient tubes with a
ferrihydrite-citrate mixture bottom layer (8 mM) was homogenized
by transferring and mixing it with a pipette, and 1 ml of homogenized
top layer was sampled in triplicate set-ups shortly after inoculation
as well as after 6 days incubation in UV light, blue light, or dark and
diluted with 1 ml MilliQ. 1.5 ml of liquid culture in glass vials was
sampled just after inoculation as well as after 48 h and 96 h of incu-
bation in UV light, blue light, or dark. Samples were frozen until fur-
ther processing. DNA was extracted using the DNeasy UltraClean
Microbial Kit (Qiagen, Hilden, Germany) following the instructions
of the manufacturer. 16S rRNA quantification was done using the
CFX96 Real-Time PCR detection system and CFX maestro software
(Bio-Rad laboratories, Hercules, CA, USA) as well as the 341 F and
797 R primer pair (Nadkarni et al., 2002). Plasmids containing the
respective genes were used as standards for calibration and quanti-
fied fluorometrically with Qubit 2.0 (Invitrogen, Carlsbad, CA, USA).
gPCR was done in triplicates in 96-well plates with 10 pl containing
SsoAdvanced™ Universal SYBR® Green Supermix (Bio-Rad laborato-
ries), 341 F (75 nM), 797 R (225 nM) primers, and 1 ul DNA template.

2.4 | Kinetic calculations
The rate of Fe(ll) oxidation, Z'—i, in liquid culture glass vials between the

different sampling intervals was calculated by dividing the change
of Fe(ll) concentration over the sampling interval by the duration of

-100 % (5)
([Fe(ll)]o b, biotic — [FE D]y, biotic)
3 | RESULTS
3.1 | Fe(lll) mineral precipitation and growth of

Fe(ll)-oxidizing bacteria in gradient tubes

We identified microbial growth in the gradient tubes by observ-
ing visually the morphology of Fe(lll) mineral precipitates and by
microscopy. While abiotic Fe(ll) oxidation by O, usually produce a
diffuse, brownish discoloration in the top layer of gradient tubes,
distinct brownish Fe(lll) mineral precipitates form as a result from
the activity of microaerophilic Fe(ll)-oxidizing bacteria (Emerson &
Floyd, 2005). Two days after microbial inoculation in gradient tubes
with equimolar ferrihydrite-citrate mixtures (4, 6, 8, 10 mM each,
incubation in UV light) or with FeS bottom layers and with air in the
headspace, we observed the formation of these distinct brownish
precipitates, which clearly differed from negative, that is, uninocu-
lated control tubes (Figure 1A-D). We used inoculated FeS bottom
layer gradient tubes (Figure 1A,C) as “positive” control for growth
of the Curvibacter sp. enrichment culture as this is a common and
reliable cultivation method for microaerophilic Fe(ll)-oxidizing bac-
teria (Emerson & Floyd, 2005; Lueder et al., 2018). No visible brown
mineral precipitates formed in inoculated gradient tubes containing
ferrihydrite-citrate mixtures of either 1 or 2 mM each or in gradient
tubes containing either 10 mM ferrihydrite or 10 mM citrate bottom
layers (Figure 1A,C). Furthermore, besides in FeS gradient tubes,
which serve as biotic controls for growth, no brownish precipitates
were observed in inoculated gradient tubes when incubated in dark
(Figure 1B,D). Chemically formed brownish mineral precipitates
(both in negative control tubes with ferrihydrite/citrate and in FeS
gradient tubes) appeared more diffuse and less distinct than in in-
oculated tubes (Figure 1A-D).

Precipitation of brown minerals in the top layer of gradient tubes
containing Fe(lll) in the bottom plug (in the form of ferrihydrite-
citrate mixtures) implies that Fe(lll) was photoreduced to Fe(ll) by
UV light. The Fe(ll) then diffused upwards and precipitated as Fe(lll)
mineral due to abiotic Fe(ll) oxidation and by microaerophilic Fe(ll)-
oxidizing bacteria using O, diffusing down from the headspace. The
position of the Fe(lll) mineral precipitates, which indicate growth of
microaerophilic Fe(ll)-oxidizing bacteria, depended on concentra-
tions of ferrihydrite-citrate in the bottom layers. The precipitates
found in gradient tubes inoculated with a Curvibacter sp. enrichment
culture were positioned closest to the bottom layer in gradient tubes
with a4 mM (each) ferrihydrite-citrate mixture bottom layer, while at
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FIGURE 1 Visual observations of cell growth in gradient tubes. (A, B) Gradient tubes inoculated with a Curvibacter sp. enrichment

