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HIGHLIGHTS

e S. oneidensis MR-1 conducts EET under
high dissolved oxygen (aerobic EET).

e Aerobic EET at DO > 4 mg/L generate 5-
fold higher current than under anaer-
obic conditions.

e Aerobic EET occurs across multiple
Shewanella species.

e Aerobic EET reduces birnessite, inform-
ing manganese biogeochemical cycling.
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GRAPHICAL ABSTRACT

ABSTRACT

Microbial extracellular electron transfer (EET) can convert chemical energy directly into electron flow and is
pivotal in wastewater treatment, power generation and biogeochemical cycles. However, it is widely believed
that this process can only occur under anaerobic or micro-aerobic conditions, which poses severe limitations to
applications of microbial EET processes. Here, we report that an EET model strain, Shewanella oneidensis MR-1
can activate counterintuitive EET processes to output electron flow also under high dissolved oxygen condi-
tions, i.e. aerobic EET. Significantly, bio-electrochemical system under high dissolved oxygen conditions was
found to give a 5-fold higher current density compared to commonly known anaerobic conditions. The under-
lying mechanism suggests that although high dissolved oxygen (>4.0 mg/L) reduces the effectiveness of electron
shuttles, it supports a greater biological capacity and faster metabolic processes. We have also found that aerobic
EET process can reduce effectively the manganese mineral birnessite aerobically, offering insights into the
biogeochemical cycling of manganese. Furthermore, this aerobic EET processes were also identified in several
Shewanella species.
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1. Introduction

Extracellular electron transfer (EET) is a process in which microor-
ganisms oxidize organic matter intracellularly and release electrons to
extracellular space through an electron transport chain to obtain energy
(Shi et al., 2016; Xiao et al., 2021; Xiao et al., 2017). The discovery of
EET has not only broadened our understanding of the diversity of mi-
crobial respiratory pathways but also significantly expanded the variety
of electron acceptors in the respiratory chain due to the unique EET
mechanism (Lovley, 2006; Myers & Nealson, 1988). This holds crucial
significance and application value in areas such as pollutant removal,
bio-energy recovery, biosynthesis, and mineral biogeochemical cycling
(Aiyer & Doyle, 2022; Bretschger et al., 2007; Harnisch et al., 2024; Lin
et al., 2021; Logan, 2009).

Efficient EET processes are the key to facilitate these applications,
and many studies have focused on exploring the EET mechanisms (Agee
et al., 2024; Cao et al., 2021; Liu et al., 2023; Yang et al., 2020). Almost
all these studies suggest that the EET processes take place under
anaerobic conditions (Cao et al., 2021; Light et al., 2018; Yang et al.,
2020). Microorganisms engaged in aerobic respiration typically utilize
dioxygen as the electron acceptor, because dioxygen is energetically
more favorable compared to other oxidizing metabolites such as Fe and
Mn oxides, SO%’, and NOj3 in nature (Imlay, 2013; Lu & Imlay, 2021).
However, anaerobic EET respiration is a low-energy yield metabolic
mode and only produces limited biomass, which largely restricts tech-
nological applications of microbial EET processes.

Previous studies have promoted current generation in bio-
electrochemical systems (BESs) in micro-aerobic conditions (dissolved
oxygen, DO < 0.4 mg/L) (Kouzuma et al., 2012; Lu et al., 2017; Ring-
eisen et al., 2007; TerAvest et al., 2014). However, the rapid con-
sumption of dioxygen by microorganisms as a function time means that
EET in fact mainly occurs under anaerobic conditions. Recent studies
reported that some microorganisms can reduce soluble NO3 and SO?{
while using dioxygen as an electron acceptor, suggesting that microor-
ganisms can simultaneously utilize two electron acceptors (Canfield &
Desmarais, 1991; Lloyd, 1993). This metabolic duality challenges the
traditional dichotomy between aerobic/anaerobic respiration and mo-
tivates our central hypothesis: Certain electroactive microorganisms
may execute EET under aerobic conditions. Such capability would
revolutionize metal element cycling while addressing the critical oxygen
sensitivity barrier hindering BESs scalability.

Herein, we present conclusive evidence that electroactive model
strain Shewanella oneidensis MR-1 and other Shewanella spp. counterin-
tuitively execute EET under high dissolved oxygen conditions (DO > 4.0
mg/L), while elucidating the underlying electron transfer mechanisms
that were define as aerobic EET. The present work therefore offers to
overcome the bottleneck, where dioxygen restricts widespread appli-
cation of BESs, but also has highlighted new insight into the involvement
of aerobic EET particularly in the biological trace element manganese
under high dissolved oxygen conditions.

