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A B S T R A C T   

Shewanella oneidensis MR-1 is an attractive model microbe for elucidating the biofilm-metal interactions that 
contribute to the billions of dollars in corrosion damage to industrial applications each year. Multiple mecha-
nisms for S. oneidensis-enhanced corrosion have been proposed, but none of these mechanisms have previously 
been rigorously investigated with methods that rule out alternative routes for electron transfer. We found that 
S. oneidensis grown under aerobic conditions formed thick biofilms (~50 µm) on stainless steel coupons, 
accelerating corrosion over sterile controls. H2 and flavins were ruled out as intermediary electron carriers 
because stainless steel did not reduce riboflavin and previous studies have demonstrated stainless does not 
generate H2. Strain ΔmtrCBA, in which the genes for the most abundant porin-cytochrome conduit in S. oneidensis 
were deleted, corroded stainless steel substantially less than wild-type in aerobic cultures. Wild-type biofilms 
readily reduced nitrate with stainless steel as the sole electron donor under anaerobic conditions, but strain 
ΔmtrCBA did not. These results demonstrate that S. oneidensis can directly consume electrons from iron- 
containing metals and illustrate how direct metal-to-microbe electron transfer can be an important route for 
corrosion, even in aerobic environments.   

1. Introduction 

Microbial corrosion is a common form of metal deterioration that 
negatively affects many industrial applications including petroleum 
pipelines, offshore platforms and ships, nuclear power plant facilities, 
medical instruments, and even space stations (Barravecchia et al., 2018; 
Huang et al., 2021; Yang et al., 2021; Zhang et al., 2022). Nearly 
10–20% of total corrosion damage globally, equivalent to approximately 
US $250–500 billion annually, is attributed to microbial activity (Chugh 
et al., 2022; Skovhus et al., 2017). Although the possible role of 

microorganisms in corrosion was discovered over a century ago (Gaines, 
1910), there still is little mechanistic information. 

Current models for microbial corrosion of iron-containing metals 
suggest that microorganisms enhance corrosion under aerobic condi-
tions primarily through indirect mechanisms whereas anaerobic corro-
sion is often more directly linked to anaerobic respiration (Jia et al., 
2019; Lekbach et al., 2021; Loto, 2017; Wu et al., 2020). The key re-
action in corrosion of iron-containing metals is: 

Fe0→Fe2++2e−
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Under aerobic conditions O2 can serve as the terminal electron 
acceptor for Fe0 in an abiotic reaction: 

2Fe0 + O2+2H2O→2Fe2++4OH−

Iron-oxidizing bacteria can accelerate corrosion (Chen et al., 2019; 
Inaba et al., 2020; Li et al., 2019; Wang et al., 2014) potentially by 
removing Fe2+, 

4Fe2+ + O2+2H2O→4Fe3++4OH−

and making Fe0 oxidation more thermodynamically favorable as well as 
generating Fe3+, which can serve as an additional oxidant for abiotic Fe0 

oxidation: 

Fe0+2Fe3+→3Fe2+

Other indirect mechanisms for aerobic corrosion may be possible 
(Lekbach et al., 2021). Biofilms growing in the prescence of oxygen may 
consume sufficient oxygen to establish anaerobic conditions near the 
biofilm-metal interface (Lekbach et al., 2018; Liu et al., 2016; Qian et al., 
2019; Ress et al., 2020; Yue et al., 2019). If so, then mechanisms pre-
viously proposed for microbial corrosion in anaerobic environments 
could be important under conditions in which the bulk environment is 
aerobic. 

One model for corrosion under anaerobic conditons is direct electron 
uptake from Fe0 to support respiration (Gu et al., 2021; Lovley, 2022; 
Zhou et al., 2022). Although this model is frequently invoked, direct 
metal-to-microbe electron transfer has only been documented for Geo-
bacter species, which can oxidize Fe0 with the reduction of fumarate, 
nitrate, or Fe(III) (Liang et al., 2021; Tang et al., 2019, 2021). 
Outer-surface, multi-heme, c-type cytochromes appear to be important 
electrical contacts for the metal-to-microbe electron transfer. 