culture containing different bottom plugs. a: mixture of 1 mM ferrihydrite and 1 mM citrate, b: mixture of 10 mM ferrihydrite and 10 mM
citrate, c: 10 mM citrate, d: 10 mM ferrihydrite, e: FeS, either incubated for 3 days in UV light (A) or dark (B). Formation of typical growth
bands produced by microaerophilic Fe(ll)-oxidizers (indicated by white arrows) was observed in tubes b (UV incubation) and e (UV and dark
incubation). (C) Gradient tubes inoculated with a Curvibacter sp. enrichment culture and uninoculated (abiotic) controls containing bottom
plugs with a mixture of f: 2 mM ferrihydrite and 2 mM citrate, g: 4 mM ferrihydrite and 4 mM citrate, h: 6 mM ferrihydrite and 6 mM citrate,
and i: 8 mM ferrihydrite and 8 mM citrate. The position of the growth bands (indicated by white arrows) in inoculated gradient tubes varies
with Fe concentrations of the bottom plug. (D) Gradient tubes with a bottom plug containing a mixture of 8 mM ferrihydrite and 8 mM
citrate either inoculated with a Gallionella sp. enrichment culture or uninoculated controls. The two left gradient tubes were incubated in
UV light for 4 days, and the two right were kept in dark for 4 days. Formations of a cell growth band and cloudy mineral precipitates are
indicated by white arrows. (E, F) Fluorescence (E) and scanning electron (F) microscopy images of samples taken from growth bands in UV-
incubated gradient tubes (8 mM citrate-ferrihydrite mixture bottom plug) showing bacterial cells from a Curvibacter sp. enrichment culture

(E, F), Fe minerals and agarose residuals (F)

10 mM precipitates formed near the top of the liquid medium, close
to the air headspace (Figure 1A,C). The shape of the mineral precip-
itation band depended on the bottom layer. While in ferrihydrite-
citrate mixture gradient tubes, a sharp horizontal band formed in
UV incubation (Figure 1A,C), a funnel-like structure formed in FeS
gradient tubes in UV and dark incubations (Figure 1A,B). Gradient
tubes (8 mM ferrihydrite-citrate mixture bottom layers) incubated
in UV light and inoculated with a non-diluted Gallionella sp. enrich-
ment showed a slightly diffuse horizontal band and diffuse brownish
cloudy precipitates around the inoculum that did not form in nega-
tive control tubes or in dark incubation (Figure 1D).

Fluorescence microscopy analysis of samples taken from the
brownish precipitates in a gradient tube containing a Curvibacter sp.
enrichment culture showed a high number of living cells (Figure 1E),
and SEM revealed close associations between cells and Fe minerals
(Figure 1F). As most distinct brownish precipitates formed in UV-
incubated gradient tubes with an 8 mM (each) ferrihydrite-citrate
mixture bottom layer, growth of a Curvibacter sp. enrichment cul-
ture in those tubes was quantified after 6 days of incubation in UV
light (more energy), in blue light (less energy), and in the dark based
on 16S rRNA gene copy numbers using gPCR (Figure 2). While di-
rectly after inoculation, number of gene copies was close to the
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limit of detection, it increased after 6 days to approx. 6 x 107 ml™
in UV-incubated gradient tubes, to 4 x 10’ mI™t in blue light, and
to 6 x 10° mI™* in dark incubated gradient tubes (Figure 2B). These
numbers relate to the visual appearance of brownish precipitates: A
sharp and distinct band formed in gradient tubes during UV incuba-
tion, a diffuse and vague band formed during blue light incubation,

and no band was visible during incubation in the dark (Figure 2A).

3.2 | Development of Fe(ll) and O, gradients in
gradient tubes

Gradients of dissolved Fe(ll) and O, concentrations were moni-
tored over time by microelectrode measurements in gradient tubes
containing a ferrihydrite-citrate mixture (8 mM each) bottom layer
(Figure 3). Before opening the tubes (i.e., filling the headspace with
ambient air) and/or inoculating them with a Curvibacter sp. enrich-
ment culture, the tubes were either pre-incubated anoxically in UV
light for 1 day to photochemically form Fe(ll) (up to 750 uM formed
close to the bottom layer and decreased to 50 uM near the top of the
liquid medium, close to the air headspace (Figure 3a) or kept in the
dark to avoid light-induced Fe(ll) formation (Figure 3b). In those dark
pre-incubated tubes, maximum Fe(ll) concentrations of only 100 uM
formed close to the bottom layer (Figure 3b), probably due to some
light-exposure during the gradient tube preparation or during meas-
urements. Directly after inoculation with bacteria and/or exposure
to O, (negative controls), UV pre-incubated gradient tubes were in-
cubated in UV light or in blue light while dark pre-incubated gradient
tubes were incubated in dark.

