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Anaerobic microbial manganese oxidation (AMMO) has been considered an ancient biological metabolism for Mn element cycling
on Archaean Earth before the presence of oxygen. A light-dependent AMMO was recently observed under strictly anoxic
conditions, providing a new proxy for the interpretation of the evolution of oxygenic photosynthesis. However, the feasibility of
biotic Mn(ll) oxidation in dark geological habitats that must have been abundant remains unknown. Therefore, we discovered that
it would be possible to achieve AMMO in a light-independent electrosyntrophic coculture between Rhodopseudomonas palustris
and Geobacter metallireducens. Transmission electron microscopy analysis revealed insoluble particle formation in the coculture
with Mn(ll) addition. X-ray diffraction and X-ray photoelectron spectroscopy analysis verified that these particles were a mixture of
MnO, and Mn30,. The absence of Mn oxides in either of the monocultures indicated that the Mn(ll)-oxidizing activity was induced
via electrosyntrophic interactions. Radical quenching and isotopic experiments demonstrated that hydroxyl radicals (+OH) produced
from H,O dissociation by R. palustris in the coculture contributed to Mn(ll) oxidation. All these findings suggest a new, symbiosis-
dependent and light-independent AMMO route, with potential importance to the evolution of oxygenic photosynthesis and the
biogeochemical cycling of manganese on Archaean and modern Earth.
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INTRODUCTION
Microbial Mn(ll) oxidation (MMO) is an important biogeochemical
process in the global cycles of various trace metals and nutrients
because of the remarkable oxidation and adsorption properties of
the generated Mn(lll/IV) oxides [1-3]. Previous studies have shown
that MMO could primarily be attributed to direct enzymatic
oxidation by multicopper oxidases or heme peroxidases in
bacteria such as Bacillus spp. and Erythrobacter sp. [4, 5], or
indirectly by biogenic reactive oxygen species (e.g., superoxide
radical (O,7+)) in some species, such as Stilbella aciculosa and
Roseobacter sp. [6, 7]. All these MMO processes require substantial
free oxygen concentrations. Even the new group of manganese
oxidizers reported by Yu et al., which accomplish Mn(ll) oxidation
syntrophically, require oxygen to drive the formation of manga-
nese oxides [8]. In addition to aerobic MMO, an anaerobic MMO
(AMMO) process in the absence of oxygen, relevant for Archaean
Earth, has also drawn great attention in recent years because Mn
oxides in ancient environments have been used as an important
geochemical signal for the evolution of oxygenic photosynthesis
prior to the Great Oxidation Event (GOE) [9-11]. However, the
occurrence and mechanism of Mn(ll) oxidation in the absence of
oxygen on Archaean Earth remain poorly understood.

Light seems necessary for anaerobic manganese oxidation. As
reported by Liu et al, rhodochrosite (MnCOs), an Archean
manganese mineral, can be photochemically oxidized into

manganite (y-MnOOH) by UV light under anoxic and abiotic
conditions, providing an alternative mechanism for producing
manganese oxides in the absence of molecular oxygen [12]. In yet
another variation, Daye et al. incubated anoxygenic photosynthetic
biofilm from a meromictic lake, and reported that these photo-
synthetic biofilms could anaerobically oxidize Mn(ll) under light
illumination [13]. They demonstrated that this AMMO relied on the
light-dependent interaction between the anoxygenic photosyn-
thetic microorganism Chlorobium sp. and Geobacter species via
interspecies electron transfer (IET). This finding provides some new
possibilities for the interpretation of the evolution of oxygenic
photosynthesis and the role of microbial syntrophy in that evolution
and in biogeochemical Mn cycling on the early Earth. However,
many geological environments (e.g., nearly all marine and fresh-
water sediments) have anoxic dark zones, even on modern Earth;
therefore, it is of great interest to know the feasibility of Mn(ll)
oxidation in these dark and anoxic environments.