Alternatively, Fe0 may reduce protons to produce H2: 

Fe0+2H+→Fe2+ + H2  

either abiotically or aided by hydrogenases (Lovley, 2022). H2 is an 
effective electron shuttle between Fe0 and microbes because it is an 
excellent electron donor for all forms of anaerobic respiration. It has 
been proposed that flavins may also function as electron shuttles for 
microbially enhanced corrosion (Jia et al., 2017a; Li et al., 2022; Zhang 
et al., 2015). In this model Fe0 transfers electrons to flavin: 

Fe0+Flavinoxidized→Fe2++Flavinreduced 

Then reduced flavin serves as the electron donor for anaerobic 
respiration: 

Flavinreduced + Microbe Electron Carrieroxidized→Flavinoxidized

+ Microbe Electron Carrierreduced 

However, as recently reviewed (Lovley, 2022), the key steps of flavin 
reduction by the iron-containing metals under study and anaerobic 
respiration driven by the reduced flavins have yet to be demonstrated in 
corrosion studies. 

Shewanella oneidensis MR-1 is an attractive model microorganism for 
the study of corrosion mechanisms because: it is genetically tractable; it 
grows aerobically and anaerobically; it grows with H2 as the electron 
donor; it can oxidize reduced flavins to support respiration; and it is 
capable of direct electron exchange with minerals and electrodes (Fre-
drickson et al., 2008; Hernandez-Santana et al., 2022; Jiang et al., 2020; 
Ross et al., 2011; Rowe et al., 2018; Shi et al., 2016). Anaerobic corro-
sion via H2 or flavins as electron shuttles as well as direct electron up-
take from Fe0 have all been proposed as potential mechanisms for 
corrosion by S. oneidensis and related species (Herrera and Videla, 2009; 
Jiang et al., 2020; Jin et al., 2019; Kalnaowakul et al., 2020; Li et al., 
2021a, 2021b; Lutterbach et al., 2009; Miller et al., 2018; Philips et al., 
2018; Schütz et al., 2015; Shi et al., 2006; Turick et al., 2002; Windt 
et al., 2003; Wurzler et al., 2020). However, none of the suggested 

mechanisms were rigorously evaluated with construction of the appro-
priate mutant strains or other strategies to rule out alternative 
mechanisms. 

Therefore, we studied the mechanisms by which S. oneidensis cor-
rodes stainless steel, an iron-containing metal employed in fabrication of 
a diversity of structures and devices (Ledezma et al., 2015; Wang et al., 
2021; Yang et al., 2021). We provided evidence for direct electron up-
take via a porin-cytochrome complex and demonstrated that microor-
ganisms growing in aerobic environments can corrode metals via direct 
metal-to-microbe electron exchange, a finding with important implica-
tions for designing strategies for corrosion mitigation. 

2. Materials and methods 

2.1. Materials preparation 

316 L stainless steel was obtained from the School of Metallurgy, 
Northeastern University, Shenyang, Liaoning, China. The major alloy 
components were: (wt.%) Cr 16.78%, Ni 10.50%, Mo 2.09%, Mn 1.18%, 
Si 0.43%, P 0.03%, C 0.02%, and Fe for balance. The sample was cut into 
square coupons (10 mm in length and width, 5 mm in height) and 
abraded with 150, 400, 600, 800, and 1000 grit abrasive papers 
sequentially. All coupons were cleaned in distilled water and pure 
ethanol for 20 min each before being air dried and sterilized under ul-
traviolet light for 30 min before use. 