After 2 days of incubation, O, penetrated from the headspace
down to 12 mm in UV and blue light incubated gradient tubes (in
both, inoculated and control tubes) (Figure 3c,d) and reached the
bottom layer in dark incubated gradient tubes (Figure 3e). Incubated
in UV light, in inoculated gradient tubes, brownish precipitates be-
came visible in the top layer at 6-7 mm beneath the air-liquid in-
terface and O, concentrations were slightly lower than in control

tubes (Figure 3c). The Fe(ll) concentration close to the bottom layer

reached 1250 uM (UV light incubation) and 850 uM (blue light in-
cubation), respectively, while Fe(ll) was not detectable in the upper
8 mm of the top layer (Figure 3c,d). After 6 days of incubation, no
Fe(ll) was detected in the top layer and O, reached the bottom layer
in all control tubes at any incubation condition (Figure 3f-h). Only
in inoculated gradient tubes incubated under UV or blue light and
with visual brownish precipitates (and consequently growth of Fe(ll)-
oxidizing bacteria) (Figure 2), Fe(ll) concentrations close to the bot-
tom layers reached up to 800 uM (UV light) or 400 uM (blue light)
and had decreasing concentrations upwards (Figure 3f,g). In those
gradient tubes, O, penetrated 6-8 mm down from the air headspace
into the top layer (Figure 3f,g). During UV incubation, no O, was de-
tected below and no Fe(ll) was detected above the brownish band of

mineral precipitations (Figure 3f).

3.3 | Growth of Fe(ll)-oxidizing bacteria and
geochemical conditions in liquid culture glass vials

Additionally to the use of gradient tubes, we cultivated a Curvibacter
sp. enrichment culture in liquid culture as this set-up allows kinetic
calculations and quantification of the microbial contribution to the
overall Fe(ll) oxidation. lllumination of anoxic liquid culture glass
vials containing 800 uM ferrihydrite and 800 uM Na-citrate with UV
light for 5 days led to 80% transformation of the Fe(lll) to Fe(ll). After
addition of ambient air, resulting in a dissolved O, concentration of
10 uM, the Fe(ll) concentration decreased due to Fe(ll) oxidation.
In the dark, Fe(ll) was completely oxidized within 48 h in both in-
oculated (Curvibacter sp. enrichment) and uninoculated control vials
(Figure 4a). Fe(ll) oxidation was fastest in the first 6 h (40-50 uM h™?)
after addition of air and slowed down to near-zero pM h™* after 24 h
(Figure 4b). Within the first 48 h in the dark, H,0, accumulated,
peaked at 4 uM 6 h after aeration, and subsequently decreased in
inoculated and negative control vials (Figure 4c). In blue light in-
cubation, Fe(ll) removal was slightly retarded compared to dark
incubation (Figure 4a) but the rate of Fe(ll) oxidation followed the

same trend with fastest rates being in the first 6 h after air addition

5x107 4
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o
3

gene copy numbers m
N
X
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directly after
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UV incubation blue incubation dark incubation

FIGURE 2 (A) Gradient tubes (bottom plug mixture 8 mM ferrihydrite and 8 mM citrate) with a Curvibacter sp. enrichment culture
incubated for 6 days in UV light (a), blue light (b), or dark (c). (B) gPCR quantification of 16S rRNA genes from triplicate gradient tubes directly
after inoculation and after 6 days incubation in UV light, blue light, or dark (as seen in (A)). Error bars represent the standard deviation of

results from 3 gradient tubes
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FIGURE 3 Microelectrode O, (circles) and Fe(ll) (triangles) concentration profiles at different time points (tO: before incubation; t2: 2 days
of incubation; té: 6 days of incubation) and incubation conditions (UV light (a, c, f); blue light (d, g); dark (b, e, h)) in gradient tubes (bottom
plug mixture 8 mM ferrihydrite and 8 mM citrate) inoculated with a Curvibacter sp. Enrichment culture (filled symbols) or uninoculated
controls (open symbols). Formation of a typical growth band formed by microaerophilic Fe(ll)-oxidizers is indicated by a brown box. Error
bars represent the standard deviation of the triplicate measurements/voltammograms
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FIGURE 4 Liquid culture experiments at different incubation conditions (UV light, blue light, and dark incubation). (a, c) Fe(ll)/Fe

I UV light incubation
I blue light incubation
N dark incubation

incubation time

tot

ratio (a) and H,0, concentration (c) over time in glass vials inoculated with a Curvibacter sp. enrichment culture (filled symbols, solid lines)
or uninoculated controls (open symbols, dashed lines). The microbial contribution to the overall Fe(ll) oxidation is indicated by the shaded

area between the purple curves showing the Fe(II)/Fetot development in glass vials incubated in UV light and in the inset shown in (a).

