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Green rust (GR) may have been a primary mineral phase during the deposition
of Fe(Ill) (oxyhydr)oxides in Precambrian iron formations (IFs). However, the
transformation pathways of GR into secondary mineral phases in IFs remain
unclear. One potentially relevant mechanism on early Earth is anoxygenic
phototrophic microbial oxidation of either dissolved Fe(II) or Fe(II)-bearing
minerals that leads to the formation of Fe(IlI) (oxyhydr)oxides. It is currently
unknown whether phototrophic Fe(II)-oxidisers can access lattice Fe(II) in GR.
Here, we studied microbial Fe(II) oxidation of carbonate green rust by two anox-
ygenic phototrophic Fe(Il)-oxidising bacteria, Rhodobacter ferrooxidans SW2 and
Rhodopseudomonas palustris TIE-1. We found that these two species could oxidise
GR to a short range ordered Fe(IlI) oxyhydroxide, likely ferrihydrite, with faster
GR oxidation rates by SW2 than by TIE-1. These results suggest that anoxygenic
phototropic Fe(II) oxidation of GR can contribute to the formation of Fe(III)

(oxyhydr)oxides and thus, this process could have been an important mechanism for Precambrian IFs deposition in ancient

oceans.
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¥ Introduction

Green rust (GR) is a mixed-valent Fe(II)/Fe(III) mineral, gener-
ally described by the formula [Fe(II);_Fe(III),(OH),]**[(x/n)
A", mH,O]*, with A" denoting intercalated anions and
x representing the molar fraction of trivalent cations. It is a
product of steel corrosion in O,-poor environments and is
present in Fe-rich sediments (Trolard et al.,, 1997, Refait et
al., 2003; Zegeye et al., 2012). Several studies have suggested
GR may have been a potential precursor mineral during the
precipitation of Fe(IIl) (oxyhydr)oxides and even magnetite
(Fe30y) in iron formation (IF) deposition (Halevy et al., 2017; Li
et al., 2017, Koeksoy et al., 2019). The majority of these Fe-rich
rock formations were deposited between 2.80-1.85 Ga in the
Neoarchean and Palaeoproterozoic (Klein, 2005) and typi-
cally contain iron-bearing minerals such as magnetite and
hematite (Konhauser et al., 2017). However, the transformation
pathways of GR into secondary mineral phases in IFs remain
unclear.

Abiotic O,-driven Fe(Il) oxidation and biotic anoxygenic
Fe(I) photosynthesis result in Fe(III) mineral formation in
Archean ocean analogues (Wu ef al., 2014; Field et al., 2016).
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These same mechanisms could also contribute to the transfor-
mation of GR into the final mineral assemblage in IFs. Micro-
bial transformation of GR by dissolved oxygen and/or nitrate
reducing bacteria can lead to the formation of a variety of
Fe minerals such as magnetite, ferrihydrite (Fej9O14(OH)y)),
lepidocrocite (y-FeOOH) and goethite (a-FeOOH). All of
these phases are either found in IFs, or are thought to have
been precursor minerals that underwent secondary transfor-
mation to the mineral phases observed today (Legrand et al.,
2004; Pantke et al., 2012; Miot et al., 2014). Yet, the most likely
explanation for IF deposition in a stratified ancient ocean and
the absence of Fe in Precambrian surface waters is anoxy-
genic Fe(Il) photosynthesis, based on molecular phylogenetic
evidence, Fe(Il) oxidation rates by anoxygenic photosynthetic
bacteria, and geochemical analyses from IFs (Konhauser et al.,
2002; Kappler et al., 2005; Xiong, 2007). What remains unclear,
is if phototrophic Fe(II) oxidisers can oxidise GR.

Here, we studied the microbial Fe(II) oxidation of
carbonate GR (CO3%") by two anoxygenic phototrophic
Fe(II)-oxidising bacteria: Rhodobacter ferrooxidans SW2 and
Rhodopseudomonas palustris TIE-1. We investigated the ability
of these two species to oxidise Fe(II) in GR by quantifying
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Fe(I) and total Fe in both aqueous and solid phases spec-
trophotometrically, and by Méssbauer spectroscopy. We also
observed the cell mineral associations using SEM. Based on
our results, we hypothesise that anoxygenic phototropic Fe(II)
oxidation of GR could have contributed to the formation of
Fe(IIl) (oxyhydr)oxides during Precambrian IFs deposition.

§ Materials and Methods

GR (CO3*) synthesis. GR (CO3>) was synthesised following
the modified protocol of Bocher ef al. (2004), (further details
in SI). After synthesis, the initial GR was divided into separate
bottles, which were washed with anoxic ultrapure H,O water
(GR_water), SW2 medium (GR_SW2) and TIE-1 medium (GR_
TIE-1), respectively, in a glovebox to remove dissolved Fe(II).

Culturing medium and experimental setup. Detailed
information on cultivation of SW2 and TIE-1 is provided in the
SI. Before inoculation, GR_SW2, and GR_TIE-1 stock solu-
tion (~6 mM solid Fe(II)) were injected into the 25 ml anoxic
and sterile medium. From the stock culture, 10 % (2.5 ml)
and 20 % (5 ml) inoculum were added to respective micro-
cosms and incubated for 19 days at 20 °C and 12 pmol quanta
m~s™ (600 lux) with a 40 W tungsten incandescent light bulb.
Triplicates were prepared for both SW2 and TIE-1, with an
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Figure 1

Scanning electron microscopy (SEM) images of (a) GR_SW2 starting material, (b) SW2 culture suspension with GR, and

additional sterile setup containing no inoculum to confirm the
absence of chemical oxidation of Fe(II).

Fe speciation analysis. For Fe(Il) and total Fe (Fe(II)
and Fe(IIl)) analyses in both aqueous and solid phases, 1 ml
of culture slurry was centrifuged at 13400 rpm for 10 min. The
supernatant was mixed with 1 M HCl to prevent further oxida-
tion. The residual precipitate was dissolved in 6 M HCl within
24 hours, and further diluted with 1 M HCI to prevent Fe(II)
oxidation (Porsch and Kappler, 2011). All sampling, centrif-
ugation and dissolution steps were conducted in an anoxic
glovebox (100 % N). Both Fe(II) and total Fe concentrations
were quantified by the ferrozine assay (Stookey, 1970) with
Fe(IIT) calculated as the difference between Fe(total) and Fe(II).

Moéssbauer spectroscopy. For Mossbauer analysis,
samples of four GR materials and final microbial oxidation
products after 19 days cultivation were filtered on 0.45 pm filter
papers, embedded in Kapton tape in an anoxic glovebox (100 %
N,) and stored in anoxic glass bottles at -20 °C until analysis.
The samples were measured at 140 K using a 3"Fe Mssbauer
spectrometer (WissEL) with a ’Co/Rh source. Spectra were
fitted using the Voigt based fitting (VBF) routine in the Recoil
software (University of Ottawa) (Rancourt and Ping, 1991).

Scanning electron microscopy (SEM). For SEM, culture
slurry was collected and washed with ultra-pure H,O. Washed
samples were dropped on a 0.45 pm filter paper (Fig. S-2) to dry
samples quickly in the glovebox and avoid chemical oxidation
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(c,d) TIE-1 culture suspension with GR after 13 days cultivation. All scale bars in figures are 1 ym. The green hexagons are GR. The

red arrows point to the cells.
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of samples. Dried samples were mounted onto aluminum stubs
using double sided carbon tape, and coated with a 12 nm plat-
inum (Baltec SCD005). Micrographs were collected using a
JEOL JSM-6500F field emission SEM with a Schottky field
emitter, acceleration voltage 5 kV, working distance 10 mm.

a minor sextet phase for initial GR, GR_water and GR_TIE-1,
likely goethite, and resulted from partial oxidation (3.3-13.1 %)
of GR before inoculation of bacteria. SEM showed hexagonal
crystals of GR_SW2 with diameter of ~1 pm (Fig. 1a), before
and after washing, implying that washing with medium did
not change the mineral morphology of GR.

H H Table 1 Fe concentration and pH of four GR materials: Initial
I Results and Discussion GR, GR_water, GR_SW2 and GR_TIE-1.
GR properties. Chemical dissolution followed by a spectro- Aqueous il
photometric ferrozine assay (Stookey, 1970) showed that there phase ote phase Total | Total
was almost no Fe(Il) (<0.16 mM) in the aqueous phase for the GR materials Fe(Il) | Fe | pH
four GR materials after washing (Table 1). It should be noted, Fe(ID) | Fe(ID | Fe(ILD) {Fe(I1D) /} (mM) | (mM)
S . (mM) | (mM) | (mM) | Fe(ID)
however, that more Fe was removed from initial GR by washing
with SW2 and TIE-1 medium than by water, and that the pH of Initial GR 0.08 [140.72| 41.71 | 0.30 [140.80|182.51| 9.72
GR_SW?2 and GR_TIE-1 were lower than initial. G'R and GR_ GR_water 0.03 |130.15| 39.04 | 0.30 |130.18[169.22| 9.69
water. Nevertheless, the Fg(IH)/Fe(H) molar ratio in the solid GR_SW2 011 110831] 31.88 | 029 1084214030 8.69
phase of the four GR materials was the same (~0.3), which was R TIE1 16 |07 5 108.01 | 140 64
consistent with Mdssbauer spectroscopy (Fig. S-1). Mossbauer GR_TIE- 0.16 |107.85] 32.63 | 030 |108.01]14064| 855
spectroscopy of the initial materials indicated the presence of
0.4 0.4
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Figure 2