2.2. Plasmid construction, transformation, and culture conditions 

All plasmid constructions were performed in Escherichia coli Trans 
T1. E. coli strains were cultured in Luria-Bertani (LB) medium at 37 ◦C 
with 200 rpm. Whenever needed, 50 μg/mL Kanamycin was added in 
the culture medium for plasmid maintenance. To benefit the multigene 
assembly in S. oneidensis, a Biobrick compatible expression vector 
pYYDT was adopted, which allowed various levels of gene expression 
upon differential isopropyl β-D-1-thiogalactopyranoside (IPTG) induc-
tion. To repress the expression levels of outer membrane “porin-cyto-
chrome” genes mtrA, mtrB, and mtrC, a transcriptional regulation 
technology, i.e., clustered regularly interspaced short palindromic re-
peats interference (CRISPRi) was adopted as previously method (Cao 
et al., 2017). First, a single CRISPRi plasmid (pHG11-sgRNA-dCas9) 
expressing dCas9 under the control of a Ptac promoter and a sgRNA 
under a constitutive pCI promoter was constructed. Then, three sgRNAs 
(mtrA-NT1, mtrB-NT1, and mtrC–NT1) were designed to target the 
nontemplate DNA strand of the coding sequence of mtrA, mtrB, and mtrC 
with the nearest distance from the binding site to the transcription start 
site. Three CRISPRi systems (i.e., -MtrA, -MtrB, and -MtrC) were thus 
constructed using the Golden Gate assembly method. Furthermore, by 
combining the expression of sgRNAs targeting mtrA, mtrB and mtrC, the 
-MtrABC CRISPRi system was designed to inhibit the three mtr genes 
simultaneously. These constructed plasmids were transformed into the 
plasmid donor cells (E. coli WM3064, a DAP auxotroph), which were 
then transferred into S. oneidensis by conjugation. For the growth of 
E. coli WM3064, 0.3 mM DAP was added to the culture medium. In brief, 
the homology arms containing attB of SO_0702 were amplified from 
genome (Table S1), which were then fused by overlap PCR. The fused 
fragment was cloned into suicide plasmid pHG1.0 using Gateway BP 
clonase enzyme and subsequently the resulting vectors were transferred 
into S. oneidensis via conjugation with the aid of E. coli DAP auxotroph 
WM3064. The deletion constructs into the chromosome were selected by 
resistance to gentamicin (15 µg/mL) and confirmed by PCR. Verified 
transconjugants were grown in LB in the absence of NaCl and plated on 
LB supplemented with 10% sucrose. Gentamicin-sensitive and 
sucrose-resistant colonies were screened by PCR for intended deletions 
and the mutants were verified by sequencing the mutated region. 
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2.3. Surface topography 

A confocal laser scanning microscope (CLSM) (C2 Plus, Nikon, 
Tokyo, Japan) was also used to observe bacterial viability, biofilm dis-
tribution, and thickness by Live/Dead staining. Sessile cells attached on 
the coupon surfaces were counted using ImageJ software (National In-
stitutes of Health, Bethesda, MD, USA) (Xia et al., 2015). 

2.4. Electrochemical characterizations 

Electrochemical tests were performed using a Gamry electro-
chemical workstation (Reference 600, Gamry Instruments, Warminster, 
PA, USA). 316 L SS coupons (10 mm × 10 mm × 5 mm) were configured 
as the working electrodes by embedding one coupon (1 cm2 exposed 
surface) in Epoxy for each electrode, a platinum sheet (Purity, 99.99%; 
10 mm × 10 mm × 0.1 mm) served as the counter electrode, and a 
saturated calomel electrode (SCE) was used as the reference electrode. 
Measurements were performed in 250 mL LB medium in the presence 
and absence of bacteria at 30 ◦C under aerobic condition. Open circuit 
potential (OCP) (Eocp), linear polarization resistance (LPR), and elec-
trochemical impedance spectroscopy (EIS) were carried out in sequence 
daily. For LPR measurements, the potential was swept from − 10 mV to 
+10 mV (vs. Eocp) with a scan rate of 0.125 mV/s. EIS was scanned at a 
frequency from 105 Hz to 10− 2 Hz by applying a AC signal of 5 mV 
amplitude at the Eocp. The ZSIMPWIN software (Princeton Applied 
Research, Oak Ridge, USA) was used to analyze the impedance data by 
fitting appropriate equivalent circuits (ECs). Rct was obtained by EIS 
fitting. According to the previous report (Jin et al., 2019), the R(QR) 
equivalent circuit model was used to fit the abiotic control EIS data and 
the R(Q(R(QR))) equivalent circuit model was used for the biotic cou-
pons. At the end of the 7th day, the anodic potentiodynamic polarization 
curves and cathodic potentiodynamic polarization curves were 
measured by using separate electrodes with a constant scan rate of 
0.166 mV/s. Note that the Tafel slopes of cathodic polarization curves 
were used to determine the accurate icorr values. Each electrochemical 
measurement was repeated at least three times using different electro-
chemical glass cells to verify reproducibility and the average values 
were reported. 