(b) calculated rate of change of Fe(ll) concentration over time for different time intervals in glass vials inoculated with a Curvibacter sp.
enrichment culture (solid lines) or uninoculated controls (dashed lines). (d) 16S rRNA gene copy numbers from triplicate glass vials at the
beginning (0 h) and after 48 and 96 h incubation in UV light, blue light, or dark. Error bars represent the standard deviation of results from

3 glass vials

(30-55 uM h™) (Figure 4b). H,O, accumulated up to 5 uM after
24 h incubation and persisted longer in light than in dark incubation
(Figure 4c). Also, slightly more H,0, accumulated in inoculated glass
vials than in uninoculated controls (Figure 4c). UV light incubation
led to the slowest drop in Fe(ll), with Fe(ll) still being detected 72 h
after addition of air (Figure 4a). Within the first 48 h of incubation,
Fe(ll) was higher in control vials compared to inoculated vials and
even slightly increased in the first 6 h (Figure 4a). UV light incubation
led to slower Fe(ll) decrease in the first 6 h (approx. 23 uM h’i) after
aeration or some Fe(ll) production (approx. 3 uM h™) in negative

inset). Cell growth (Curvibacter sp. enrichment) was quantified based
on 16S rRNA gene copy numbers. 16S rRNA gene copy numbers
increased to approx. 7 x 107 ml™* after 48 h and to 2.3 x 10% mI™
after 96 h incubation in UV light. In blue light, 16S rRNA gene copy
numbers also increased to approx. 7 x 10’ mI™* after 48 h and then
to 1.6 x 108 mI™* another 48 h later. (Figure 4d). Gene copies in dark
only slightly increased to 2.4 x 107 mI™* 48 h after addition of air and

stayed constant until the end of incubation (Figure 4d).

control vials, but the rate of the Fe(ll) oxidation showed afterward a 4 | DISCUSSION
similar trend as the other incubation conditions (Figure 4b). H,0, ac-
cumulated up to 4 pM after 48 h of incubation with higher H,0, con- 4.1 | Formation of Fe(ll) by Fe(lll) photoreduction

centrations in inoculated vials than in negative controls (Figure 4c).
During UV light incubation, contribution of Fe(ll)-oxidizing bacteria
to the overall Fe(ll) oxidation was approx. 40% 24 h after addition
of air but decreased to only 8% during the following 24 h (Figure 4a

For cultivation of microaerophilic Fe(ll)-oxidizing bacteria in gradi-
ent tubes, different Fe(ll) sources such as FeS, Fe?, FeCl, or FeCO,
can be added to the bottom layer (Emerson & Moyer, 1997; Kato
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et al.,, 2012; Lueder et al., 2018; Macdonald et al., 2014; Swanner
et al.,, 2011). To ensure that all available Fe(ll) was produced by
Fe(lll) photoreduction, we selected a mixture of Fe(lll) (in the form
of ferrihydrite) and citrate as organic ligand. Fe(lll) photoreduc-
tion of inorganic Fe(lll) species is insignificant at circumneutral pH
(King et al., 1993), but citrate forms photo-susceptible complexes
with Fe(lll) that readily undergo Fe(lll) photoreduction upon ex-
posure to blue or UV light (Dou et al., 2021; Faust & Zepp, 1993).
During anoxic incubation in UV light, Fe(ll) was most probably
formed by LMCT reactions during which an electron is transferred
from citrate to complexed Fe(lll) (Kuma et al.,, 1995), with ac-
companying decarboxylation of citrate (Abrahamson et al., 1994;
Bennett et al., 1982). Fe(lll)-citrate complexes diffused upwards
from the bottom to the top layer and got photoreduced there
and/or Fe(ll) diffused upwards, which was photoproduced already
within the bottom layer. This resulted in an Fe(ll) gradient built up
in the tubes that have been placed for 1 day in UV light with maxi-
mum concentrations of approx. 750 uM close to the bottom layer
(Fe,, 8 mM) (Figure 2A).