(a,b) Dissolved Fe(ll), (c,d) Fe(ll) in solid phase, (e,f) Fe(lll) in solid phase at different time points during GR oxidation by

SW2 and TIE-1. Error bars indicate standard deviation of three biological replicates.
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GR oxidation rates and extent. Microcosms were set
up containing GR minerals with ~6 mM Fe(II) and either
strain SW2 or TIE-1. SW2 with 10 % or 20 % inoculum finished
GR oxidation in 11 days or 4 days, and oxidised 89 % or 91 %
solid Fe(Il), respectively. The GR oxidation rate by SW2 with
20 % inoculum (1.33 mM/day) is more than twice as high as
that with 10 % inoculum (0.52 mM/day). Conversely, TIE-1
with 10 % or 20 % inoculum oxidised 81 % or 83 % Fe(II) at
similar rates (0.26-0.27 mM/day) during 19 days cultivation
(Fig. 2). For both SW2 and TIE-1, there was still some Fe(II)
left (9-19 %) in the solid phase. However, Mossbauer spec-
troscopy could not conclusively identify the Fe(II) phase. The
Fe(Il) oxidation rate determined for strain SW2 is consistent
with a previous study, which hypothesised that anoxygenic
phototrophs provide the most likely explanation for IF depo-
sition in a stratified ancient ocean and the absence of Fe in
Precambrian surface waters (Kappler et al., 2005). Although
we observed slight increases in dissolved Fe(II) (0.05-0.12 mM)
and a decrease in solid phase Fe(II) (1.34-1.46 mM) in abiotic
controls, this suggests only minor changes in Fe speciation
including GR dissolution but not abiotic oxidation of GR.

GR oxidation products and oxidation mechanism.
Méssbauer spectroscopy results showed both SW2 and TIE-1
oxidised the GR to a short range ordered Fe(III) oxyhydroxide
phase. Based on hyperfine parameters, this phase is most
likely to be ferrihydrite (Murad and Cashion, 2004) (Fig. 3).
The minor sextet observed in the spectra of the oxidation prod-
ucts is likely indicative of goethite. Additionally, there was
less Fe(II) remaining in the solid phase for SW2 compared
to TIE-1, which is consistent with the spectrophotometric
results. We observed that the rate of GR-Fe(II) oxidation was
faster for SW2 than TIE-1, however, the exact reason for this
is currently unknown. It has been previously shown that both
strains have different mechanisms for Fe(II) oxidation i.e. they
both use different proteins, and that affects the rate at which
they are able to oxidised complexed Fe(II) (Peng et al., 2019a,b).
Potentially, this difference in proteins is responsible for the
differences we saw here. For abiotic O,-driven GR oxidation,
where GR and dissolved oxygen are the reactants, FFOOH is
the mineral end product and [(Fe™),(Fe'™)] the intermediate
species. The transformation is a dissolution-oxidation-pre-
cipitation reaction (Legrand et al., 2004). The dissolved

TIE-1

o Data
——Overall fit
l Il Fe(n)
[ ]Fe(lIl) oxyhydroxide
I Magn. Fe(I1I)
T y T T T T T T T T 7 T 7 T T T v T
-10 -5 0 5 10 -10 -5 0 5 10
Velocity (mm/s) Velocity (mm/s)
Figure 3 Mossbauer spectroscopy data of the minerals produced by oxidation of GR by the phototrophic Fe(ll)-oxidising strains SW2

(10 % inoculum (a) and 20 % inoculum (b)) and TIE-1 (10 % inoculum (c) and 20 % inoculum (d)), respectively. Magn. Fe(lll) corresponds

to a magnetically ordered Fe mineral.
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[(Fe™M,(Fe™)] species, which is in equilibrium with the GR
mineral particles, is released when GR minerals dissolve as
illustrated by the following schematic reaction Eq. 1 (Misawa
et al., 1973, 1974). In our microbial microcosm experiments
with GR, the SW2 and TIE1 strains can either oxidise struc-
tural Fe(Il) in GR, or these strains promote GR dissolution
to Fe(II)-Fe(III) complexes or colloids, and then oxidise these
more bioavailable species immediately. Obviously no complete
dissolution of the GR took place since there were almost no
aqueous Fe(III) and Fe(II) species (<0.03 mM) detected for
SW2 and TIE-1 after 7 days and 5 days, respectively. This
suggests that the reaction proceeds following Eq. 1 and Eq. 2:

[FeiIFeén(OH)u] [COs;, 2H,0] dissolution/precipitation
2[(Fel),(Fe")] + 12 OH" +COs% + 2H,O  Eq. 1

2[(Fell),(Fe'™)] 7+ HCOj + 10H,0 % 6FeOOH + (CH,O) + 13H*
Eq. 2

Despite reported studies on oxidation of GR by nitrate
reducing Fe(Il)-oxidising bacteria (Pantke et al., 2012; Etique
et al., 2014; Miot et al., 2014), the question remains whether
phototrophic Fe(Il)-oxidising bacteria can access lattice
Fe(Il) in GR. Genetic studies have shown that pioABC or
foxEYZ operons are involved in electron uptake from Fe(II)
by TIE-1 and SW2, respectively (Croal et al., 2007; Jiao and
Newman, 2007). Although SW2 could not oxidise solid phase
Fe(II) mineral phases such as vivianite, magnetite or pyrite
(Kappler and Newman, 2004), strain TIE-1 can access not only
dissolved [Fe**(,q] or complexed Fe(Il) [e.g, Fe(II)-nitrilotria-
cetic acid], but also Fe(Il) in the mixed-valent Fe(II)-Fe(III)
mineral magnetite (Byrne ef al., 2015) as well as poised elec-
trodes (Bose et al., 2014). Follow up studies have shown that for
magnetite oxidation by TIE-1, a direct surface-mineral contact
mechanism might be required (Byrne ef al.,, 2016). Since we
did not fix cells for electron microscopy analyses, most SW2
cells appeared flattened or were difficult to distinguish from
minerals (Fig. 1b), but many TIE-1 cells which have a length of
~1 pm and direct contact with the minerals could be observed
(Fig 1c,d). In our study, the initial Fe(II)/Fe(III) ratio of GR was
six times higher than magnetite, suggesting that if solid Fe(II)
can be accessed by the bacteria, GR could potentially act as
an electron donor for phototrophic Fe(II)-oxidisers. Moreover,
the high solubility of GR phases could cause the Fe(II) in GR
to be more bioavailable than structural Fe(II) in magnetite
to phototrophic Fe(Il)-oxidising bacteria through pioABC or
foxEYZ operons, either when the cells are in direct contact with
the minerals or when the GR is undergoing partial dissolution.

Implications for iron mineral deposition. The depo-
sition of Precambrian rocks has mostly been interpreted as
resulting from abiotic or microbial oxidation of dissolved Fe(II)
(Posth et al., 2013, 2014) or by oxidation of Fe(Il)-containing
minerals such as green rust by abiotic processes (Li et al., 2017)
and/or nitrate reducing iron-oxidising bacteria (Miot et al.,
2014). Our present study shows that anoxygenic phototrophic
Fe(II)-oxidising bacteria could also play a role in oxidation of
green rust and potentially the deposition of Fe(III) (oxyhydr)
oxide minerals in IFs. This work supports previous claims
that anoxygenic phototrophic Fe(II)-oxidising bacteria could
have played a significant role in IF deposition by promoting
the precipitation of Fe(IIl) (oxyhydr)oxides (Posth et al., 2008;
Czaja et al., 2013). Here, we present evidence that anoxygenic
phototrophic Fe(Il)-oxidising bacteria can oxidise GR to a
short range ordered Fe(III) oxyhydroxide in freshwater media,
further highlighting the potential role of these microorgan-
isms in the genesis of minerals in IFs in ancient environments.

N} Supplementary Information

The Supplementary Information contains additional Materials
and Methods, Tables with Fe(II), Fe(III), Fe(tot) concentra-
tions over time in microbial cultures and Mdssbauer spectros-
copy hyperfine parameters, as well as figures for Mdssbauer
spectrum of four GR materials and SEM image of 0.45 ym
filter paper.
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