Electrochemical noise (EN) was measured by a Zahner IM6 electro-
chemical workstation (Zahner-Elektrik, Zahner, Kronach, Germany). EN 
was individually measured under Eocp conditions, using two nominally 
identical working electrodes and one SCE reference electrode. EN 
measurements were recorded for a total of 168 h with a data sampling 
interval of 0.25 s. The electrochemical cells were placed in a Faradaic 
cage to avoid electromagnetic disturbance from external sources. A low- 
pass filter of 2 Hz was applied during data recording. The maximum 
range of the zero resistance ammeter (ZRA) was set at 21 nA (Zhao et al., 
2018). To analyze MIC induced by S. oneidensis, time-frequency analysis 
using Hilbert spectra was used to decompose the corresponding tran-
sients in the EN signals into instantaneous frequencies according to the 
previously reported procedures (Zhao et al., 2018). The Hilbert-Huang 
transform was first introduced by Huang et al. (1998). EN analysis by 
using Hilbert spectra of EN data was first proposed by Homborg et al. 
(2013). 

2.5. Characterization of pitting corrosion morphology 

The largest pit depths after 7 days of immersion were detected under 
CLSM (LSM 710, Zeiss, Jena, Germany). Corrosion products and biofilms 
were removed using previously reported methods (Jia et al., 2017b; Jin 
et al., 2019). Pit profiles, including depths and widths, were obtained 
from three independent coupons in the same 250 mL flask with 50 mL 
culture medium. For each coupon, the pits from the whole coupon 
surface were measured. 

2.6. Quantification of riboflavin 

Riboflavin secreted by each strain was measured using high perfor-
mance liquid chromatography (UltiMate 3000, Thermo Scientific, 
Waltham, MA, USA) according to previous reports (Jin et al., 2019; Liu 
et al., 2017). Cultures were centrifuged and filtered (pore size 0.22 μm) 
and then subjected to a reverse-phase column (4.6 × 150 mm, 5 μm C18, 
Bonna-Agela Technologies, Tianjin, China). Methanol and 0.05 M 
ammonium acetate (pH 6.0, 15:85 v/v) were used as the mobile phase. 
Riboflavin was separated with a linear gradient at a flow rate of 600 
μL/min with 20 μL injection volume using the following method: 15:85 
v/v to 30:70 v/v for 1.5 min, followed by 30:70 v/v to 85:15 v/v for 2.5 
min, isocratic 85:15 v/v for 4 min, and linear gradient to 15:85 v/v for 
1.5 min, and finally isocratic 15:85 v/v for 6.5 min. 

The oxidized riboflavin concentration was spectrophotometrically 
measured at 445 nm (Arsalan et al., 2020; Edelmann et al., 2019; Kim 
et al., 2020; Mikhailova et al., 2015). Throughout the experimental 
period, an anaerobic NaCl (10 g/L) solution with or without 316 L SS 
coupons was used. The culture medium was deoxygenated by 
filter-sterilized N2 gas bubbling for at least 0.5 h prior to use. The 
standard curve of oxidized riboflavin concentration was obtained from 
Fig. S1a. When reducing agent Na2SO3 was added, the oxidized ribo-
flavin at 445 nm would be reduced (Fig. S1b). 

2.7. Dissolved oxygen concentration measurement 

S. oneidensis biofilms grown on LB agar plates at 30 ◦C for two days 
were used to measure the concentration of oxygen beneath the biofilm. 
A Unisense oxygen microsensor (OX-5, Unisense A/S, Aarhus, Denmark) 
with a 5 μm tip diameter was used. The oxygen microsensor was cali-
brated based on the instructions provided by the manufacturer. The 
sensor was measured at a step size of 3 μm, a measuring period of 1 s, 
and a waiting time of 3 s between measurements. The SensorTrace 
Profiling software was used to analyze the data. 

2.8. Iron ion release 

Three coupons were exposed to 50 mL LB culture medium, either 
with or without different S. oneidensis strains at 30 ◦C for 7 days. After 
immersion, concentrations of iron ions in the culture medium were 
measured by a flame atomic absorption spectrophotometer (Model Z- 
2300, Hitachi, Tokyo, Japan). Each experiment was repeated three 
times. 

2.9. Planktonic cell number 

Planktonic cells in the LB culture medium after incubation with 
different S. oneidensis strains were counted using a hemocytometer. An 
optical microscope at 400X magnification was used to quantify the 
planktonic cells. 