By adding air to the headspace of gradient tubes, (chemical) Fe(ll)
oxidation took place in the top layer as O, diffused downwards. In
gradient tubes that were incubated in UV or blue light, Fe(lll) pho-
toreduction continued to take place leading to higher concentrations
of Fe(ll) of up to 1250 uM close to the bottom layer 2 days after
bacteria inoculation and addition of ambient air (Figure 2C,D). Fe(ll)
concentrations in UV light were higher than in blue light as UV has
more energy and is therefore more efficient by Fe(lll) photoreduc-
tion (Lueder et al., 2022; Pehkonen et al., 1993; Rijkenberg et al.,
2005). Over time, O, reached the bottom layer of negative control
tubes in UV and blue light incubation, that is, the chemical oxida-
tion rate of Fe(ll) was higher than the Fe(lll) photoreduction rate of
Fe(lll)-citrate leading to a complete removal of Fe(ll) 6 days after ad-
dition of ambient air (Figure 3f,g). This could also be due to the lack
of available Fe(lll)-citrate complexes in the top layer due to slower
diffusion of Fe(lll)-citrate or Fe(ll) compared to diffusion of O,.
According to Dou et al. (2021), the diffusivity factor (normalized to
water) of O, is larger than the diffusivity factors of Fe(ll) and Fe(Ill)-
citrate. Interestingly, O, did not reach the bottom of the inoculated
gradient tubes in UV and blue light incubation after 6 days (as it did
in the negative control tubes) but only penetrated 10-12 mm into
the top layer from the air headspace (Figure 3f,g). This is probably
the case because microbial Fe(ll) oxidation took place in addition to
chemical Fe(ll) oxidation thus consuming all O, before it could pen-
etrate into deeper layers. However, Fe(lll) photoreduction and dif-
fusion of Fe(lll)-citrate or Fe(ll) from the bottom layer are obviously
sufficient in those gradient tubes to deliver Fe(ll) to the oxic-anoxic
interface and to maintain anoxic conditions in the lower regions of
the top layer (Figure 3f,g).

The production of Fe(ll) by photoreduction of Fe(lll)-citrate was
adapted for cultivation of microaerophilic Fe(ll)-oxidizers in liquid
culture in microoxic glass vials (Maisch et al., 2019). Anoxic incuba-
tion without bacteria for 5 days in UV light led to Fe(ll) production
via Fe(lll) photoreduction corresponding to 80% of the total available
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Fe. As not all Fe(lll) was reduced to Fe(ll), reactive Fe(lll) mineral
surfaces (ferrihydrite) were still present in the medium. Those iron
mineral surfaces can serve as catalyst for fast heterogenous Fe(ll)
oxidation, strongly speeding up the chemical Fe(ll) oxidation; during
slower, homogeneous Fe(ll) oxidation, dissolved Fe(ll) is oxidized by
dissolved O, (Barnes et al., 2009; Park & Dempsey, 2005; Tamura
et al., 1976). This explains the complete removal of Fe(ll) in dark in-
cubation already 48 h after addition of air (Figure 4a). Maisch et al.
(2019) showed that Fe(ll) was stable at 10 uM O, for a longer time
when Fe(lll) minerals such as ferrihydrite were not present at the
start of their experiment. By that, no heterogeneous, but only homo-
geneous, Fe(ll) oxidation took place in the initial phase of the incuba-
tion when all Fe was dissolved and showed the accelerating effect of
mineral surfaces on kinetics of Fe(ll) oxidation.

In liquid culture, illumination and the resulting Fe(lll) photore-
duction increased the availability of Fe(ll) until 72-96 h after addi-
tion of air (Figure 4a). UV light provided more Fe(ll) due to high Fe(lIl)
photoreduction rates (Lueder et al., 2022; Pehkonen et al., 1993;
Rijkenberg et al., 2005), and by that provided an advantage for the
microaerophilic Fe(ll)-oxidizers compared to the other incubation
conditions. This can be seen from the high microbial contribution
(40%) to the overall Fe(ll) oxidation during the first 24 h after inocu-
lation (Figure 4a inset). A side effect of illumination was higher and
longer lasting accumulation of H,0, in liquid culture vials compared
to dark incubation (Figure 4c). This H,0, most probably formed
during chemical oxidation of Fe(ll) (Eqg. 2). In light incubation, Fe(ll)
was constantly photoproduced and, consequently, more Fe(ll) oxi-
dation took place in total, resulting in formation and accumulation of
higher H,0, concentrations.

In gradient tubes and liquid culture glass vials containing ferrihy-
drite and citrate, Fe(lll) photoreduction generally did not only deliver
Fe(ll) but also increased its persistence and availability by constantly
re-forming Fe(ll). This Fe(ll) then was used as electron donor by the

microaerophilic Fe(ll)-oxidizers resulting in bacterial growth.