2. Materials and methods
2.1. Strains and culture conditions

S. oneidensis MR-1 (ATCC-700550) was kindly provided by Univer-
sity of Science and Technology of China. S. lohica (DSMZ-17748),
S. putrefaciens (DSMZ-6067), S. frigidimarina (DSMZ-12253), Bacillus
subtilis (GIM 1.258) and Escherichia coli K-12 (ATCC-23716) were pur-
chased from DSMZ, Germany. S. oneidensis MR-1, B. subtilis and E. coli K-
12 were grown aerobically in Luria-Bertani (LB, 5.0 g/L Yeast extract,
10.0 g/L Peptone, and 10.0 g/L NaCl; pH = 7.00) broth at 30°C. S. lohica
were grown aerobically in Luria-Bertani medium (LB) broth at 20°C.
S. putrefaciens was grown aerobically in M—948 (1 g/L “Lab-Lemco”
powder, 2.0 g/L Yeast extract, 5.0 g/L Peptone, and 5.0 g/L NaCl; pH =
7.00) broth at 20°C. S. frigidimarina grown aerobically in 2216E medium
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(Bacto marine broth) broth at 25°C.
2.2. Mutant strain construction

The S. oneidensis MR-1 AmtrA (inhibited expression of cytochrome
MtrA), AcymA (inhibited expression of cytochromes CymA), and AmtrC/
omcA (inhibited expression of cytochromes MtrA and OmcA) mutants
generated from strain MR-1 were kindly provided by University of Sci-
ence and Technology of China (Zhu et al., 2022).

The S. oneidensis MR-1 AsirC/cymA (inhibited expression of cyto-
chrome SirC and CymA) and AdmsA/dmsB (inhibited expression of cy-
tochrome DmsA and DmsB) mutants were commissioned to be
constructed by Hangzhou Fenghai Biotechnology Co., Ltd. (Zhejiang,
China). The methods refer to (Gao et al., 2009). Primers used for
generating PCR products for mutagenesis are listed in Supplementary
Table S1.

2.3. Culture medium

Simple media used for electrochemical measurements include min-
imal salts medium modified from (Marsili et al., 2008). The media
contained (per liter): 0.31 g NH4Cl, 10.32 g NapHPOy, 3.32 g NaHoPOy,
0.13 g KCL, 0.1 g CaCly, 0.1 g MgSO4-7H>0, plus 10 mL of a mineral mix
(containing per liter: 1.5 g NTA, 0.1 g MnCl,-4H30, 0.3 g FeSO4-7H0,
0.17 g CoCly-6H0, 0.1 g ZnCly, 0.04 g CuSO4-5H50, 0.005 g AIK
(SO4)2-12H50, 0.005 g H3BOs3, 0.09 g NazMo00O4, 0.12 g NiCly, and 0.02 g
NaWO4-2H,0). The final pH was about 7.00. After autoclaving, filter-
sterilized casamino acids were added (0.002%), and plus 1 mL of vita-
mins (containing per liter: 0.05 g 4 Aminobenzoic acid, 0.01 g D (+)
biotin, 0.1 g Nicotinic acid, 0.025 Ca-D (+) pantothenate, 0.25 g Pyri-
doxamine dihydrochloride, 0.05 g Thiaminium dichloride, 0.05 g
Cyanocobalamin).

2.4. Operation of three-electrode BESs

A double chamber three-electrode BESs was used to monitor electric
current generated by S. oneidensis MR-1 and other strains under constant
potential (+200 mV). The BESs were equipped with a carbon felt (or
carbon paper) working electrode (4 cm?), an Ag/AgCl reference elec-
trode, and a carbon felt counter electrode (9 cm?). The BESs reactor has
an air inlet and an air outlet. The air inlet was connected with a sterile
0.22 pm filter, and the air outlet covered with a breathable sealing film.
For aerobic BESs measurements, an air pump and a flow meter were
used to control the air flow into the reactor at 40 mL/min. The medium
in the electrochemical chamber was mixed using a magnetic stir bar
(100 rpm) throughout the experiment. 20 mM 60% (v/v) sodium br-
lactate (C3HgO3) solution (cultivation of B. subtilis and E. coli K-12 added
20 mM glucose) acted as the electron donor, and 120 mL simple medium
as electrolyte. The overnight culture of S. oneidensis MR-1 and other
cultures were washed three times by centrifugation (5000-g, 5 min)
using 50 mM PBS, and then inoculated 1% into the BESs. The electro-
chemical cells were connected to an eight-channel potentiostat
(CHI1000, CHI Instruments, Shanghai, China) controlled by a computer.

2.5. Biomass measurements

The biomass was determined by the protein concentration using a
BCA assay kit.