2.10. Anaerobic corrosion tests 

LPR measurement was used to evaluate the corrosion rate of 316 L SS 
coupons in the presence and absence of bacteria in the LB culture me-
dium. To obtain the reduction rate of nitrate, 316 L SS coupons were first 
cultured in LB medium with these strains for three days to develop 
mature biofilms. Then the coupons were transferred to an anaerobic 
medium with NaCl (10 g/L) and nitrate (10 mM). The culture medium 
was deoxygenated by filter-sterilized N2 gas bubbling for at least 0.5 h 
prior to use. 
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3. Results and discussion 

3.1. Corrosion of stainless steel under aerobic conditions 

S. oneidensis grown in aerobic medium colonized stainless steel 
coupons, forming thick biofilms (47 ± 14 µm, cell density 6.7 ± 0.5 ×
107 cells/cm2, n = 3) within 7 days (Fig. 1a). Multiple analyses 
demonstrated that corrosion was substantially accelerated in the pres-
ence of S. oneidensis versus sterile medium (Fig. 2). This included a 
decrease in linear polarization resistance (Rp), which is inversely pro-
portional to corrosion rate (Fig. 2a), as well as lower charge transfer 
resistance (Rct), which reflects the resistance to electron transfer be-
tween the metal surface and biofilm (Fig. 2b and Table S2). Biofilm 
growth was associated with a negative shift in corrosion potential (Ecorr) 
and increased corrosion current density (icorr), further indicating higher 
corrosion activity (Fig. 2c). X-ray diffraction of the coupon surfaces after 
7 days of immersion in medium identified Fe6.6Cr1.7Ni1.2Si0.2Mo0.1 as 
the only corrosion product in both the sterile and inoculated samples 
(Fig. S2). 

3.2. Lack of corrosion via electron shuttling 

H2 could be ruled out as a potential electron shuttle intermediary for 
the enhanced corrosion in the presence of S. oneidensis because stainless 
steel does not abiotically produce H2 at cirumneutral pH (Tang et al., 
2021). To determine whether flavins might function as an electron 
shuttle, oxidized riboflavin was added to stainless steel in the absence of 
cells. The riboflavin was not reduced, even after extended incubation 
(Fig. S3). Thus, the first step in electron shuttling, electron transfer to 
the shuttle, is hindered, making electron shuttling via flavin unlikely. An 
alternative potential function for riboflavin is as a co-factor to enhance 
the electron transfer effectiveness of the porin-cytochrome conduit in 
S. oneidensis (Okamoto et al., 2014; Xu et al., 2016). 

3.3. Deleting the MtrCBA porin-cytochrome conduit inhibits corrosion 

The porin-cytochrome conduit comprised of the inner-facing multi- 
heme cytochrome MtrA, the barrel-porin protein MtrB and the multi- 
heme outer environment-facing cytochrome MtrC is a major route for 
extracellular electron exchange across the outer membrane of 
S. oneidensis (Leung et al., 2021; Xie et al., 2021; Zhou et al., 2022). 
Deleting the genes for all three porin-cytochrome components (strain 
ΔmtrCBA) had no impact on the growth of planktonic cells, but there 
were fewer cells of strain ΔmtrCBA than the wild-type on the stainless 
steel (Fig. 1). Each of the electrochemical assessments of corrosion 
demonstrated that strain ΔmtrCBA corroded the stainless steel less than 
the wild-type strain (Fig. 2). 

The open circuit potential (OCP) is a thermodynamic parameter that 
indicates the tendency of electron uptake by S. oneidensis. A more 
negative (lower) OCP indicates a higher thermodynamic tendency for 
the stainless steel working electrode to lose electrons (i.e., to be 
corroded). After 3 days, Eocp values were lowest for coupons exposed to 
wild-type S. oneidensis, whereas values for ΔmtrCBA strain were between 
those of wild-type and sterile control (Fig. 2f). 

Electrochemical noise can distinguish and quantify metastable 
pitting and stable pitting better than traditional electrochemical tech-
niques. The Hilbert-Huang spectrum derived from the electrochemical 
noise raw data was analyzed to further elucidate the extent and type of 
corrosion (Fig. 3 and Fig. S4, Fig. S5). After three days, pitting corrosion 
initiated in the sterile control medium, but core pits did not form and 
transient amplitudes remained limited. In the incubation with wild-type 
S. oneidensis, incipient pitting corrosion was observed on the third day, 
which developed to stable localized corrosion after 5 days. The raw data 
for wild-type S. oneidensis showed pitting transients with amplitudes in 
the order of more than 120 nA after 5 days of immersion whereas the 
maximum amplitudes for the strain ΔmtrCBA were 20 nA. Artefacts 
reduced the overall dynamic range of the time-frequency information in 
the Hilbert spectra, but their characteristics indicated stable pitting ki-
netics, with local maxima around 10− 2 Hz. On the 7th day, a few fast 