4.2 | Growth of microaerophilic Fe(ll)-oxidizers
using photoproduced Fe(ll)

Visual confirmation of growth of microaerophilic Fe(ll)-oxidizing
bacteria can easily be done in gradient tubes due to the formation of
distinct brownish precipitates (Emerson & Floyd, 2005; Lueder et al.,
2018). We did not observe these precipitates in gradient tubes with-
out or with only low production of Fe(ll), that is, containing only fer-
rihydrite, only citrate, or ferrihydrite-citrate concentrations below
4 mM each, or in gradient tubes incubated in the dark (Figure 1A-
D). In gradient tubes containing sufficient Fe(ll) (ferrihydrite-citrate
mixtures with concentrations of 4-10 mM each, illuminated with
UV light), distinct brownish precipitates formed (i.e., Fe(ll)-oxidizers
grew) (Figure 1A-D). The position of these characteristic and dis-
tinct growth bands depended on the Fe(ll) or O, gradients. At higher
ferrihydrite-citrate concentrations, steeper Fe(ll) gradients with
higher Fe(ll) concentrations close to the bottom layer formed in light
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in the top layer. The depth of O, penetration depended on the Fe(ll)
gradient in the top layer due to consumption of O, by chemical and
microbial Fe(ll) oxidation. The microaerophiles grow in these gradi-
ent tubes at a position where sufficient Fe(ll) is available and where
they can compete with the kinetics of chemical Fe(ll) oxidation by
O,, which is considered to be below 50 uM O, (Druschel et al., 2008).
We showed that different microaerophilic Fe(ll)-oxidizing bacteria
(Curvibacter sp. and Gallionella sp.) are able to grow in gradient tubes
utilizing Fe(ll) produced by Fe(lll) photoreduction. UV illumination
could have negatively affected the growth of Fe(ll)-oxidizing bacte-
ria as UV light damages DNA. Nevertheless, most cell growth was
quantified at the UV-illumination conditions (Figure 2B, Figure 4d).
Eventually, prevalent Fe(lll) minerals likely protected the microaero-
philic Fe(ll)-oxidizing bacteria by shielding from the UV light (Gauger
etal., 2015, 2016).

Fe(lll) photoreduction induced by UV or blue light could not de-
liver sufficient Fe(ll) to counterbalance abiotic Fe(ll) oxidation over
longer times. Concentrations of Fe(ll) therefore decreased over time.
This can be explained by a decreasing availability of citrate (which
gets decarboxylated during Fe(lll) photoreduction (Abrahamson
et al., 1994)) that can form photo-susceptible Fe(lll)-citrate com-
plexes and by increasing Fe(ll) oxidation rates due to increasing het-
erogenous Fe(ll) oxidation (Park & Dempsey, 2005; Tamura et al.,
1976). Nevertheless, Fe(lll) photoreduction of Fe(lll)-citrate by UV
or blue light enabled Fe(ll)-oxidizing bacteria to grow over several
days in gradient tubes (Figure 1, Figure 2) or liquid culture glass vials
(Figure 4) despite the very different growth conditions found by
these two cultivation methods.

4.3 | Optimum growth conditions in gradient
tubes and liquid culture glass vials

Microaerophilic Fe(ll)-oxidizing bacteria have been grown in both
agar-stabilized gradient tubes and liquid culture glass vials (Emerson
& Floyd, 2005; Emerson & Moyer, 1997; Kato et al., 2012; Macdonald
et al., 2014; Maisch et al., 2019; Swanner et al., 2011). A general ad-
vantage of gradient tubes is the development of dynamic Fe(ll) and
O, gradients (Druschel et al., 2008; Lueder et al., 2018), in which
different microaerophilic Fe(ll)-oxidizers might find optimum growth
conditions, depending on their specific requirements. When using
ferrihydrite-citrate mixtures in the bottom layer, concentrations
of 8 mM each apparently provided the best conditions for growth
of microaerophilic Fe(ll)-oxidizers during incubation in UV light, as
judged from the optical density and sharpness of the growth band
(Figure 1C). UV light was clearly a more suitable illumination for
growth than blue light because (a) more gene copy numbers were
quantified for Curvibacter sp. after several days of growth (Figure 2B,
Figure 4d), (b) visible brownish precipitates in the top layer of gra-
dient tubes appeared earlier (after 2 days), and (c) Fe(ll) persisted
longer (Figure 4a). lllumination with UV or blue light was adjusted
to the same photon flux (40 umol photons m~2 s, which might be
found upper sediment layers depending on weather conditions and