IET is a process of syntrophic electron exchange between two
microorganisms using mediators or direct contact, which has been
shown to endow microorganisms with unexpected abilities such as
methane oxidation, carbon fixation, and bioremediation of con-
taminants [14-16]. IET has been described in several model
microbial cocultures, including Geobacter metallireducens and
Geobacter sulfurreducens [17], G. metallireducens and Methanosar-
cina barkeri [18], and Syntrophomonas wolfei and Methanobacterium
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formicicum [19]. A novel light-independent electrosyntrophic
interaction was recently observed in Rhodopseudomonas palustris,
a well-known anoxygenic photosynthetic bacterium [20], and G.
metallireducens coculture under dark and anoxic conditions, which
revealed a new metabolic form, i.e., syntrophic electroautotrophy,
for anoxygenic phototrophs [21]. This unique electrosyntrophic
coculture was shown to contribute to dark CO, fixation. Inspired by
previous evidence of Mn(ll) oxidation driven by anoxygenic
photosynthetic microorganisms [13, 22], a variation in the Mn(ll)
oxidation process was expected in this electrosyntrophic coculture.
In particular, the report of Daye et al. [13] stimulated us to examine
the possibility of a syntrophically driven light-independent AMMO,
analogous to the abovementioned anaerobic light-independent
symbioses [21].

In this study, we provide experimental evidence that the
electrosyntrophic interaction between R. palustris and G. metallir-
educens can catalyze AMMO under anoxic dark conditions, and we
show that this light-independent IET results in Mn(ll) oxidation to
Mn(lll/IV) oxides under strictly anoxic conditions. By electroche-
mical and radical quenching tests, the significant role of «OH in
this AMMO was confirmed. The results of this study provide a
mechanism whereby ancient anoxygenic photosynthesis could
have been involved in the production of Mn(lll/IV) oxides in a
more diverse pathway, offering new data that should be
considered when discussing the evolution of oxygenic photo-
synthesis and biogeochemical Mn cycling on Earth.

MATERIALS AND METHODS

Microorganisms and culture medium

G. metallireducens GS15 and R. palustris CGMCC 1.2180 were both obtained
from frozen stocks in our laboratory and were initially purchased from the
Deutsche Sammlung von Mikroorganismen und Zellkulturen and the China
General Microbiological Culture Collection Center, respectively. Pure
cultures of G. metallireducens and R. palustris were anaerobically grown
at 30°C in FCA and 0259 medium, respectively [21]. R. palustris was
incubated under illumination with an LED light (15W, with an optical
power density of 20 Wm™2) as previously described [23]. Coculture of G.
metallireducens and R. palustris was anaerobically cultured at 30°C in
nutrient broth (NB) medium in the dark, with 20 mM acetate as the
electron donor and 30 mM nitrate as the electron acceptor [21]. The culture
medium was aerated with mixed gas (N,:CO,, 80:20) to remove oxygen
and then sterilized using an autoclave. The cocultures were transferred at
least six times to obtain a stable electrosyntrophic interaction between G.
metallireducens and R. palustris [24]. For AMMO experiments, Mn(ll) was
added as MnCl, to a final concentration of 1 mM.

Analytical techniques

Acetate oxidation by G. metallireducens and R. palustris coculture was
monitored using ultrahigh-performance liquid chromatography (U3000,
Thermo Fisher Scientific, USA) equipped with an Aminex HPX-87H column
(Bio-Rad, USA) [25]. Nitrate reduction by the coculture was measured with
an ion chromatograph (ICS900, Thermo Fisher Scientific, USA) [26]. The
concentration of O, in the coculture system was measured using a Neofox-
kit-probe (Ocean Optics, USA). First, coculture cells were inoculated into
anaerobic blue cap bottles and cultured in an anaerobic glove box at 30 °C.
Then, the Neofox-Kit probe was crossed through a rubber plug of the blue
cap bottle, and the oxygen concentration was detected. The expression of
genes encoding proteins involved in AMMO was analyzed according to
transcriptomic data [21].