2.6. SEM sample preparation

Samples were collected and placed in 2.5% glutaraldehyde (Diluted
with 50 mM PBS, pH = 7.00), kept at 4°C for 2 h, the pellets then washed
twice with 0.5% NacCl, followed by dehydration with 30%, 50%, 70%,
90%, and 100% ethanol, and finally dried with a critical point drier and
observed by SEM (S-4800, Hitachi, Japan).
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Fig. 1. Unexpected aerobic current generated from S. oneidensis MR-1 inoculated BESs. (A) Chronoamperometry from S. oneidensis MR-1 inoculated BESs using
carbon felt (2*2 cm?) and carbon felt (2*3 cm?) as working and counter electrode, respectively. An Ag/AgCl electrode is the reference electrode. Aerobic reactors
with 40 mL/min of air input. Electron donor (lactate) was present in (+) or absent from (—) the medium. (B) The dissolved dioxygen (DO) in the aerobic BESs.
Electron donor (lactate) was present in (+) or absent from (—) the medium. (C) Current generation in the medium replacement experiment using established
S. oneidensis MR-1 biofilms in aerobic BESs. Grey trace represents the oxidation current from the established S. oneidensis MR-1 biofilms, blue trace the oxidation
current from the established S. oneidensis MR-1 biofilms after being transferred to fresh medium. Orange trace represents the oxidation current from abiotic electrodes
in the original medium. (D) Maximum current from aerobic chronoamperometry with wild-type and mutant S. oneidensis MR-1. All data represent mean values, with

error bars representing one standard deviation (n = 3 biologically independent samples). Statistical analysis was conducted with one-way ANOVA test: , P
< 0.001.

2.7. Dissolved dioxygen detection at 12,000 g for 5 min (4°C). The ATP assay working dilution (100 pL)

was mixed with the supernatant (20 pL) after lysis. The brightness was

Dissolved dioxygen was tested by a water quality meter (Instrument measured immediately using a monochromator enzyme marker, and a

AZ86031, China). standard curve using an ATP standard solution prepared by the same

method. The protein concentration of the solution was measured using
the BCA assay Kkit.
2.8. ATP quantification
2.9. NAD'/NADH quantification
ATP levels were measured using a firefly luciferase based ATP assay
kit (Beyotime, S0027). S. oneidensis MR-1 was incubated in aerobic/ S. oneidensis MR-1 was incubated in aerobic/anaerobic BESs at 30°C
anaerobic BESs at 30°C for 28 h. The biofilm on the electrode was for 28 h. Bacterial cells were collected from the supernatant and working
resuspended using 50 mM PBS and then centrifuged (5000-g, 5 min) to electrode using the method described, and their intracellular NAD"/
collect bacterial cells. The suspended bacterial cells were collected by NADH ratios determined using a NAD*/NADH —Glo Kit (Promega,

centrifugation, and the supernatant removed. ATP assay lysis buffer Madison, WI, USA) according to the manufacturer’s instructions.
(200 pL) was added to the centrifuge tube containing the bacterial cell

precipitate at 4°C and mixed thoroughly. The solution was centrifuged



W. Chen et al.
2.10. Label-free quantitative proteomic analysis

To analyze the changes in proteomics of aerobic EET biofilms, sus-
pended microorganisms in the aerobic electrochemical system, biofilms
in the aerobic open circuit system, and anaerobic biofilms were set up as
controls. The largest current difference of electrode microorganisms in
28 h was selected as proteomics samples. Three biological replicates
were investigated separately. The proteomics samples were collected
and subjected to Label-free Quantitative Proteomic Analysis by
Shanghai Applied Protein Technology Co. Ltd. (Shanghai, China).

The extraction and digestion of proteins were based on a published
method (Gang et al., 2019). Each sample was injected for nanoLC-MS/
MS analysis. LC-MS/MS analysis was carried out using a Q Exactive
mass spectrometer (Thermo Scientific) coupled to Easy nLC (Proxeon
Biosystems, now Thermo Fisher Scientific) for 120 min. Statistical
analysis of MaxQuant label-free quantitation data was performed with
the artMS Bioconductor package3 which performs the relative quanti-
fication of protein abundance using the MSstats Bioconductor package.
The abundance of proteins missing from one condition but found in
more than 2 biological replicates of the other condition for any given
comparison were estimated by imputing intensity values from the lowest
observed MS1-intensity across 5 samples and p-values were randomly
assigned to those between 0.05 and 0.01 for illustration purposes.

2.11. Bacterial community analysis

The inoculum, biofilm, and the supernatant in the electrochemical
system were collected by centrifugation for DNA extraction. The 16S
rRNA gene sequencing was carried out using an Illumina platform by
Biomarker Technologies Corporation (Beijing, China), following the
method described in our previous report (Xiao et al., 2021).

2.12. Analysis of flavins

Electrolyte of 2 mL in three-electrode systems was collected, and the
concentration was determined by high performance liquid chromatog-
raphy following our previous report (Xiao et al., 2021).

2.13. Aerobic bio-reduction of birnessite

Synthetic birnessite was prepared as described (McKenzie, 1971). A
50 mL concentrated HCl was added dropwise with stirring to a boiling
solution containing 0.2 mol KMnO4 in 350 mL ultrapure water. After all
the HCl was added, the solution was left to boil for an additional 30 min.
The cooled suspension was centrifuged (3500g, 10 min) and purified
with ultrapure water to pH 7.00. Additional washing removed residual
K, Cl, and aqueous Mn ions, by dialysing the oxide against ultrapure
water using a 14 kDa molecular mass cut-off dialysis membrane. After
completion of dialysis, birnessite was dried at 60°C and stored in the
dark.

A 100 mL blue-capped bottle was used as the reactor. In aerobic
washing, an air pump and a flow meter were used to control the air flow
into the reactor at 40 mL/min. The medium in the blue-capped bottle
was stirred with a magnetic stir bar (100 rpm) throughout the experi-
ment. 20 mM 60% (v/v) sodium bi-lactate (C3HgOg3) solution added
acted as the electron donor and 1 mM birnessite added as the electron
acceptor. The overnight culture of S. oneidensis MR-1 and mutants using
Luria-Bertani medium were washed three times by centrifugation
(5000-g, 5 min) using 50 mM PBS and then inoculated 1% into the
reactor. Abiotic control without inoculation was used. The reactor was
run at a constant temperature of 30°C.

2.14. Quantification of Mn (III/IV) oxides and dissolved Mn

Mn (III/IV) oxides were quantified by monitoring the absorbance
(620 nm) of the samples after addition of 5 times the volume of the
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colorimetric reagent Leucoberlin blue I (LBB, Sigma-Aldrich)
(Trouwborst et al., 2006). To test dissolved Mn in the incubation solu-
tion, 1.5 mL samples were collected, centrifuged (12,000g, 5 min) and
filtered (0.22 pm) to remove birnessite and cells. The samples were then
quantified by inductively coupled plasma optical emission spectrometry
(ICP-OES) (Optima 7000DV, PerkinElmer, USA).

2.15. Statistical analyses

The statistical analyses and graphs were performed using GraphPad
Prism 9.5.1(733). For comparisons between two groups, significance
was determined using a two-tailed unpaired Student’s t-test, while for
comparisons among three or more groups, one-way ANOVA test was
employed (ns, p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001).

3. Results and discussion
3.1. Bioelectricity generation from aerobic BESs

We have monitored the electrochemical current generation from
S. oneidensis MR-1 using three-electrode BESs, and evaluated the mi-
crobial EET capacity. By applying a potential of + 0.2 V (versus KCl
saturated Ag/AgCl, unless otherwise stated) on the working electrode (4
cm? carbon felt), the anaerobic BESs (Fig. S1a) produced a maximum
current of 8 pA cm~2 which accords with previous studies (Xiao et al.,
2021; Yang et al., 2020). However, unexpectedly a maximum current
higher than 50 pA em™2 (Fig. 1A, and Supplementary Movie) was
generated from aerobic BESs (input 40 mL/min air) (Fig. S1b). In
addition, the open-circuit potential decreased as S. oneidensis MR-1
grew, with the electrode potential declining from +0.150 V to
—0.540 V (Fig. S2). To further evaluate the sustained operational per-
formance of the system, we conducted microbial fuel cell experiments
over three operation cycles (Fig. S3), and the results showed that the
system maintained stable voltage output throughout repeated cycles,
with rapid recovery after sodium lactate addition when the voltage
dropped to a low level.

Chronoamperometry without S. oneidensis MR-1 inoculation showed
no current yield from oxidation of lactate or its possible metabolic ac-
etate and formate intermediates (Fig. S4). This means that S. oneidensis
MR-1 must be what produces electricity in the aerobic BESs. We then
recorded dissolved dioxygen (DO) concentration at around 5.0 mg/L in
the aerobic BESs at 28 h, when the BESs delivered the maximum current
(Fig. 1B). Previous studies have shown that only micro-aerobic condi-
tions (DO < 0.4 mg/L) can promote BES current generation, but the
rapid consumption of dioxygen by microorganisms means that EET
actually occurs under anaerobic conditions (Kouzuma et al., 2012; Lu
et al., 2017; Ringeisen et al., 2007; TerAvest et al., 2014). We used a
carbon paper with a thickness of only 0.1 mm as working electrode to
make sure that there are no anaerobic regions caused by depletion of
oxygen by outer layer bacterial cells, because S. oneidensis MR-1 exists as
a single layer of dispersed cells on the carbon paper (Fig. S5). Consistent
with carbon felt electrodes, the results showed that aerobic EET is still 3-
fold higher current density than anaerobic EET.