overlying water (Jgrgensen et al., 1987; Kuhl et al., 1994; Lueder,
Jgrgensen, et al., 2020). However, the effect of different photon
fluxes for Fe(lll) photoreduction efficiency was not tested in this
study. Generally, a higher photon flux leads to higher light-induced
Fe(ll) production rate (Kuma et al., 1995; Lueder et al., 2022; Waite
etal., 1995). It is therefore possible that different photon fluxes than
used in this study would have led to even better growth conditions,
for example, by producing more Fe(ll) due to higher Fe(lll) photore-
duction rates, thereby leading to higher Fe(ll) concentrations or
longer Fe(ll) persistence times. Addition of more citrate could also
prolong the persistence and availability of Fe(ll) for microaerophilic
Fe(ll)-oxidizing bacteria and consequently improve their growth
conditions. During Fe(lll) photoreduction, Fe(lll) gets reduced and
citrate gets decarboxylated to acetone dicarboxylic acid with the ul-
timate decarboxylation product being acetone (Abrahamson et al.,
1994), which cannot complex Fe(lll). As long as sufficient citrate is
available, it can form fresh dissolved Fe(lll)-citrate complexes and
prevent precipitation of poorly soluble Fe(lll) (oxyhydr)oxides. Fe(lll)
photoreduction can thereby proceed, forming more Fe(ll). This im-
plies that less Fe(lll) mineral surfaces are available, which retards
heterogenous Fe(ll) oxidation.

Based on cell numbers, cultivation of microaerophilic Fe(ll)-
oxidizers in liquid culture glass vials appears to provide better
growth conditions than gradient tubes as higher gene copy numbers
were quantified and the cells grew in a shorter incubation time (96 h
in liquid culture vs. 6 days in gradient tubes). Numbers of 16S rRNA
gene copies were an order of magnitude higher in liquid culture vials
(108 mI™ vs. 107 mI™) (Figure 2B, Figure 4d). However, bacteria were
inoculated differently (10 pl inoculum in gradient tubes vs. 200 pl
(10%) inoculum in liquid culture) leading to differing starting num-
bers of Fe(ll)-oxidizing bacteria.

Optimum O, concentrations for the growth of microaero-
philic Fe(ll)-oxidizing bacteria are considered to be in the range of
5-20 pM, with relatively highest microbial contribution to overall
Fe(ll) oxidation at O, concentrations of 10 uM in the absence of ini-
tial Fe(lll) minerals (Maisch et al., 2019). In liquid culture glass vials
with a ferrihydrite-citrate mixture and incubation in UV light, Fe(ll)-
oxidizing bacteria contributed up to 40% of the overall Fe(ll) oxi-
dation after 24 h (Figure 4a inset). Their contribution decreased to
7% after 48 h incubation, probably due to increasing fast heteroge-
neous Fe(ll) oxidation (Maisch et al., 2019; Park & Dempsey, 2005;
Tamura et al., 1976), which increases the contribution of chemical
Fe(ll) oxidation to the overall Fe(ll) oxidation. This indicates that,
within the first 24 h, microaerophilic Fe(ll)-oxidizing bacteria have
the best growth conditions. However, the increase in 16S rRNA gene
copy numbers provides a different measure of optimum growth con-
ditions. After 48 h incubation of microaerophilic Fe(ll)-oxidizers in
liquid culture glass vials, a similar number of gene copies were quan-
tified (approx. 7 x 107 ml™®) during the incubation in UV as in blue
light (Figure 4d). At that time, only 13% (UV light) or 5% (blue light) of
the total Fe was still available as Fe(ll) (Figure 4a), which corresponds
to Fe(ll) concentrations of approx. 90 or 40 uM, respectively. After
96 hincubation, this Fe(ll) was completely removed (Figure 4a). Gene
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copy numbers, however, strongly increased during the same time,
reaching numbers of 2.3 x 108 mI™ (UV light) and 1.6 x 108 mI™ (blue
light) (Figure 4d). There must therefore have been an ongoing Fe(lll)
reduction enabling that growth. As incubation in the dark did not
reach these gene copy numbers (Figure 4d), light must have induced
the Fe(ll) formation and availability. Therefore, UV and blue light
induced a cryptic iron cycle, at which no or only low net concen-
trations of Fe(ll) could be quantified but cells grew. Cryptic cycling
is characterized by rapid turnover of redox species (Hansel et al.,
2015; Kappler & Bryce, 2017) making quantification of reduction
and oxidation reactions difficult. The Fe(ll) formed by Fe(lll) pho-
toreduction was immediately oxidized by O,, either chemically or
by microaerophilic Fe(ll)-oxidizing bacteria. Hence, the quantifiable
contribution of microaerophilic Fe(ll)-oxidizers to the measurable
overall net Fe(ll) oxidation might not be a reliable measure for defin-
ing optimum growth conditions when Fe(ll) production, for example,
by Fe(lll) photoreduction and abiotic and biotic Fe(ll) oxidation run in
parallel but increasing gene copy numbers must be taken into these
considerations as well.

4.4 | Environmental implications

Microaerophilic Fe(ll)-oxidizing bacteria are commonly found at
anoxic-oxic interfaces in the environment, such as in stratified
water columns (Field et al., 2016), in wetland rhizospheres (Weiss
et al., 2003), or in freshwater and marine sediments (Laufer et al.,
2016; Otte et al., 2018). Despite absorption of light, especially of
UV light, by attenuating substances in water (Piazena et al., 2002),
many of those environments are illuminated by sunlight, and Fe(lll)
photoreduction can be an important Fe(ll) source if photoactive or-
ganic complexing agents are not limited (Lueder, Jargensen, et al.,
2020; Lueder, Maisch, et al., 2020). Fe(lll)-complexing molecules
such as low molecular weight organic acids (e.g., citrate) or humic
substances are commonly found in natural environments (Jones,
1998; Mucha et al., 2005; Straub et al., 2005; Zhang & Yuan, 2017).
Depending on their functional groups, formed Fe(lll)-organic com-
plexes can undergo Fe(lll) photoreduction (Barbeau et al., 2003).
The photoproduced Fe(ll) is an electron donor for phototrophic
Fe(ll)-oxidizing bacteria (Peng et al., 2019) and, as shown here,
for different microaerophilic Fe(ll)-oxidizers. The microaerophilic
Fe(ll)-oxidizers are often more abundant than phototrophic Fe(ll)-
oxidizers in sediments (Laufer et al., 2016; Otte et al., 2018). Fe(lll)
photoreduction potentially expands the habitats of microaerophilic
Fe(ll)-oxidizing bacteria from the oxic-anoxic interfaces toward
more oxic conditions, where Fe(ll) is photoproduced. With Fe(lll)
photoreduction being an Fe(ll) source in oxic, organic-rich, and
light-influenced sediments on the one hand, and chemical and mi-
croaerophilic Fe(ll) oxidation being an Fe(ll) sink on the other hand,
cryptic iron cycling expectedly takes place in many illuminated
sediments. Fe(ll) might not be measurable in the oxic zone because
it undergoes rapid oxidation but we could show that microaero-
philic Fe(ll)-oxidizing bacteria are still able to grow using this Fe(ll)
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as electron donor. Depending on prevalent conditions, microaero-
philic Fe(ll)-oxidizing bacteria can contribute up to 80% to overall
Fe(ll) oxidation (Chan et al., 2016). Considering that Fe(lll) photore-
duction may continuously deliver Fe(ll), provided that sufficient
photoactive organic complexing agents are present, the activity
and relative contribution of microaerophilic Fe(ll)-oxidizers to the
overall Fe cycling may have been underestimated in illuminated en-

vironments so far.

5 | CONCLUSION

In illuminated, organic-rich sediments, Fe(ll) is produced from abiotic
Fe(lll) photoreduction and provides optimum growth conditions for
microaerophilic Fe(ll)-oxidizing bacteria. This leads to rapid Fe redox
turnover in the (micro)oxic surface zone (cryptic cycling) and impacts
the biogeochemical Fe cycle. Microbial and abiotic Fe(lll) reduction
generally proceed in anoxic environments (Schmidt et al., 2010) and
require electron donors such as sulfide, dihydrogen, or methane
(Kappler et al., 2021). Fe(lll) photoreduction, in contrast, takes place
in the surface layer of organic-rich sediments. The process thereby
expands the habitat of microaerophilic Fe(ll)-oxidizing bacteria and
enables Fe(lll) reduction in the oxic zone. Thus, light not only influ-
ences the sedimentary Fe cycle but also directly impacts the carbon
cycle by the oxidation of Fe(lll)-complexing organic ligands during
direct ligand-to-metal charge transfer reactions, eventually changing
their bioavailability (Kaiser & Sulzberger, 2004; Pullin et al., 2004;
Sulzberger & Durisch-Kaiser, 2009) or by forming reactive oxygen
species (ROS) during light-induced reactions of photo-excited dis-
solved organic matter with O, (Cooper et al., 1988). Due to their
high reactivity, ROS also couple other elemental cycles in the envi-
ronment and thereby influence photosynthetic activity or microbial
metabolism (Hansel et al., 2015).

More research is needed to determine the direct or indirect role
of light and Fe(lll) photoreduction for other Fe-metabolizing bacteria
than phototrophic or microaerophilic Fe(ll)-oxidizers. The impact of
light in other environments than water columns or sediments, such
as in soils, was not investigated so far and might have important con-

sequences for various biogeochemical cycles as well.
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