Characterization of manganese oxides

Mn(lll/IV) oxides were detected using the colorimetric reagent Leucober-
belin Blue | (LBB) (SIGMA) as previously described [27]. For measurement,
2mL samples were mixed vigorously with 1 mL LBB reagent and then
poured into the cuvette to monitor the absorbance at 620 nm using a UV/
Vis spectrophotometer (UV2600, Shunyuhengping, China). The Mn(lll/IV)
content was calculated according to the standard curve prepared with
KMnQ, solution. Because the LBB assay cannot distinguish Mn(lV) from
Mn(lll) and Mn(lll) would be disproportionate immediately to Mn(ll) and
Mn(IV), all the determined Mn(lll/IV) values were calculated to be Mn(IV)
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[27]. The high-resolution transmission electron microscopy (TEM) images
and selected area electron diffraction (SAED) were analyzed using a field-
emission transmission electron microscope (2100F, JEM, Japan). Elemental
mapping was performed by an XMaxN energy-dispersive X-ray spectro-
meter (EDS) attached to the TEM instrument and by scanning electron
microscope (SEM, Hitachi SU8010) equipped with an IXRF system. The
X-ray diffraction (XRD) patterns were obtained utilizing an X-ray
diffractometer (XRD-6000, Shimadzu, Japan). X-ray photoelectron spectro-
scopy (XPS) experiments were performed using an XPS spectrometer
system (Escalab 250XI, Thermo, USA).

Reactive oxygen species (ROS) measurements

The O, concentration was monitored by adding 50 uM nitro blue
tetrazolium (NBT) to the culture, and the absorbance at 560 nm was
recorded using a UV/Vis spectrometer (UV2600, Shimadzu, Japan) [28, 29].
The concentration of H,O, was determined by using a fluorescence
spectrometer (G9800A, Agilent Technologies, USA) to detect the fluores-
cence at Ay=3165nm and A.,=4085nm formed by H,O, and
p-hydroxyphenylacetic acid [30]. The -OH concentration was monitored
by adding 0.5 mM purified terephthalic acid and detecting the fluores-
cence at Aey =320 nm and A, =425 nm using a fluorescence spectro-
meter (G9800A, Agilent Technologies, USA) [31]. Triplicate measurements
were conducted to reproduce the results. The presence of «OH was further
verified using electron paramagnetic resonance spectroscopy (EPR) (A300-
10/12, Bruker, Germany) with 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) as
a trapping agent. For quenching experiments, dimethyl sulfoxide (DMSO,
1 mM), catalase (10 mg/L), and superoxide dismutase (SOD, 10 mg/L) were
added to the coculture to quench «OH, H,0,, and O, -, respectively [7, 28].

Two-chamber microbial fuel cells (MFCs)

H-type cells were employed to construct two-chamber microbial fuel cells
(MFCs) as previously described [21, 32]. Briefly, each chamber of the cell
had a 25 mL liquid volume and a 5 mL headspace volume. Graphite plates
(1.5%1.0x0.5cm) were used as the anodic and cathodic electrodes,
respectively. A proton exchange membrane (Nafion 117, DuPont, USA) was
used to separate the anodic and cathodic chambers. An external resistance
(1 MQ) was applied to connect the anode and cathode, and the voltage
across the resistance was recorded using a data acquisition system (Model
2700, Keithley Instruments, USA). NB medium was used as the electrolyte.
To initiate the two-chamber MFCs, 1 mL of G. metallireducens and R.
palustris cells were inoculated into the anodic and cathodic chambers,
respectively. The two-chamber MFCs were wrapped with aluminum foil to
maintain darkness and then anaerobically incubated at 30 °C.

Stable isotope analysis

To verify the origin of -OH, '®0-labeled H,0 (SIGMA) was used to replace
the normal water for the preparation of the coculture medium. When G.
metallireducens and R. palustris cocultures in the medium grew to their
stable phase under dark and anoxic conditions, 80 mM DMPO was added
to trap the «OH produced by the cocultures, and then the supernatant was
collected and injected into an ultrahigh-performance liquid
chromatography-triple quadrupole mass spectrometer (LC-MS, TSQ
Endura, Thermo Fisher, USA) for the analysis of DMPO-"80H produced
from the reaction of DMPO with «'®0OH. LC was performed with a
Phenomenex C-18 reversed-phase column and detected at 254 nm by a
UV detector, and MS was performed in positive ion mode as described
previously [33].

RESULTS

Light-independent anaerobic manganese oxidation in
Geobacter and Rhodopseudomonas cocultures

An anoxygenic photosynthetic bacterium (R. palustris) formed an
electrosyntrophic coculture with G. metallireducens under dark and
anoxic conditions with acetate as the electron donor and nitrate
as the electron acceptor. Metabolism analysis showed that acetate
and nitrate were simultaneously metabolized in the coculture
(Fig. S1A), supporting a syntrophic interaction between G.
metallireducens and R. palustris. When the coculture was incubated
with 1 mM Mn(ll) addition, both acetate and nitrate were
consumed with time as well (Fig. S1B), and the consumption
rates of these compounds were the same as that without Mn
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Fig. 1

Manganese oxide formation in electrosyntrophic cocultures of G. metallireducens and R. palustris. A Appearance of cocultures

added with or without MnCl, and incubated under dark anoxic conditions. B TEM of G. metallireducens and R. palustris coculture cells
incubated with 1 mM MnCls,. Inner insoluble particles indicated the formation of insoluble manganese oxides. C Manganese oxide formation
on the surface of coculture cells and D around nanowires pictured by high-resolution transmission electron microscope. E TEM high-angle
annular dark-field image of manganese oxides formed in the coculture marked in D. F Elemental mappings of Mn and G O elements. H TEM
lattice fringe images of manganese oxides formed in cocultures with d-spacings of 3.41 A Mn;0,4 and 1 2.53 A MnO,. J SAED patterns of the
manganese oxides. The inner picture shows the area selected for SAED analysis.

addition, suggesting that the addition of Mn did not affect the
growth of this coculture. Moreover, the color of the coculture
turned dark, and some insoluble particles gradually formed
(Fig. 1A). These particles were distributed inside the aggregates
as well as on the surface of cells and their cellular nanowires
(Fig. 1B-D). In contrast, no particles formed in cocultures without
the addition of Mn(ll) or in heat-killed cocultures after supplying
Mn(ll) (Fig. S2). Therefore, insoluble Mn oxides were hypothesized
to be formed by the coculture. Mn(lV) gradually accumulated in
the coculture (Fig. S1C), which was well associated with the
growth of the coculture (Fig. S1B), suggesting the dependence of
AMMO on the growth of the coculture. The accumulation of
Mn(lV) in cocultures reached to 10.39 + 0.82 uM after incubation
for 12 days (Fig. S1C). The single species alone could not grow in
the presence or absence of Mn(ll) (Fig. S3), which indicated that
the electrosyntrophy between G. metallireducens and R. palustris
induced the formation of Mn oxides.

To characterize these Mn oxide particles in more detail, further
analyses, including SEM, TEM, and SAED analysis, were performed.
The SEM- and TEM-EDS mappings showed that these particles
mainly consisted of Mn and O elements (Figs. 1E-G and S4). TEM
lattice fringe images showed that these particles had a uniform
lattice fringe with interplanar spacing of 3.41 A and 2.53 A (Fig. 1H, ),
which was consistent with the characteristic value for Mn;O,4 and
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MnO, [34, 35], respectively. The SAED pattern of these particles also
exhibited Bragg diffraction rings for Mn30, and MnO, (Fig. 1J). The
composition of these Mn(lll/IV) oxides was further investigated by
performing XRD and XPS analysis as previously described [30, 36].
The diffraction peaks of the XRD patterns were in agreement with
PDF#12-0713 and PDF#03-1041 (Fig. 2A), confirming the formation
of both MnO, and Mns0,. No diffraction peaks of Mn(lll/IV) oxides
were observed from the coculture without the addition of Mn(ll)
(Fig. 2A), excluding the generation of Mn(lll/IV) oxides from the
culture medium. XPS analysis displayed peaks at 653.9, 6424, and
83.44 eV (Fig. 2B), which have been reported to be the characteristic
peaks of Mn 2p; /5, Mn 2ps,,, and Mn 3s [36, 37], respectively. Further
measurement of Mn 2p multiplet splitting showed that they were
well fitted to MnO, and Mn30;, (Fig. 2C). Moreover, the peak splitting
of Mn 2p;/; and Mn 2p3,, is 11.82 eV, which is between the range of
11.3eV for Mn;0, and 11.9eV for MnO, [30, 38], therefore also
indicating the presence of a mixture of MnO, and Mn30,. According
to previous reports, the peak splitting of Mn 3s is more important for
assessing its oxidation state, and the proposed values for MnO, and
Mn304 are 4.5 and 5.3 eV, respectively [30, 39]. For our samples, the
peak splitting was 527 eV (Fig. 2D), which was in the range of
4.5-5.3 eV, implying the shift of Mn(ll) to Mn(lll/IV). In addition, the
XPS survey spectrum had a peak at 5.63 eV on Mn 3p (Fig. S5), which
has been proposed to be attributed to Mn;0,4 [36]. All of these
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Fig. 2 Characteristics of insoluble manganese oxides. A Smoothed XRD spectra of manganese oxides in the range of 15 <26 <85. B XPS
survey spectrum of manganese oxides. C XPS analysis of the 2p and D 3s spectral regions of manganese oxides.

results revealed that the formed Mn oxides in the coculture were
mainly composed of MnO, and Mns0O,.

Hydroxyl radicals were responsible for anaerobic manganese
oxidation in cocultures

MMO has previously been proposed to be catalyzed by Mn
oxidases, ROS or high-potential photosynthetic reaction centers
under oxic conditions [4, 7, 13]. G. metallireducens and R. palustris
do not possess high-potential photosynthetic reaction centers
under dark conditions [40]. Therefore, the possibility of Mn(ll)
oxidation catalyzed by intrinsic Mn oxidases or ROS was probed.
The expression of Mn oxidases, including manganese peroxidases,
multicopper oxidases, and heme peroxidases, was analyzed.
Genes encoding enzymes potentially catalyzing Mn(ll) oxidation,
such as multicopper oxidases in G. metallireducens and copper
oxidases in R. palustris, were both expressed at low levels in this
coculture (Tables S1a, S2a), excluding the possibility that
syntrophic interactions stimulate the expression of silent Mn(ll)-
oxidizing genes [41]. Taken together, these findings indicated that
Mn oxidases should not be involved in AMMO in the G.
metallireducens and R. palustris coculture.

Mn oxidation is very slow in natural environments below pH 9.0
even under oxic conditions due to the high redox potential of Mn
(Fig. 3A) [42, 43]. Specifically, the redox potential of the O,/H,0
couple (E° = 1.23 V) is slightly lower than that of Mn, therefore the
spontaneous abiotic oxidation of Mn(ll) is very slow. The oxidation
of Mn(ll) always requires a catalyst to enhance the oxidation rate
by orders of magnitude [44]. In addition to Mn oxidases, ROS,
including 0,7+, H,0,, and <OH, are considered to be active for Mn
oxidation. The E° of the 0,7+/H,0 couple is 2.40 V (Fig. 3A), which
is higher than that of Mn(ll)/Mn(lll) but slightly lower than that of
Mn(Il)/Mn(1V), leading to the fast formation of Mn(lll) but a low rate
of Mn(IV) formation [45]. The E° of H,0,/H,0 is 1.76 V, which is far
lower than that of O, +/H,0 and that of Mn(ll)/Mn(IV), exhibiting
undesirable oxidation to form Mn(IV) oxides [46]. For the «OH/H,0
couple, EC is 2.8V, which is much higher than that of Mn(ll)/Mn(IV),
suggesting the chemical feasibility of Mn(ll) oxidation into Mn(lll/