S. oneidensis MR-1 has been widely reported to possess two EET
pathways, a direct pathway via outer-membrane c-type cytochromes
and an indirect pathway via electron shuttles such as riboflavin (Norman
et al., 2023). Flavin measurement showed that aerobic BESs produced
0.29 pM of flavin mononucleotide and 0.03 pM of riboflavin, while
anaerobic BESs produced only 0.05 pM of flavin mononucleotide
(Fig. S6). These results suggest that indirect electron transfer may
contribute to the aerobic EET. However, the medium replacement
experiment (Marsili et al., 2008; Mevers et al., 2019) showed that about
97% of the current was immediately recovered after replacement with
fresh medium without flavins, suggesting that soluble electron shuttles
make only a limited contribution to the aerobic EET current and that the
current was mainly derived from the electrode biofilm (Fig. 1C). Only
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Fig. 2. The metabolic basis of S. oneidensis MR-1 in BESs. (A) Production of protein-based biomass from aerobic and anaerobic BESs at 20, 28, and 40 h, respectively.
(B) Chemical dioxygen demand at different times in aerobic and anaerobic BESs. (C) NADH / NAD™ ratios and (D) ATP production per mg of protein at the maximum
current density. All data represent mean values, with error bars representing one standard deviation (n = 3 biologically independent samples). Statistical analysis was

conducted with paired two-tailed t tests: ns, p > 0.05; *, p < 0.05.

7% of the current was immediately recovered when the original medium
was added into aerobic BESs with a new electrode, further indicating
that the electrode biofilm was primarily responsible for aerobic EET.

Cyclic voltammetry results showed that aerobic and anaerobic bio-
films exhibited differences in redox peak, suggesting that the electron
transfer pathway may differ under aerobic conditions (Fig. S7).
Considering that under anaerobic conditions, S. oneidensis MR-1 uses c-
type cytochromes of CymA, MtrA, MtrC and OmcA to transport electrons
to extracellular electron acceptors in the direct EET pathway (Bretschger
et al., 2007), we introduced three mutants AcymA, AmtrA, and AmtrC/
omcA to investigate the roles of these cytochromes in aerobic EET.
Compared with the wild-type strain, the maximum current in aerobic
BESs inoculated with AcymA, AmtrA, and AmtrC/omcA mutants
decreased by about 45%, 60%, and 60%, respectively (Fig. 1D). This
suggests that CymA, MtrA, MtrC and OmcA are important in the aerobic
EET process. However, under anaerobic condition mutants of AmtrA and
AmtrC/omcA generated less than 12% of the current from wild-type
S. oneidensis MR-1 (Fig. S8). These results strongly suggest that besides
CymA, MtrA, MtrC and OmcA, other proteins also important in aerobic
EET.

3.2. Metabolic basis of aerobic EET

Biomass produced is one of the most important factors representing
BES performance. The growth curves (optical density at 600 nm, ODgg)
showed that the population density of S. oneidensis MR-1 under aerobic
conditions is 3.6-fold higher than under under anaerobic conditions
(Fig. S9). We first examined the biomass in different BESs using a
protein-based method (BCA Protein Assay) and found 36 and 162-fold
biomass increase at the working electrodes and supernatant, respec-
tively in the aerobic BESs, at 28 h compared with the anaerobic BESs
(Fig. 2A). This result was supported by scanning electron microscopy
(Fig. S10). The rapid accumulation of biomass in aerobic BESs accords
with efficient attenuation of chemical dioxygen demand (COD), an index
representative of the amount of organics converted. COD measurements
showed that aerobic BESs removed up to 83% of COD in 40 h, while
anaerobic BESs removed only 13% (Fig. 2B). These results indicate that
the aerobic EET process can recover higher density of energy compared
with anaerobic EET processes, due to faster substrate consumption and
higher biomass accumulation.

We attempted next to understand the aerobic S. oneidensis MR-1 EET
respiration by comparing the NADH/NAD™ ratios and ATP levels at the
highest current density. Aerobic respiration normally has a low NADH/
NAD™ ratio, favoring the oxidized state and high energy production,
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Fig. 3. Investigation of the aerobic EET mechanism. (A) Proteomics analysis of proteins associated with aerobic EET metabolism, mainly including the EET process,
cytochrome c synthesis, metabolic processes and aerobic respiration. AEETB represents electrode biofilm in aerobic BESs, AEETS supernatant in aerobic BESs, AOCB
aerobic biofilm on the electrode without applied potential (i.e. open circuit), and AnEETB electrode biofilm in anaerobic BESs. The size of the circles represents the
upregulation fold of the relevant proteins; red represents upregulation, green downregulation. The detailed fold change values of the proteins are listed in the
Supplementary Materials. (B) Maximum current recorded by aerobic BESs inoculated with wild-type and mutant S. oneidensis MR-1. (C) Proposed S. oneidensis MR-1
metabolic aerobic EET pathways. Statistical analysis conducted with paired two-tailed t tests: ** p < 0.01; *** p < 0.001.
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whereas anaerobic respiration has a high NADH/NAD™ ratio favoring
the reduced state and low energy production (Holm et al., 2010;
Tejedor-Sanz et al., 2022). Our results suggest that the NADH/NAD™
ratios in the biofilm of anaerobic BESs is significantly lower than that in
the supernatant of anaerobic BESs (Fig. 2C), indicating that EET can
promote S. oneidensis MR-1 anaerobic metabolism processes. We found
similar NADH/NAD™ ratios between biofilm and supernatant in aerobic
BESs, which may indicate that the metabolic state of aerobic EET is
similar to aerobic respiration. The ATP results were consistent with the
NADH/NAD™ ratios results. The biofilm ATP levels in anaerobic BESs,
are significantly higher than in the anaerobic supernatant, whereas
similar ATP levels between the aerobic BESs biofilm and supernatant
(Fig. 2D) were found. The NADH/NAD™" ratios and ATP levels thus
suggest that the metabolic efficiency of aerobic EET is similar to aerobic
respiration.

3.3. The mechanism of aerobic EET

Proteomics analysis showed that protein expression was significantly
different within S. oneidensis MR-1 aerobic BES biofilms (denoted as
AEETB) compared with suspended microorganisms in aerobic BESs
(denoted as AEETS), the biofilm in the aerobic open-circuit reactor
(denoted as AOCB), as well as the electrode biofilms of anaerobic BESs
(denoted as AnEETB). The analysis further showed that the expression of
279, 248 and 222 proteins is upregulated (loga Fold change > 1)
(Fig. S11). This is notable, as many of the upregulated proteins relate
directly to EET, c-type cytochrome synthesis, and energy metabolism
(Fig. 3A). We consider these proteomics outcomes in turn below.

The c-type cytochromes are the primary outer membrane trans-
mitters for transporting intracellular electrons directly to external
electron acceptors, and their expression levels are critical for EET effi-
ciency (Shi et al., 2016). Specifically, Mtr pathway c-type cytochromes
(MtrA, MtrB, MtrC, and OmcA) in AEETB samples related to EET were
found to be significantly upregulated compared with AEETS. By directly
comparing the cell colors of AEETB and AEETS samples, the more
strongly red (Feng et al., 2019) color of the AEETB sample confirms the
upregulation of c-type cytochromes expression in AEETB compared to
AEETS (Fig. S12). This result is consistent with the validation results of
the mutant (Fig. 1D), indicating that the proteins in the Mtr pathway are
crucial in aerobic EET. Simultaneously, the Dms pathway (DmsA, DmsB,
DmsE, DmsF, and DmsG) c-type cytochromes, which were originally
identified in studies of dimethyl sulfoxide reduction (Gralnick et al.,
2006) and have also been implicated in the extracellular reduction of
multiple electron acceptors (Chen et al., 2026; Hou et al., 2024), were
also found to be significantly upregulated (Fig. 3A). Considering that the
proteins in the Dms pathway were significantly upregulated during
aerobic EET, with protein structural similarities with the Mtr pathway,
and that the Mtr pathway-deficient strain still retained 38% of the cur-
rent during aerobic EET (Fig. 1D), we found it highly likely that the Dms
pathway is important in aerobic EET (Fig. 3C).

More importantly, the expression of SirC, which has a function
similar to that of CymA (Cordova et al., 2011), was found 4-fold upre-
gulated in AEETB, compared to AnEETB. Considering that mutant
AcymA retained 45% of the maximum current in aerobic BESs, SirC
might be as important as CymA in the aerobic EET process. In addition,
FccA and CctA are important periplasmic electron transfer proteins in
the EET pathway of S. oneidensis MR-1 (Shi et al., 2016). We also
detected a significant expression upregulation of CctA along with certain
FccA homologous in AEETB samples, compared with AEETS, AOCB and
AnEETB. The expression of c-type cytochromes requires a cytochrome c
maturation (Ccm) system which covalently links the heme b moiety to
apo-cytchrome c to form a complete cytochrome c (Su et al., 2020). We
observed an upregulated expression of the Ccm system as well as of the
DsbD and Sec systems in AEETB, compared with AEETS, AOCB and
AnEETB (Fig. S13). Moreover, the expression of key proteins in the
formate (FdhA, FdhB, FdhC, FdhD and FdhE) and sulfate (CysA2, CysC,
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Fig. 4. Prevalence of aerobic EET in Shewanella spp. (A) Diversity analysis of
mixed bacterial communities in aerobic BESs. CK1-3 represents the inoculant,
E1-3 the electrode biofilm in aerobic BESs at 48 h, S1-3 the supernatant in
aerobic BESs at 48 h. (B) Maximum chronoamperometry current in aerobic
BESs inoculated with representative strains of S. loihica, S. putrefaciens,
S. frigidimarina, Escherichia coli and Bacillus subtilis. The data represent mean
values with error bars representing one standard deviation (n > 3).

CysH, CysJ and CysP) metabolic pathways were found to be significantly
upregulated (Fig. 3A), indicating that the metabolic activity of
S. oneidensis MR-1 in AEETB is higher in AEETB than in AEETS, AOCB
and AnEETB. To summarize, the expression upregulation of outer
membrane-associated c-type cytochromes and proteins related to
intracellular metabolic activity has provided a solid basis for aerobic
EET.

The proteomics analysis provides valuable clues to how S. oneidensis
MR-1 undergoes aerobic EET. We developed two mutants of AsirC/cymA
and AdmsA/dmsB to further illustrate this process. Aerobic chro-
noamperometry showed that compared with the wild-type strain, the
maximum aerobic current density of mutants of AcymA and AsirC/cymA
mutants decreased by about 45% and 69%, respectively (Fig. 3B). In
addition, the maximum aerobic current density of mutant AdmsA/dmsB
decreased by 35%, compared to the wild-type in aerobic BESs. Anaer-
obic chronoamperometry showed that the maximum current density of
AsirC/cymA was not significantly different from that of AcymA, and the
maximum current density of AdmsA/dmsB was not significantly
different from that of the wild-type (Fig. S14). This further point to the
importance of the protein SirC and the Dms pathway in aerobic EET.
These results therefore substantiate that aerobic EET of S. oneidensis MR-
1 is dominated by an EET network consisting of the inner membrane c-
type cytochrome CymA and SirC proteins and of the outer membrane c-
type cytochromes Mtr (MtrA, MtrB, MtrC, OmcA) and Dms pathways
(DmsA, DmsB, DmsE, DmsF).

3.4. Prevalence of aerobic EET

Aerobic respiration can produce much more energy than anaerobic
respiration (including anaerobic EET respiration). Aerobic respiration
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Fig. 5. Aerobic reduction of the manganese mineral birnessite by S. oneidensis MR-1. (A) Birnessite transformed by S. oneidensis MR-1 in reactors with air pumped in
at 40 mL/min. C1 represents an abiotic control; M1 was inoculated with S. oneidensis MR-1. (B) Variation of Mn (III/IV) oxide concentration over different time
periods. (C) Quantification of dissolved Mn in abiotic control and reactors inoculated with S. oneidensis MR-1. (D) The dissolved dioxygen (DO) in all reactors was
higher than 4 mg/L. (E) pH from each sample with and without inoculation of supernatant S. oneidensis MR-1. (F) Standard reduction potentials for possible reactions
of S. oneidensis MR-1 in aerobic EET. The data represent mean values, error bars one standard deviation (n = 3). S. oneidensis MR-1 and abiotic control represent

reactors inoculated with and without S. oneidensis MR-1.

may yield reactive oxygen species and consequently impose colossal
oxidative stress on microorganisms. Oxidative damage can have a
devastating effect on the structure and activity of proteins, and may even
lead to cell death (Ezraty et al., 2017). Recent studies have shown that
the Mtr pathway of S. oneidensis MR-1 is useful in direct reduction of
dioxygen (Chen et al., 2023). The upregulation of proteins associated
with Mtr pathways may therefore be a mechanism by which S. oneidensis
MR-1 effectively utilizes aerobic EET to reduce dioxygen outside the
cell, thus attenuating the dioxygen entry into the cell. More importantly,
the expression of CoxB, a protein closely associated with aerobic respi-
ration, is significantly downregulated in biofilm cells (AEETB) compared
with suspended cells (AEETS). Another similar CoxC protein is not
expressed in AEETB only (Fig. 3A), meaning that S. oneidensis MR-1
aerobic respiration in electrode biofilms may be reduced. Surprisingly,
CoxC protein was also found to be expressed in the absence of dioxygen
in AnEETB, suggesting that the absence of CoxC protein expressed in
AEETB S. oneidensis MR-1 may be an active response to attenuate reac-
tive oxygen species.

Whether aerobic EET occurs universally is an intriguing question. We
addressed this question by inoculating three aerobic BESs with mixed
bacteria from a wastewater treatment plant (Anshun City, Guizhou). We
were able to produce a maximum current of about 22 pA cm™2
(Fig. S15). Shewanella spp. were enriched in both supernatants and
electrode biofilms of aerobic BESs (Fig. 4A), demonstrating that aerobic
EET does contribute to the survival of Shewanella spp. at high DO. Most
Shewanella spp. are able to reduce metallic minerals, and S. loihica,

S. putrefaciens and S. frigidimarina have similar Mtr pathways as
S. oneidensis MR-1 (Fredrickson et al., 2008). We propose that these
bacteria are also able to conduct aerobic EET. Significant aerobic current
generation from BESs inoculated with S. loihica, S. putrefaciens, and
S. frigidimarina, further confirmed the prevalence of aerobic EET in
Shewanella spp. (Fig. 4B). We also inoculated Escherichia coli and Bacillus
subtilis into aerobic BESs. Although these bacteria have a large biomass
in these aerobic BESs, they do not possess Dms and Mtr pathways and
generate only negligible current (Fig. 4B). These results confirm that
Dms and Mtr pathways are more crucial for aerobic EET than high
biomass, highlighting the widespread presence of aerobic EET in many
Shewanella spp. with Dms and Mtr pathways.

3.5. S. oneidensis MR-1 and aerobic reduction of manganese oxide
minerals (birnessite)

Manganese (Mn) is a core biological trace element acting as a
cofactor, in photosystem II of higher plants and for a number of enzymes
with antioxidant and metabolic functions and is essential for all forms of
life. Mn(II) and Mn(IV) oxides are typically present in soluble and
insoluble forms, respectively. Microbial EET is believed to participate in
the biogeochemical cycle of Mn, for example by reducing anaerobically
manganese oxide MnO> to Mn?* (Myers & Nealson, 1988). Under aer-
obic conditions, manganese is often present in the form of biologically
inaccessible and insoluble manganese oxides, with birnessite being one
of its natural forms. In our present study, synthetic solid birnessite (Mn



W. Chen et al.

(IlI/1V), Fig. S16) was found to decrease from about 1.0 to 0.2 mM in
aerobically grown S. oneidensis MR-1 culture. The solution became clear
after 48 h cultivation (Fig. 5A and B). Ionic Mn(II) increased in parallel
from 0 to about 0.9 mM in the culture with DO concentration ranging
from 4.0 to 6.0 mg/L (Fig. 5C and D). Since pH was maintained at
7.0-7.2 (Fig. 5E), these results mean that ionic Mn(Il) is formed by
reduction of Mn(IV) in the aerobically grown S. oneidensis MR-1 system.
Furthermore, the manganese oxide reduction rate was significantly
reduced in mutant AmtrC/omcA (Fig. S17), suggesting that manganese
oxides reduction is largely dependent on the EET pathway.

The bioreduction of minerals is generally believed to proceed under
anaerobic conditions because of the high dioxygen redox potential
(Fig. 5F), making it hard for metal oxides to compete thermodynami-
cally with dioxygen for electrons. However, S. oneidensis MR-1 could
interrupt the expression of CoxC protein (associated with intracellular
reduction of O3 to Hy0) in EET respiration (Fig. 4A), where extracellular
c-type cytochromes (MtrC and OmcA) are exploited to reduce O, to O3
(—0.357 V). Electrons readily flow from low potential to high potential
such as birnessite (+0.532 V) and electrochemical electrodes (+0.20 V)
(Fig. 5F). We therefore conclude that birnessite or an electrode can
indeed receive electrons, i.e. be aerobically reduced by S. oneidensis MR-
1 and other Shewanella spp.

4. Conclusion

Our study has disclosed an efficient, and novel microbial EET process
focused on the strain S. oneidensis MR-1. The process rests on aerobic
EET which produced 5-fold higher current than that from anaerobic
EET. While high dissolved oxygen (DO > 4.0 mg/L) reduces the effec-
tiveness of electron shuttles, it supports greater biological capacity and
faster metabolic processes. We have explored the aerobic EET network
mechanisms in detail and shown that Mtr and Dms pathways are pri-
mary contributors to the aerobic bioelectricity generation. Our discov-
ery and detailed mechanistic mapping of aerobic EET further suggest
that microorganisms participate broadly in the biogeochemical cycles of
metallic elements under aerobic conditions using EET processes in much
the same way they do anaerobically. Broader development of aerobic
EET will offer new opportunities for integrating microbial electro-
chemical processes into already aerated systems and other oxygen-rich
environments, where anaerobic EET is less readily applicable. Aerobic
EET can thus be expected to promote microbial electrochemical tech-
niques in energy recovery, pollution remediation, and other high-
technology applications.
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