Fig. 1. Biofilms, sessile cell counts, oxygen concentrations, planktonic cell counts and NO3
− concentrations for S. oneidensis strains. a Sessile cell counts and 

thicknesses of biofilms on 316 L SS coupon surfaces after 7 days of incubation. b CLSM image of wild-type S. oneidensis MR-1 strain. c CLSM image of ΔmtrCBA strain. 
d Oxygen concentration throughout layers of wild-type S. oneidensis MR-1 strain biofilm. e Planktonic cell counts throughout the 7-day incubation with 316 L SS 
coupons. f NO3

− concentrations throughout the 7-day incubation with 316 L SS coupons. 
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transient amplitudes below 10− 1 Hz of the Hilbert spectra in the sterile 
medium represented pit initiation, which might turn into metastable 
growth that were then passivated (Zhao et al., 2018). In the presence of 
wild-type S. oneidensis strain, the transient amplitudes noticeably 
increased and lasted much longer, which confirmed the fact that the 
metastable pitting corrosion turned into stable localized corrosion by 
wild-type S. oneidensis. The Hilbert spectra of samples with the ΔmtrCBA 
strain showed nearly no obvious transients, the pitting corrosion might 
initiate briefly, and then the pits were passivated (Fig. 3). Direct 
observation of pitting depths was consistent with the electrochemical 
noise results. Deleting the genes for the porin-cytochrome conduit 
reduced stainless steel pitting (Fig. 4 and Fig. S6). 

The finding that deleting the main porin-cytochrome conduit, which 
is known to facilitate extracellular electron exchange (Gong et al., 2020; 
Leung et al., 2021), inhibited S. oneidensis corrosion suggested that 
corrosion was linked to direct electron uptake from stainless steel. The 
fact that the pH of the medium was the same (pH 8.8) for the wild-type 
and ΔmtrCBA strain ruled out the possibility that the difference in 
corrosion rates was the result of changes in pH (Fig. S7). 

Oxygen profiles of biofilms growing on agar indicated that it was 
likely that oxygen would be depleted deep within the biofilms near the 
stainless steel surface (Fig. 1d). Therefore, the potential role of the porin- 
cytchrome conduit in corrosion under anaerobic conditions was evalu-
ated with nitrate as the electron acceptor. Biofilms were grown on 
stainless steel under aerobic conditions and then the stainless steel 
coupons were transferred into anaerobic medium with the stainless steel 
as the sole electron donor and nitrate as the electron acceptor. Biofilms 
of wild-type cells readily reduced nitrate, but strain ΔmtrCBA reduced 
nitrate much slower, if at all (Fig. 1f). This result indicated that the 
porin-cytochrome conduit was an important route for electron uptake 
from stainless steel to support nitrate reduction. Linear polarization 
resistance analysis further confirmed that stain ΔmtrCBA was much less 
corrosive than the wild-type under nitrate-reducing conditions (Fig. S8). 
These results further indicated that electron uptake via the porin- 

cytochrome conduit was an important mechanism for stainless steel 
corrosion. 

3.4. The outer surface cytochrome OmcA is not required for corrosion 

The S. oneidensis multi-heme c-type cytochrome OmcA has the po-
tential to provide additional surface for electrical contact between the 
outer-surface of the cell and electron donors or acceptors, presumably by 
interacting with the porin-cytochrome system (Lovley and Holmes, 
2022; Shi et al., 2016). However, a strain in which omcA was deleted was 
as corrosive as wild-type cells. Linear polarization resistanceanalysis 
demonstrated that both the wild-type and ΔomcA strains had a similar 
Rp of approximately 120 kΩ cm2 (Fig. 5a). The Ecorr and icorr values of 
ΔomcA were also comparable to those for the wild-type (Fig. 5, Fig. S9). 
Also, the concentration of iron ions released from 316 L SS coupons after 
the 7-day incubation was similar for both the wild-type and ΔomcA 
samples (Fig. S10). 

4. Implications 

The results indicate that S. oneidensis can directly extract electrons 
from iron-containing metals to promote corrosion. Although the possi-
bility of direct metal-to-microbe electron transfer with S. oneidensis was 
previously inferred (Jin et al., 2019; Li et al., 2021b; Philips et al., 2018), 
this inference relied on the known ability of S. oneidensis to exchange 
electrons with extracellular electron donors or acceptors, rather than 
any direcrt experimental evidence. