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Most studies on microbial phototrophic Fe(Il) oxidation (photoferrotrophy) have focused on purple
bacteria, but recent evidence points to the importance of green-sulfur bacteria (GSB). Their recovery
from modern ferruginous environments suggests that these photoferrotrophs can offer insights into
how their ancient counterparts grew in Archean oceans at the time of banded iron formation (BIF)
deposition. It is unknown, however, how Fe(ll) oxidation rates, cell-mineral aggregate formation, and
Fe-mineralogy vary under environmental conditions reminiscent of the geological past. To address
this, we studied the Fe(Il)-oxidizer Chlorobium ferrooxidans KoFox, a GSB living in co-culture with the
heterotrophic Geospirillum strain KoFum. We investigated the mineralogy of Fe(Ill) metabolic products
at low/high light intensity, and in the presence of dissolved silica and/or fumarate. Silica and fumarate
influenced the crystallinity and particle size of the produced Fe(Ill) minerals. The presence of silica also
enhanced Fe(Il) oxidation rates, especially at high light intensities, potentially by lowering Fe(II)-toxicity
to the cells. Electron microscopic imaging showed no encrustation of either KoFox or KoFum cells with
Fe(Ill)-minerals, though weak associations were observed suggesting co-sedimentation of Fe(Ill) with at
least some biomass via these aggregates, which could support diagenetic Fe(Ill)-reduction. Given that
GSB are presumably one of the most ancient photosynthetic organisms, and pre-date cyanobacteria, our
findings, on the one hand, strengthen arguments for photoferrotrophic activity as a likely mechanism
for BIF deposition on a predominantly anoxic early Earth, but, on the other hand, also suggest that
preservation of remnants of Fe(ll)-oxidizing GSB as microfossils in the rock record is unlikely.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Geochemical conditions of the Precambrian oceans were differ-
ent from today, with dissolved silica concentrations at least 1 mM
(Jones et al., 2015), and potentially approaching the saturation
state of amorphous silica (up to 2.2 mM) (Siever, 1962), while dis-
solved Fe(Il) concentrations ranged from 50 pM (Holland, 1973) to
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~1 mM (Morris, 1993). Under these siliceous and ferruginous con-
ditions the deposition of banded iron formations (BIF) took place
(see Bekker et al., 2014 for review). Several mechanisms have been
put forth to explain Fe(Il) oxidation in Precambrian oceans: (1) abi-
otic or microbiological reactions with O, produced by cyanobacte-
ria, (2) abiotic, UV-induced photo-oxidation, or (3) direct photo-
synthetic utilization of Fe(Il) by phototrophic Fe(Il)-oxidizers, the
so called photoferrotrophs. Emerging evidence suggests that photo-
ferrotrophs were the most probable drivers for the deposition of
the precursor ferric oxyhydroxide layers that led to BIF before the
Great Oxidation Event, some 2.45 billion years ago (Czaja et al.,
2013; Kappler et al., 2005).


http://dx.doi.org/10.1016/j.epsl.2016.03.022
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/epsl
mailto:andreas.kappler@uni-tuebingen.de
http://dx.doi.org/10.1016/j.epsl.2016.03.022
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsl.2016.03.022&domain=pdf

82 T. Gauger et al. / Earth and Planetary Science Letters 443 (2016) 81-89

Photoferrotrophic organisms use light energy and Fe(Il) as
an electron donor for CO, reduction and the production of cell
biomass (Widdel et al., 1993). This type of metabolism was
shown to be widespread amongst freshwater and marine pho-
totrophic bacteria, including purple sulfur bacteria (Croal et al.,
2004), purple non-sulfur bacteria (Poulain and Newman, 2009;
Widdel et al., 1993; Wu et al., 2014) and green sulfur bacteria
(GSB) (Crowe et al., 2008; Heising et al., 1999). To date, the bulk of
our understanding on how photoferrotrophs metabolize, and under
what environmental conditions, has mainly come from the study
of purple non-sulfur bacteria. However, it has been shown that
in modern ferruginous freshwater lakes, GSB were present in the
anoxic layers of the photic zone, where they can play an important
role for the biogeochemical Fe and C cycles in these environments
(Crowe et al., 2008; Llirds et al., 2015). Due to their adaptation to
low light conditions (Llirés et al., 2015), GSB are perfectly suited
for such conditions, much better than purple-sulfur and purple
non-sulfur bacteria, underpinning their importance in ferruginous
environments.

Only one strain of GSB capable of phototrophic Fe(Il) oxidation
has been studied in detail (Heising et al., 1999). This Chlorobium
ferrooxidans strain KoFox was shown to oxidize Fe(Il) at very low
light intensities (>50 lux) (Hegler et al., 2008). It also grows in
co-culture with Geospirillum sp. strain KoFum; the latter grows
by fermenting fumarate to organic acids, which in turn, enhances
Fe(Il) oxidation by KoFox (Heising et al., 1999). It is known from
abiotic Fe(Il) oxidation experiments that the presence of such or-
ganics during Fe(Il) oxidation influences the structure, particle size,
and crystallinity of Fe(Ill) minerals (Mikutta et al., 2008).

Previous studies have additionally revealed that in the Fe(Il)-
oxidizing co-culture KoFox/KoFum, the cell surfaces of the fer-
menting strain KoFum become thinly encrusted in Fe(Ill) minerals
after Fe(Il) oxidation. In contrast, cells of the Fe(ll)-oxidizing Ko-
Fox remained largely free of Fe(Ill) particles, with the exception
of sparse, flat mineral particles (Schddler et al., 2009). This sug-
gests that in this co-culture it is probably the non-Fe(Il)-oxidizing
partner and not the Fe(ll)-oxidizer that will leave a trace in the
rock record as a mineral-encrusted microfossil. However, these pre-
vious biomineralization studies have not taken into account the
complex chemistry of ancient seawater, and how the presence of
organic compounds consumed and produced by KoFum influences
the mineralogy of the resulting ferric oxyhydroxides, or the influ-
ence that different activities of the Fe(Il)-oxidizer might have on
encrustation. For instance, dissolved silica has a high affinity for
iron and it can influence the association of the cells with Fe(III)
minerals (Eickhoff et al., 2014; Mayer and Jarrell, 1996). As the Pre-
cambrian oceans were Si-rich, its presence might have influenced
cell-mineral interactions and thereby needs to be considered when
conducting such experiments.

This study, therefore, aims to answer the following questions:
(i) how do dissolved silica, fumarate (as an organic model com-
pound that is fermented by KoFum), and variable light intensities
impact the activity of the Fe(Il)-oxidizer and thus influence Fe(II)
oxidation rates, encrustation patterns and cell-mineral interactions
in the KoFox/KoFum co-culture, and (ii) which minerals are formed
during Fe(Il) oxidation in the presence and absence of dissolved
silica and organics.

2. Methods
2.1. Source of microorganisms

Chlorobium ferrooxidans strain KoFox was described as the first
GSB capable of using Fe(Il) as electron donor coupled to anoxy-
genic photosynthesis (Heising et al., 1999). It grows in co-culture

with the fermenting e-proteobacterium Geospirillum sp. strain Ko-
Fum. The co-culture was isolated from a ditch at the University
of Konstanz, Germany (Heising et al, 1999), and provided by
B. Schink (University of Konstanz, Germany). It has been main-
tained in our lab strain collection since.

2.2. Microbial growth medium and growth conditions

For routine cultivation, the co-culture was grown in 22 mM
bicarbonate-buffered mineral medium (pH 7), which was prepared
anoxically, as previously described by Hegler et al. (2008). The
Fe(Il)-containing medium was sterile filtered in an anoxic cham-
ber with a 0.22-mm filter (polyethersulfone, Millipore) 48 h after
the FeCl, solution was added and Fe(Il) minerals precipitated. Fi-
nal concentration of dissolved Fe(Il) in the medium after filtration
was ~3-4 mM. In cultivation experiments with dissolved silica
present, 2 mM Na,SiO3 x 9 H,O0 was added just before inocula-
tion. For enhanced growth of both strains, 5 mM sodium fumarate
was added to some experiments. In cultures grown without Fe(II)
as an electron donor, a few % of hydrogen gas was added to the
headspace (20:80 N /CO,) with a sterile syringe as alternative elec-
tron donor. For growth experiments, serum bottles with 25 mL
Fe(Il)-containing mineral medium were inoculated with 10% of the
co-culture grown on Hy and incubated at 20°C with either high
(~1300 lux), moderate (~450 lux) or low (~25 lux) light condi-
tions until all Fe(Il) was oxidized. Based on daylight attenuation
data of pure ocean water for a wavelength of 465 nm, that lies
within the main absorption wavelength range of GSB carotenoids,
the high, moderate, and low light conditions represent a depth of
approximately ~80 m, ~100 m, and >160 m in the marine photic
zone, respectively (Jerlov, 1976). For more turbid water, high, mod-
erate, and low light conditions represent a depth of approximately
~35 m, ~50 m, and >80 m (Jerlov, 1976).

2.3. Analytical methods

Iron was quantified with the spectrophotometric ferrozine as-
say. Briefly, 100 pl of culture suspension was withdrawn anoxically
with a syringe and stabilized in 900 pl of 1 M HCL The purple
ferrozine-Fe(Il) complex was quantified at 562 nm using a mi-
crotiter plate reader (SpectraMax M2, Molecular Devices, USA, and
Multiskan™ GO, Thermo Fisher Scientific, USA). Ferrozine measure-
ments were done in triplicate. Maximum rates of microbial Fe(II)
oxidation were calculated for each culture vial from the steepest
slope between two subsequent data points of Fe(Il) concentrations.
Fe(Il) oxidation rates are presented as mean =+ SD (standard de-
viation) and an unpaired, two-tailed t-test was used to determine
whether the Fe(Il) oxidation rates obtained in the presence of Si
were statistically significant from the average value obtained in ab-
sence of Si (Fig. 2).

Fumarate and other organic acids were quantified by high per-
formance liquid chromatography (Bio Rad Aminex HPX-87H Ion
Exclusion Column and 5 mM H,S04 eluent).

2.4. Electron microscopy

For scanning electron microscopy (SEM), samples were taken at
different time intervals during Fe(Il) oxidation. Similar to the sam-
ple preparation described earlier (Schddler et al., 2009), 1 mL of
a culture was taken with a sterile syringe that had been flushed
with N,. Samples were then centrifuged (5 min at 5000 x g), the
supernatant removed, and the pellet resuspended in 1 mL fixa-
tive (2.5% glutaraldehyde, 2% paraformaldehyde in 0.1 M phosphate
buffer) overnight at 4 °C. To remove the fixative, samples were cen-
trifuged again (5 min at 5000 x g), the supernatant was discarded,
the pellet was resuspended in 50 pL of 0.1 M phosphate buffer, and
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then a small aliquot was pipetted on carbon-coated TEM grids. The
samples were washed twice with 0.1 M phosphate buffer and suc-
cessively dehydrated using a series of ethanol dilutions (30, 50,
70, 90, and twice 100%). Instead of critical point drying (CPD),
the samples were dried with hexamethyldisilazane (HMDS). Dried
samples were mounted on aluminum stubs using double-sided car-
bon tape and coated in a Leica EM SCDO005 evaporative carbon
coater with a thin layer of carbon. Imaging was performed with a
JEOL 6301F (Field Emission Scanning Electron Microscopy [FESEM])
operating at 5 kV at the Department of Earth and Atmospheric Sci-
ences, University of Alberta, and a LEO 1450 VP operating at 12 kV
(SE and BSE) using an Everhard-Thornley and a backscattered elec-
tron detector at the Center for Applied Geoscience, University of
Tuebingen.

For transmission electron microscopy (TEM), samples were
taken at the late exponential growth phase when Fe(Il) was com-
pletely oxidized. Fixed samples were washed three times with
0.1 M phosphate buffer, post-fixed with 1% osmium tetroxide in
0.1 M phosphate buffer for 1 h and washed again three times with
0.1 M phosphate buffer. Dehydration of the samples was achieved
with a graded ethanol series (50, 70, 90, and 3 times 100%). Subse-
quently, samples were infiltrated with 50% Spurr resin in ethanol
for 3 h twice, 100% Spurr resin overnight and 100% Spurr resin
for 3 h twice the next day. After that, samples were embedded in
flat molds with fresh Spurr resin and hardened in an oven at 70°C
overnight. TEM sectioning was performed with an Ultra-microtome
(Reichert UltraCut E, Austria) using a glass knife. Ultrathin sections
with 90 to 110 nm thickness were then placed on carbon-coated
copper TEM grids. Before imaging, samples were post-stained with
uranyl acetate and then lead citrate. TEM images were acquired
using a Philips/FEI Morgagni 268 TEM with Gatan Digital Camera
and operated at 80 kV at the University of Alberta.

2.5. Mineral analysis

Samples for mineral analysis were taken at the end of each
experiment after Fe(Il) oxidation was completed. Sampling was
conducted in an anoxic chamber (90% N»/10% H;) to avoid the for-
mation of secondary Fe(Ill) minerals. 10-20 mL sample were taken
with a sterile syringe and filtered onto cellulose filters (0.45 pm,
Millipore).

For >’Fe Méssbauer spectroscopy at 77 K and 5 K, filter papers
were sealed between two layers of oxygen-impermeable adhesive
polyimide tape (Kapton) and stored anoxically at —20°C. Samples
were loaded into a closed cycle exchange gas cryostat. The Mdss-
bauer spectrometer (WissEL) in the Geomicrobiology group at the
University of Tuebingen, Center for Applied Geosciences, was oper-
ated in transmission mode, with a °’Co/Rh source driven in con-
stant acceleration mode. The Mdssbauer spectrometer instrument
was calibrated with a 7 pm thick «->’Fe foil measured at room
temperature, which was also used to determine the half width at
half maximum (fixed to 0.146 mm/s during fitting). Fitting was car-
ried out using Recoil (University of Ottawa) with the Voigt based
fitting routine (VBF) used for 77 K spectra and the extended Voigt
based fitting routine (xVBF) used for 5 K spectra (Lagarec and Ran-
court, 1997).

For p-XRD (X-ray diffraction) analysis, sample filters were
stored anoxically in Eppendorf vials at —20 °C. Samples were then
dried in an anoxic chamber (100% N;), homogenized, mounted
onto a Si single crystal silicon wafer and subsequently exam-
ined with a Bruker D8 Discover GADDS XRD?-microdiffractometer
(Bruker AXS GmbH, Germany) equipped with a Co Ko X-ray tube
and a 2-dimensional HI-STAR-detector operating at 30 kV/30 mA.
To identify the containing mineral phases, EVAR® 10.0.1.0 software
and the PDF-database licensed by ICDD (International Centre for
Diffraction Data) were used.
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Fig. 1. Fe(ll) oxidation rates of Chlorobium ferrooxidans strain KoFox in co-culture
with Geospirillum sp. strain KoFum over time grown with ~3 mM Fe(Il) (A, C, E) or
~3 mM Fe(Il) and ~2 mM dissolved silica (B, D, F) either under high light condi-
tions (~1300 lux; A+B), normal light (~450 lux; C+D) or low light (~25 lux; E+F).
The three different symbols (triangles, circles and squares) correspond to triplicate
cultures.

3. Results

3.1. Fe(ll) oxidation rates at different light intensities and in presence of
silica

To determine the influence of dissolved silica and different
light intensities on Fe(IlI) oxidation rates of KoFox, the co-culture
was grown under high (~1300 lux), moderate (~450 lux) and
low (~25 lux) light conditions, either in the absence or pres-
ence of dissolved silica. Fe(Il) oxidation under high light conditions
started after a delay of approximately 9-10 days in the absence
(Fig. 1A) or presence (Fig. 1B) of dissolved silica, but was signif-
icantly faster when silica was present (1.66 + 0.34 mM/day vs.
0.71 £0.06 mM/day).

Under moderate and low light conditions almost no delay in
Fe(Il) oxidation was observed, i.e., Fe(Il) oxidation started shortly
after inoculation. Fe(Il) oxidation rates were 0.82 + 0.07 mM/day
at moderate and 0.59 + 0.10 mM/day at low light, respectively,
when cultures were solely grown on Fe(Il) (Fig. 1 C+E). In the
presence of dissolved silica Fe(Il) oxidation rates were, similar to
the high-light conditions, also faster with 1.32 £+ 0.26 mM/day at
moderate and 0.89+0.19 mM/day at low light, respectively (Fig. 1
D+F). In summary, our data shows that Fe(II) oxidation rates in the
presence of dissolved silica showed the highest rates at the high-
est light intensities and decreased with decreasing light intensities
from 1.66 + 0.34 mM/day at high light to 1.32 +0.26 mM/day at
moderate to 0.89+0.19 mM/day at low light while cultures grown
without dissolved silica showed highest Fe(Il) oxidation rates of
0.82 £0.07 mM/day at moderate light intensities (Fig. 2).

The addition of fumarate had an ambiguous effect on the Fe(II)
oxidation rates: at low light conditions Fe(Il) oxidation in the pres-
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Fig. 2. Fe(ll) oxidation rates of Chlorobium ferrooxidans KoFox in co-culture with
Geospirillum sp. KoFum, either grown with ~3 mM Fe(ll) (dark grey) or with
~3 mM Fe(Il) and 2 mM silica (light grey) at different light intensities (high light =
~1300 lux, normal light = 450 lux, low light = 25 lux); Rates were calculated from
steepest slopes of every triplicate culture and p values calculated with 2-tailed
t-test. Error bars indicate standard deviation calculated from three parallels.

ence of silica was slightly enhanced by fumarate addition from
0.85 £ 0.06 mM/day in its absence to 1.57 £ 0.63 mM/day in
its presence (data not shown). At moderate light conditions Fe(II)
oxidation decreased from 1.44 + 0.39 mM/day in its absence to
0.63 +0.25 mM/day in its presence (in the presence of silica from
1.97 £ 0.18 mM/day to 0.71 &+ 0.20 mM/day). Surprisingly, Fe(II)
oxidation in the presence of fumarate stopped after 10-12 days,
and a slight reduction in Fe(Ill) of ca. 0.16 & 0.02 mM/day and
ca. 0.29 + 0.06 mM/day was observed in the presence of silica in
some experiments (data not shown).

3.2. Cell-mineral aggregate in the Fe(Il)-oxidizing co-culture
KoFox/KoFum

To investigate cell-mineral aggregate in the KoFox/KoFum co-
culture, FESEM was used to image the cells at different time in-
tervals during Fe(Il) oxidation. Both strains have different cell mor-
phologies and sizes which allowed us to easily distinguish between
them: KoFum cells are elongated and slightly thicker than the
small and oval-shaped KoFox cells when grown on H, (Fig. 3A),
but also in cultures grown on Fe(Il) (Fig. 3B). FESEM imaging of
samples at the end of Fe(Il) oxidation further revealed mineral pre-
cipitates on some cell surfaces, but a distinct encrustation pattern
for either one of the two strains was not observed (Fig. 3 B-G).
Mineral precipitates in the presence of silica had more globular
structures (Fig. 3G) as compared to the spiky-shaped Fe(Ill) min-
erals in samples without silica present (Fig. 3F). The same mineral
morphology and cell-mineral aggregation patterns were observed
in samples analyzed from earlier time intervals (data not shown).

To distinguish between iron and organic precipitates on the cell
surfaces, secondary electron (SE) as well as backscattered electron
(BSE) imaging on the SEM was used. In BSE mode, iron exhibits a
much stronger signal than carbon due to its higher atomic number,
which makes it possible to visualize iron encrustation. In our sam-
ples, iron precipitates inside the cells or at the cell surfaces were
not observed in BSE mode and the cells appeared less bright, i.e.
less visible, (Fig. 4) compared to SE mode.

To further evaluate the possibility of cell surface precipitations,
TEM was conducted with samples of the co-culture grown on Hj
(Fig. 5A) compared to samples of the co-culture grown with Fe(II)
(Fig. 5 B+D) or with Fe(ll) and silica (Fig. 5 C+E) at the end of
Fe(Il) oxidation. In contrast to SEM, this method can be used to vi-
sualize the internal cell structure. We observed that the mineral
precipitates similarly showed needle-like, spiky structures with
rough surfaces for samples grown with Fe(Il) (Fig. 5 B4+D) com-
pared to globular (i.e., spherical) mineral structures with smooth
surfaces in samples where silica was present (Fig. 5 C+E). Some

Fig. 3. FESEM images of the photoferrotrophic strain Chlorobium ferrooxidans KoFox
in co-culture with the fermenting strain Geospirillum sp. KoFum grown with Hy (A)
or Fe(Il) as electron donors, either in the absence (B, D, F) or presence (C, E, G) of
2 mM dissolved silica. Images D+E show elongated cells of strain KoFum. SE (5 kV).

Fig. 4. SEM images of the photoferrotrophic strain Chlorobium ferrooxidans KoFox in
co-culture with the fermenting strain Geospirillum sp. KoFum grown with Fe(Il) as
electron donor either in the absence (A, B) or presence (C, D) of 2 mM silica. SE
(12 kV) (left) and BSE (12 kV) (right) images are shown to elucidate presence or
absence of Fe minerals on the cell surfaces.



T. Gauger et al. / Earth and Planetary Science Letters 443 (2016) 81-89 85

Fig. 5. TEM images of the photoferrotrophic strain Chlorobium ferrooxidans KoFox in co-culture with the fermenting strain Geospirillum sp. KoFum grown with either H, (A) or
Fe(Il) (B-E) as electron donor in the absence (B, D) or presence (C, E) of 2 mM dissolved silica. Samples were stained with osmium tetroxide and post-stained with uranyl

acetate and lead citrate stain.

cells were associated with mineral aggregates (Fig. 5D) or with
sparse mineral particles (Fig. 5E), but no distinct cell encrustation
was observed.

3.3. Influence of silica and organics on mineralogy

Mineral analysis using p-XRD showed that the mineral sam-
ples were predominantly X-ray amorphous and, therefore, most
likely resemble the short range ordered mineral phase ferrihydrite,
Fe190014(0OH),, simplified as Fe(OH)s3 (Wu et al., 2014), although
one sample (Fig. 6B1) showed minor reflections corresponding to
lepidocrocite, y-FeO(OH), with broad reflections suggesting a small
average crystallite size. Further analysis using Mossbauer spec-
troscopy supported this finding. The different mineral samples an-
alyzed showed no obvious differences in spectra obtained at 77 K,
with all of them having hyperfine parameters (Table 1) matching
an octahedral Fe(Ill) mineral, such as ferrihydrite (Eickhoff et al.,
2014). It is clear by looking at the hyperfine parameters that some
differences occur, notably it appears that when silica is present
(Fig. 6 B+D+F top), the samples show higher values of center shift
(CS) but lower quadrupole splitting (QS) compared to samples with
Si present. The QS is related to the asymmetry (i.e., non-sphericity)
of the atom, hence the higher QS in samples prepared with Si sug-
gests a greater degree of asymmetry caused by the substitution of
Fe-atoms with Si-atoms (Eickhoff et al., 2014). Interestingly, these
differences are most distinct in the presence of fumarate (Fig. 6
E-+F top).

Fig. 6 and Table 1 show the fitting results for spectra measured
at 5 K. The hyperfine fields (Byf) determined through fitting are
very low for all samples and are perhaps closer to that of lep-
idocrocite (Murad, 2010) which would agree with the results of
p-XRD for sample B1. However, based on the high CS and QS val-
ues recorded at 77 K, it is more likely that the mineral phase
corresponds to ferrihydrite (Eickhoff et al., 2014). Nevertheless, it
is clear that the mineral is a poorly crystalline Fe(Ill) phase in
octahedral coordination. The spectra obtained at 5 K show that
some samples were not fully magnetically ordered at this tem-
perature, requiring an additional poorly crystalline sextet (denoted
S2 in Table 1) for accurate fitting. This suggests a smaller particle
size (Fig. 6 D-F) relative to the fully magnetically ordered samples
(Fig. 6 A-C), especially in the presence of fumarate.
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Fig. 6. >’Fe Mossbauer spectra (left) and micro X-ray diffraction (u-XRD) analysis
(right) of mineral samples. Méssbauer spectra were measured at 77 K (top left)
and 5 K (bottom left). Co-cultures of Chlorobium ferrooxidans KoFox and Geospirillum
KoFum were cultivated at >1000 lux with ~3 mM Fe(Il) (A) or ~3 mM Fe(Il) and
2 mM dissolved silica (B), at 450 lux with ~3 mM Fe(Il) (C), with ~3 mM Fe(II)
and 2 mM dissolved silica (D), with ~3 mM Fe(Il) and 5 mM fumarate (E) or with
~3 mM Fe(Il), 2 mM dissolved silica and 5 mM fumarate (F). u-XRD: signals at 51
and 66° 260 values stem from the Si wafer that samples were mounted on.

The presence of silica only affected the crystallinity of some
samples. While at high light conditions the spectra of samples
taken from a co-culture grown in the presence or absence of silica
were similar and showed no differences (Fig. 6 A+B top), samples
taken from a co-culture grown at moderate light in the presence
of silica showed a decrease in crystallinity as noted by the re-
quirement for a partially collapsed sextet, in comparison to those
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Table 1

Mossbauer hyperfine field parameters. Center shift (CS), quadrupole splitting (QS),
hyperfine field (Bys) and relative abundance (Pop.) of each phase corresponding to
spectra measured at 5 K and 77 K. Db - doublet, S1 - well defined sextet, S2 -
poorly defined sextet.

Sample Temp. Phase CS Qs Bt Pop. +
(K) (mm/s)  (mm/s) (T) (%)

o 77 Db 0.48 0.83 100  NJ/A
High light (A) 5 s1 0486  —0.005 461 100  NJA
High light + 77 Db 0478 0.853 100  NJ/A

Si (B) 5 s1 0.488 0.007 457 100 NJA
Normal light 77 Db 0.484 0.816 100 N/A

(© 5 s1 0488  -0.001 458 100 NJA
Normal light + 77 Db 0.481 0.858 100  N/A

Si (D) 5 Db 0.481 0.71 41 29

s1 0.49 0.002 443 838 62

s2 0.499 0135 182 122 59

Normal light + 77 Db 0.485 0.791 100 NJ/A
Fum (E) 5 s1 0.487 0.018 446 94 3
s2 0.464 0 217 6 3

Normal light + 77 Db 0.481 0.861 100 NJ/A

Fum + Si(F) 5 s1 0489  —0.042 439 897 24

s2 0531 -0.192 218 103 24

samples formed in the absence of silica (Fig. 6 C+D). Such de-
creases in the crystallinity could be either due to a smaller average
particle size, adsorption of Si that prevents formation of a per-
fect mineral crystal structure, or substitution of Si into the crystal
structure.

4. Discussion
4.1. Impact of Si and organics on rates of Fe(Il) oxidation

It was previously shown in cultures of nitrate-reducing, Fe(Il)-
oxidizing bacteria that higher concentrations of phosphate can de-
crease Fe(Il) oxidation rates possibly due to formation of solid
Fe(Il)-phosphate phases that are more difficult to access as an iron
source (Larese-Casanova et al., 2010). In our co-culture KoFox/Ko-
Fum, changes in the geochemical composition of the medium
and the light intensities applied also influenced the Fe(Il) oxi-
dation rates, and thus obviously the activity of the phototrophic
Fe(Il)-oxidizer. We found that in the absence of dissolved silica,
Fe(Il) oxidation rates were highest at moderate light conditions,
while high light conditions decreased the rates of phototrophic
Fe(Il) oxidation. In contrast, the addition of dissolved silica to our
Fe(Il)-oxidizing co-culture resulted in a higher tolerance towards
higher light intensities, i.e., Fe(Il) oxidation rates increased with
higher light intensities and were highest under high light condi-
tions.

The lower oxidation rates at high light intensity in the ab-
sence of Si are potentially a consequence of too much illumina-
tion and/or the toxic effects of high dissolved Fe(Il) concentrations.
Generally, it is expected that metabolic rates of phototrophs in-
crease with increasing light intensity until a certain saturation
level is reached. This was shown to be the case also for photo-
ferrotrophs (Hegler et al., 2008). Toxic effects of Fe(Il) are usually
considered to be due to the formation of reactive oxygen species
(ROS) via the O,-dependent Fenton reaction which leads to oxida-
tive damage of major biomolecules in cells. However, even under
anoxic conditions the activity and growth of microorganisms can
be reduced by high Fe(Il) concentrations: For Rhodobacter capsu-
latus strain SB1003 it was shown that Fe(Il) did inhibit growth
in the presence of organics and particularly in the presence of
humic substances potentially due to direct effects of the Fe(II)
on metallo-enzymes of the cells (Poulain and Newman, 2009). In

case of chemotrophic streptococci grown under anoxic conditions,
Fe(Il) did inhibit the F-ATPase, and thereby the cell’s tolerance to-
ward acidic conditions (Dunning et al., 1998). In a photic habitat,
the Fe(Il) toxicity might be in part due to O,-independent pho-
tochemical reactions of Fe(ll) that can also produce radicals in
the form of ROS; for example, water molecules from O,-free wa-
ter can react with defective, nonstoichiometric Fe(Ill) sites of the
Fe(Il)-containing mineral pyrite (FeS;), producing hydroxyl radicals,
restoring Fe(Il) and forming H,0; (Borda et al., 2003). These reac-
tions proceed in the dark, but are enhanced in the presence of
visible light (Borda et al., 2003). Since in our experiments both
organic matter (cell-derived biomolecules) and Fe(Il)-bearing min-
erals (formed from the added Fe(Il) with bicarbonate or phosphate
present in the growth medium) are present, one could speculate
that in our experiments the Fe(Il) might have reacted as described
above, to form radicals that could subsequently harm biomolecules
in the cells and on the surface of cells.

The addition of dissolved silica likely protected the cells from
these toxic effects caused by the combination of high light and
high Fe(Il) concentrations. This cell protection might be due to
changes in Fe complexation and Fe speciation upon addition of
silica. However, at circumneutral pH, quantitative information on
the exact identity, stoichiometry and stability of such Fe-Si com-
plexes is limited (Pokrovski et al., 2003). It is known that the
presence of dissolved silica influences Fe(III) hydrolysis and precip-
itation, and it was shown that in presence of dissolved silica during
abiotic Fe(Il) oxidation, the Fe(Ill) colloids formed are stabilized
(Mayer and Jarrell, 1996). In a previous study it was also suggested
that silica remained largely in solution as monomeric silica in su-
pernatants of photoferrotrophs during and after Fe(Il) oxidation
(Konhauser et al., 2007) despite its high affinity for Fe(Ill) (oxy-
hydr)oxides. Although the interpretation of the observed (toxic)
effects of high light and Fe(Il) on metabolic activity and the res-
cuing effects of Si remain mostly speculative at the moment, our
data clearly shows that the activity of photoferrotrophs depends on
these three parameters. Consequently, to fully evaluate the activity
of these organisms on ancient Earth, these parameters need to be
considered. It is also clear that for a mechanistic understanding
of the effects of light, Si and Fe(Il) concentrations on phototrophic
Fe(I) oxidation, more studies are needed.

4.2. Impact of fumarate and silica on mineralogy

In the course of microbial Fe(Il) oxidation, Fe(Ill) (oxy)hydrox-
ides, such as ferrihydrite, goethite, lepidocrocite or magnetite form
(Posth et al., 2014). Which Fe(Ill) minerals are precipitated in
Fe(Il)-oxidizing cultures, and their properties, depend on a vari-
ety of parameters, including (1) the composition and pH of the
mineral medium, (2) Fe(Il) oxidation rates, (3) the presence of min-
eral nucleation sites, (4) the presence of interfering ions (silica,
organics, phosphate, etc.), and (5) potentially even the size and/or
orientation of the incubation vessels (Dippon et al., 2012, 2015;
Larese-Casanova et al, 2010; Posth et al., 2014). The presence
of chloride in the medium favors the formation of lepidocrocite
and higher concentrations of phosphate have been shown to fa-
vor poorly ordered ferrihydrite (or Fe(lll) phosphate). The pres-
ence of humics or bicarbonate can lead to goethite precipitation
(Larese-Casanova et al., 2010). Phosphate can influence Fe(Il) ox-
idation rates (Larese-Casanova et al., 2010) and lower rates were
shown to lead to production of more crystalline phases, e.g.,
goethite, in cultures of nitrate-reducing Fe(Il)-oxidizers. Dissolved
silica can also influence mineralogy in Fe(Il)-oxidizing cultures
and hinder mineral transformation from poorly crystalline to more
crystalline Fe(Ill) oxyhydroxides (Eickhoff et al., 2014).

In our experiments, the addition of dissolved silica did not in-
fluence mineralogy, but it changed the morphology probably by
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influencing the crystallization process. For instance, Fe(Ill) minerals
produced by the KoFox/KoFum co-culture in the absence of silica
had needle-like, spiky structures compared to more globular struc-
tures in the presence of silica. Such an influence of Si on mineral
morphology was also observed in cultures of the nitrate-reducing
Fe(Il)-oxidizing Acidovorax sp. strain BoFeN1 (Picard et al., 2015b).
The presence of the organic acid fumarate resulted in decreased
crystallinity (smaller particle size) of the biogenic Fe(Ill) minerals.
Previous Mossbauer studies revealed that organic matter present
during ferrihydrite synthesis can lead to a decrease in magnetic
ordering, hence smaller particle size (Mikutta et al., 2008). For the
KoFox/KoFum co-culture it has been shown that KoFum metab-
olizes fumarate and produces other organic acids (Heising et al.,
1999). Indeed, HPLC measurements of the supernatant of our cul-
tures incubated with fumarate confirmed the presence of not only
fumarate but also other organics (e.g., malate) that are produced by
the co-culture during its metabolism (data not shown). This con-
firms that these organic compounds could have led to the changes
in mineral properties observed.

Our experiments further showed that under all different growth
conditions, including the presence or absence of dissolved silica,
as well as changing light intensities, the precipitation of poorly
crystalline mineral phases was favored. Using both p-XRD and
Mossbauer spectroscopy, we found only a minor influence of dis-
solved silica on the mineralogy of the biogenic minerals in this
Fe(Il)-oxidizing co-culture KoFox/KoFum, although the presence
of silica would possibly influence subsequent diagenetic mineral
transformation processes and prevent or slow down the transfor-
mation to more crystalline Fe mineral phases (Posth et al., 2013;
Toner et al., 2012). Both silica and cell-derived organic molecules
associated with the Fe(Ill) minerals appear to impact the long-term
fate of the minerals deposited to the ancient ocean floor. On the
one hand, it has been demonstrated that ferrihydrite associated
with organic matter is more stable (less prone to thermal trans-
formation to hematite) than ferrihydrite alone (Toner et al., 2012).
On the other hand, it was shown in diagenesis simulation exper-
iments that at higher temperatures (170°C, 1.2 kbar) ferrihydrite
alone was transformed to hematite, but in presence of glucose it
was transformed to hematite, magnetite and siderite (Posth et al.,
2013).

4.3. Cell-mineral aggregates and encrustation

In a previous study on cell-mineral aggregate formation by
anaerobic Fe(Il)-oxidizing bacteria, Schédler et al. (2009) used SEM
to image the associations of KoFox with Fe(Ill) minerals. They de-
tected sparse Fe particles on the cell surfaces, but no encrustation
of the KoFox cells by the Fe(Ill) minerals produced. By contrast,
those same authors detected that cells of the partner strain Ko-
Fum were encrusted in a thin layer of Fe(Ill) minerals. In our
images, the KoFox/KoFum co-culture showed no distinct encrusta-
tion pattern under any of the tested conditions and neither strain
showed encrustation as observed for strain KoFum by Schédler et
al. (2009). Although we basically used the same sample prepara-
tion protocol as described in Schddler et al. (2009), slight differ-
ences in sample preparation (e.g., the HMDS treatment instead of
critical point drying) might have influenced the outcome. Alterna-
tively, the differences in cell encrustation observed might simply
be due to the different cultures and the specific age of the sam-
ples analyzed; these were not identical in both studies.

The observation that neither the Fe(Il)-oxidizing KoFox strain
nor the co-partner strain KoFum encrusts in Fe(Ill) minerals raises
the question of how these (presumably negatively charged) cells
prevent the binding of Fe(Ill) ions and Fe(Ill) minerals to the cells?
One possible explanation could be that for biogenic minerals pro-
duced by either phototrophic or chemotrophic Fe(Il)-oxidizing bac-

teria an isoelectric point (iep) of 4.4 was determined compared
to an iep of 8.8 for chemically synthesized ferrihydrite (F. Hegler
and A. Kappler, unpublished data). This suggests that a negative
charge on both the biogenic minerals and the cells prevented
mineralization. Nevertheless, in some cultures of nitrate-reducing
Fe(Il)-oxidizing bacteria encrustation in biogenic Fe(Ill) minerals
occurs, but obviously not in photoferrotrophic cultures (Schédler
et al., 2009).

To prevent encrustation would be particularly crucial for pelagic
phototrophic microorganisms since encrusted cells would sedi-
ment with the minerals, but as phototrophs these cells are de-
pendent on remaining in the photic zone of the water column
where they can perform photosynthesis. In contrast, benthic pho-
totrophic communities are already at the shallow seafloor, and
presumably encrustation only becomes an issue if they are not
able to receive sufficient illumination. In the case of the pho-
totrophic Fe(Il)-oxidizing purple sulfur bacterium Thiodictyon sp.
strain F4, it has been shown that the cells are able to lower the pH
and establish a pH-microenvironment in close cell vicinity (Hegler
et al., 2010). In combination with providing a mineral precipita-
tion template in the form of organics, e.g., extracellular polymeric
substances (EPS), this leads to Fe(Ill) mineral precipitation at a dis-
tance to the cell (Schddler et al., 2009). Furthermore, altering of the
cell’s surface properties was shown to facilitate targeted mineral
precipitation in microaerophilic Fe(Il)-oxidizing strains, thus pre-
venting their complete encrustation (Saini and Chan, 2013). It was
also suggested that partially Fe(Ill)-encrusted cells might be able
to shed part of their mineralized cell surface (Emerson and Revs-
bech, 1994), something akin to what was shown a number of years
ago with the cyanobacterium Synechococcus that is able to discard
gypsum and calcite off its S-layers (Schultze-Lam et al., 1992). In
addition, the complexation of Fe(Ill) by organic ligands produced
by microorganisms can keep the Fe(Ill) in solution preventing pre-
cipitation, although this could constitute a costly investment for an
autotrophic organism deriving its electrons from Fe(Il) (Croal et al.,
2004; Hegler et al.,, 2010). Whether one, or more, of these mech-
anisms is playing a role in the KoFox/KoFum co-culture to prevent
encrustation needs to be further investigated.

4.4. Implications for ancient oceans, mineral and carbon deposition and
fossil preservation

The production of poorly crystalline mineral phases, such as
ferrihydrite, by the KoFox/KoFum co-culture is only weakly influ-
enced by the presence of interfering ions. This suggests that such
poorly crystalline mineral phases could have been the most dom-
inant biologically produced minerals in the Precambrian oceans,
even in the presence of high silica concentrations and at differ-
ent light intensities associated with different depths in an ancient
ocean water column. This correlates well with previous findings
which suggested that poorly crystalline, amorphous Fe(Ill) mineral
phases, e.g. ferrihydrite, were the main product of Fe(Il) oxida-
tion in Precambrian oceans (Kappler et al., 2005; Konhauser et al.,
2005). Additionally, a recent study suggested that at pH 7.7-8.3
a hydrous Fe(Il)-silicate gel could have precipitated in Precambrian
oceans and have formed the mineral greenalite which is also found
in BIF (Tosca et al.,, 2015). Although another recent study in a mod-
ern ferruginous lake suggested an important role of green rust in
ancient environments (Zegeye et al., 2012), the influence of sil-
ica on green rust formation has not yet been determined, and as
such, its potential role remains speculative (e.g., Konhauser et al.,
2015).

When ferrihydrite is formed, it can lead to hematite formation
via dehydration and to siderite and magnetite formation via micro-
bial or thermochemical Fe(Ill) reduction (Konhauser et al., 2005;
Posth et al., 2013). In case green rust is formed, this will more
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likely lead to formation of lepidocrocite, goethite, or magnetite
(Cornell and Schwertmann, 2003; Dippon et al., 2012). The forma-
tion of green rust also has implications for the fate of nutrients
(such as phosphate) and trace metals (such as Ni) as their binding
affinities to poorly crystalline Fe(Ill) mineral phases (such as ferri-
hydrite) and green rust are different. However, in order to evaluate
whether green rust or rather poorly crystalline Fe(IIl) (oxy)hydrox-
ides are relevant in these environments, a variety of parameters
such as pH, salinity and temperature of ancient oceans should be
taken into account. A difference in pH of ancient oceans has to
be considered since the pH will influence the stability of ferrihy-
drite and green rust (Cornell and Schwertmann, 2003). Estimates
of the pH in Precambrian oceans range from pH 6 to 8 and depend
strongly on the assumed partial pressure of CO; in the early atmo-
sphere, but might have been similar to our modern oceans (pH 8.1,
Grotzinger and Kasting, 1993).

The rather loose cell-mineral associations observed for Ko-
Fox/KoFum will have consequences for the preservation of photo-
ferrotrophic organisms into the rock record as compared to other
Fe(Il)-oxidizing organisms that form mineral crusts around the
cells (Larese-Casanova et al., 2010; Schddler et al., 2009). For in-
stance, it has been shown that the shape of microbial cells is well
preserved after heating (600 °C for 20 h or 300°C for 100 h) when
these cells are encrusted in Fe(Ill) (oxyhydr)oxide minerals (Li et
al., 2013), although earlier studies demonstrated the simple ad-
sorption of Fe>* was not sufficient to preserve the cell (Beveridge
et al, 1983). Recently, diagenetic experiments demonstrated the
preservation of encrusted nitrate-reducing Fe(II)-oxidizing bacteria
and of twisted stalks (consisting of Fe(Ill) minerals and organ-
ics) produced by microaerophilic Fe(ll)-oxidizing bacteria includ-
ing the organic components suggesting that cells or extracellular
structures associated with Fe minerals are more likely to be pre-
served (Picard et al, 2015a, 2015b). Indeed, microfossils of mi-
croaerophilic Fe(Il)-oxidizing bacteria in the form of mineralized
stalks and sheaths have been found in 490 Mio year old jaspers
formed at marine hydrothermal vent sites (Little et al., 2004).
In contrast, the loose cell-mineral associations in the KoFox/Ko-
Fum co-culture and other photoferrotrophic strains (Schddler et al.,
2009; Wu et al., 2014), instead of cell encrustation or formation
of stalks/sheaths, might therefore be one of the reasons that it
is difficult to find such microfossils in BIF. Indeed, it has always
been interesting that so few microfossils have been recovered from
BIF. Previous explanations have assumed that the burial of ferric
iron and organic biomass would have facilitated Fe(Ill) reduction
and thus the complete oxidation of the carbon (e.g., Konhauser et
al., 2005), although one might yet expect cellular outlines to be
preserved. In that regard, the most documented examples of fos-
silized Fe(ll)-oxidizing bacteria come from Paleoproterozoic sam-
ples (e.g., Planavsky et al., 2009; Schelble et al., 2004). However,
many of the microfossils are actually preserved in chert and it has
recently been argued that ‘fossilization’ took place during much
later diagenesis, and as such, might not be indicative of primary
Fe(Il)-oxidizing bacteria (Shapiro and Konhauser, 2015). The lack
of initial iron encrustations, as documented here, might also sug-
gest that the lack of cellular preservation in BIF might simply be
due to the fact that the plankton never were mineralized in the
first place, and thus any loose association of iron minerals and
biomass in the water column would have been destroyed during
burial.

Finally, the presence or absence of a strong association of cells
with minerals or encrustation in minerals also influences the rate
and extent of sedimentation of the microbial cells, i.e., the biomass.
Although fully encrusted cells with a high organic matter content
will be lighter (have a lower density) than pure minerals or min-
erals only loosely associated with few cells (Posth et al., 2010), the
sedimentation of encrusted cells will bring higher amounts of or-

ganics to the seafloor than cells with weaker associations to Fe(IIl)
minerals or mineral-free cells that remain mostly suspended in the
water column (Konhauser et al., 2005). Anoxygenic phototrophs in-
corporate 1 mol CO, into biomass with the oxidation of 4 mol
Fe2*. If all cells (the complete biomass) would sediment together
with the produced Fe(III) minerals, this would lead to a Fe(III)/Corg
ratio of 4:1 in the sediments. As Fe(Ill) re-reduction coupled to
biomass mineralization requires the same ratio (4Fe(lll):1C), this
sedimentation could lead to total recycling of precipitated Fe(III).
However, if no tight cell encrustation but the formation of more
loose cell-mineral aggregates occurs (as observed in our case for
KoFox/KoFum), less biomass attached to Fe(Ill) minerals would sink
to the seafloor, lowering the ratio of Fe(III)/Corg, thus leading to an
excess of Fe(Ill) in the bottom sediments (Konhauser et al., 2005).
The implication is that during diagenesis and metamorphism, some
of the Fe(Ill) sedimented could transform into hematite, with little
to no organic carbon, while the co-delivery of biomass and ferric
iron would serve to fuel sediment Fe(IIl) reduction that could lead
to diagenetic magnetite and siderite formation; both the carbon-
poor hematite and the Fe(Il)-containing minerals a characteristic
of BIF.

Taking all of these results into account, in combination with
previous findings that GSB are possibly one of the most ancient
photosynthetic organisms (Bryant and Liu, 2013), our findings on
the one hand strengthen the importance of photoferrotrophs as a
likely mechanism for BIF deposition on early Earth under predom-
inantly anoxic conditions but, on the other hand, also suggest that
preservation of remnants of Fe(Il)-oxidizing GSB as microfossils in
the rock record is unlikely.
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