SPRINGER NATURE

IV) oxides [47]. In view of the above, ROS-mediated Mn(ll)
oxidation in cocultures was further evaluated in detail. There
was no detectable O, « in the G. metallireducens and R. palustris
cocultures in the presence or absence of Mn(ll) (Fig. 3B). The
undetectable O,+ could have been attributed to its fast
consumption. Furthermore, SOD was also added to the system
to quench the potential O, «. The generation of Mn(lll/IV) oxides
was not affected (10.37 + 0.62 pM) in the presence of SOD, thereby
eliminating O, --mediated Mn(ll) oxidation. Other ROS were
further analyzed, showing the presence of +OH and H,0, in the
coculture in both the presence and absence of Mn(ll) (Fig. 3C, D).
The production of «OH was also confirmed using an EPR
spectrometer (Fig. 4A). The concentrations of H,O, and -OH
increased with the growth of the coculture cells, with maximum
concentrations of 89.68 + 0.52 and 0.83 + 0.04 uM (Fig. 3E), respec-
tively, indicating that H,O, or «OH may have been involved in
AMMO in this coculture. A small amount of Fe(ll) existed in the
coculture medium, and the accumulation of H,0, was slightly
lower in cocultures in the presence of Mn(ll) than in the absence
of Mn(ll) (Fig. 3D), indicating a Mn(ll) oxidation reaction by H,O, as
follows [45, 48, 49]:

Mn%* 4+ H,0, — Mn3* + ¢OH + OH™ (M

2Mn*t 4 2H,0 — MnO; + Mn?* + 4H™* )

However, the Fenton reaction seems to be only partially
responsible for Mn(ll) oxidation since the consumed H,0,
(4.72 £0.13 pM) cannot account for the high Mn(lll/IV) production
(10.39£0.82 uM). Furthermore, when a H,0, scavenger was
added into the coculture, both the oxidation of Mn(ll) and the
growth of coculture cells remained almost unaffected (Figs. S6,
S7A, B), implying a minor role of H,0, on the light-independent
AMMO. In contrast, when a «OH scavenger (DMSO) was added to
the coculture, the growth of the coculture was almost unaffected
(Fig. S7A, B), but the generation of *OH and Mn(ll) oxidation was

The ISME Journal (2023) 17:163-171
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completely inhibited (Figs. S6A, S7C). Taken together, these results
confirmed that both «OH and H,O, produced in the coculture
contributed to the AMMO, but +OH was the main contributor. The
potential Mn(ll) oxidation reaction driven by «OH was as follows
[49-51]:

Mn?* + eOH — Mn3* + OH™ 3)

2Mn3* + 2H,0 — MnO5 + Mn?* + 4H* (4)

Hydroxyl radicals were produced during the extracellular
electron uptake process of R. palustris

To verify the origin of «OH in this coculture, G. metallireducens and
R. palustris were separately incubated in an anodic and a cathodic
compartment of two-chamber MFCs under dark and anoxic
conditions, respectively (Fig. S8). In the two-chamber MFCs, G.
metallireducens and R. palustris were physically separated by a
proton exchange membrane, which would stop the mixture of
electrolyte in the anodic and cathodic chambers and help to
identify the source of -OH generation. Neither «OH nor H,0, was
produced in the compartment containing G. metallireducens, while
both H,0, and <OH were detectable in the compartment
containing R. palustris (Fig. S9). In addition, the LBB assays
confirmed that Mn(ll) cannot be oxidized in the compartment
containing G. metallireducens but can be oxidized in the
compartment containing R. palustris (7.31£0.53 uM Mn(lV)). To
determine whether «OH generation has existed commonly in
electrosyntrophy, another well-studied electrosyntrophic cocul-
ture of G. metallireducens and G. sulfurreducens was explored.
Neither Mn oxidation nor «OH generation was observed in this
coculture system (Fig. S10). All these results suggested that -OH
generation did not occur in all electrosyntrophic coculture system,
and the extracellular electron uptake of R. palustris was the key
process for «OH generation as well as the subsequent Mn(ll)
oxidation. ROS production generally requires the involvement of
oxygen [52, 53], but the oxygen concentration in coculture was
low (ca. 0.25 + 0.07 uM), which therefore could not be the reason
for this high «OH generation (0.83 + 0.04 uM). H,O was previously
shown to be another source for the generation of -OH [54, 55].

The ISME Journal (2023) 17:163-171

Therefore, to further verify the source of «OH in the coculture,
stable isotope analysis was conducted by using '0-labeled H-0.
Only DMPO/'®OH was detected in the coculture when the
coculture was incubated in '®0-H,O (Fig. 4B), while DMPO/'®0H
was present in the coculture in the presence of '®0-labeled H,O
(Fig. 4C), confirming that -OH in the coculture originated from H,0
dissociation.

DISCUSSION

Generally, Mn(ll) oxidation occurs under oxic conditions, and the
pathways proposed for Mn(ll) oxidation mainly include direct
oxidation by Mn oxidases and indirect oxidation by free radicals
[3, 8]. Recently, it has been shown that Mn(ll) oxidation also occurs
under anoxic conditions [13, 56]. Herein, the discovery of light-
independent AMMO by the electrosyntrophic coculture of G.
metallireducens and R. palustris revealed a previously undescribed
pathway for anaerobic manganese oxidation (AMMO). G. metallir-
educens oxidized acetate to produce electrons that were transferred
to the outside of this strain, and then the partner strain R. palustris
took up these electrons via reverse electron flow through the cyclic
photosynthetic apparatus (Fig. 5A) [21]. During this unique electron
flow process, H,O was dissociated to produce <OH that finally
contributed to Mn(ll) oxidation. Nitrate and acetate were used herein
as a representative electron acceptor and donor for the coculture of
G. metallireducens and R. palustris, respectively. A relatively high
concentration of nitrate was used to accelerate the anaerobic
respiration for ATP generation of this coculture. When the light-
independent AMMO cocultures were incubated under a relatively
low concentration of nitrate (e.g, 5 NOs-N mg/L), the growth of
coculture and the light-independent AMMO could still be detected
(Fig. S11), indicating the possible occurrence of this light-
independent AMMO in the natural environment. As previously
reported, «OH can be generated from H,O under anoxic conditions
through a one-electron transfer process via some catalysts such as
abiotic FeS,, in which the surface sulfur vacancies and Fe3* were
able to stabilize H,O adsorption to compensate for the apparent
energy barrier of H,O oxidation to generate «OH [54, 55]. In this
regard, the Fe-S clusters in anoxygenic photosynthetic bacteria, such
as R. palustris, which have a wide range of redox potentials and are
capable of binding and activating substrates and mediating one-
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electron transfer [57-59], are expected to play an important role in
the dissociation of H,O to generate OH by accepting extracellular
electrons from G. metallireducens (Fig. 5A). Genes encoding Fe-S
proteins in R. palustris in coculture were highly expressed (Fig. 5B
and Table S1b). Additionally, genes correlated to the SUF system Fe-
S cluster assembly proteins that are involved in the biogenesis of Fe-
S clusters for photosystems [57, 60], including WP_011158018.1,
WP_011158014.1, and WP_011158015.1, were highly expressed in
polarized R. palustris in the above two-chamber MFCs compared to
unpolarized R. palustris in an open circuit (Fig. S12). These results
suggested that Fe-S clusters of R. palustris might participate in <OH
generation from H,O dissociation. Additionally, the transcript level of
genes correlated to Fe-S clusters and IET proteins in G. metallir-
educens and R. palustris coculture with or without Mn(ll) addition was
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analyzed to verify the possible effect of Mn(ll) on the gene
expression of this coculture. There were no significant differences in
the expression of genes correlated to SUF and IET proteins in
cocultures in the presence and absence of Mn(ll) (Fig. S13), and the
addition of Mn(ll) did also not affect the metabolic rate of acetate
and nitrate (Fig. STA, B). These results suggested that Mn(ll)
oxidation by the coculture was a secondary reaction. Additionally,
the Fe-S clusters activated H,O might also react with the Fe center of
cytochrome c to produce «OH [21, 61, 62], which is consistent with
the finding that the produced Mn oxides in the coculture were
mainly associated with both the cell surface and nanowires where
cytochrome ¢ was widely distributed and highly expressed (Fig. 5B
and Tables S1c and S2c¢) [21]. In addition, «OH has been shown to
react with organic matter to form H,O, by attacking the carbon
centers of organics [63, 64], which would explain the presence of
H,0, in this system (Fig. 5A).

The presence of «OH in natural environments, including natural
waters, sediments, and soils [65-67], has been widely detected.
The «OH generation has been largely considered to be abiotic
photochemically driven [68, 69] or aerobic biotic driven reactions
[70, 71]. Recent studies have also provided increasing evidence for
«OH generation from anoxic waters and sediments [72-74].
However, the mechanism of «OH generation under dark/anoxic
conditions remains largely unknown. In this study, OH was found
to be generated from H,0O under anoxic conditions by electro-
syntrophic coculture of G. metallireducens and R. palustris. This
phenomenon contradicts the hypothesis that O, is needed for
ROS generation in biological systems through the univalent
reactions of oxygen (0,—0, +—H,0,—+0H) [75-77]. To date, the
underlying mechanism of «OH generation from H,O under anoxic,
dark conditions has been proved to be catalyzed by Fe-S clusters,
but the exact responsible protein still requires further study.

The occurrence of Mn oxide particles may have been involved
in the evolutionary route of oxygenic photosynthesis [78].
However, the formation of early geological Mn oxide particles is
still debated. Chernev et al. suggested that Mn oxides might be
generated from an anaerobic photosynthesis process by a
photosystem Il (PS-ll) ancestor on early Earth [78]. Daye et al.
proposed that Mn oxides are able to be generated in anaerobic
photosynthetic biofilms, which was associated with the formation
of ordered dolomites that are abundant in ancient rocks but rare
in modern ones [11, 13]. In this regard, the formation of Mn oxides
from this light-dependent AMMO process may represent a
biosignature for past microbial activity in some Archean and
Proterozoic [10, 11]. Liu et al. suggested that rhodochrosite, one of
the major Archean Mn minerals, could have been photochemically
oxidized by light under anoxic, abiotic conditions during the
Archean eon [12]. Herein, the finding of light-independent AMMO
by the coculture might expand the diversity of Mn redox
processes beyond what was thought possible in the presence of
high potential photosynthetic reaction centers or light, and offer a
new and possible path to explain the formation of Mn(ll) oxides on
the early Earth.

Mn is mainly present as soluble or adsorbed Mn(ll) and
insoluble Mn(lll/IV) oxides in natural environments [1]. High
concentrations of Mn(ll) are harmful to human health by causing
damage to the nervous system [2, 79]. The oxidation of excess
soluble Mn(ll) to insoluble and nonbioavailable Mn(lll/IV) oxides is
an effective strategy to reduce Mn toxicity. The MMO has been
mainly detected in aerobic environments because a strong
oxidant, such as oxygen, is needed for the oxidation of Mn due
to its high redox potential [80]. However, Mn oxides are also
present in many anoxic geological environments that are dark,
such as marine and freshwater sediments [81, 82]. It is worth
mentioning that Mn oxides produced from microbial oxidation
generally possess strong oxidation power and large surface area,
which are active in attenuating contaminants through adsorption,
coprecipitation, and redox reactions in natural environments [83].
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In addition, Mn oxides are able to act as electron acceptors to
promote the redox cycles of many other elements, such as C, N,
and S, under anoxic conditions [84, 85]. However, less attention
has been given to tracing the origin of Mn oxides in anoxic
environments. In this regard, the findings of this light-
independent AMMO route might also provide a new under-
standing of Mn cycling and the associated environmental
remediation processes in dark, anoxic environments.

CONCLUSION

Our study demonstrates that Mn(ll) could be anaerobically oxidized
into Mn oxides by the electrosyntrophic coculture of G. metallir-
educens and R. palustris under dark conditions. In this Mn(l)
oxidation process, G. metallireducens oxidizes acetate and transfers
extracellular electrons to R. palustris, and R. palustris accepts the
electrons for the dissociation of H,0 to -OH under anoxic conditions.
The produced +OH is believed to have catalyzed Mn(ll) into Mn
oxides. The Fe-S clusters in the photosystem of R. palustris were
proven to be involved in H,O dissociation. Different from the
previous light-dependent AMMO, the light-independent AMMO
here revealed a new AMMO mode under anoxic, dark conditions,
suggesting a diverse pathway of microbial Mn metabolism and
extending the ecological environment of MMO. All of these findings
reveal a new microbial Mn(ll) oxidation mode under dark, anoxic
conditions, providing a new understanding on the cycling of Mn.
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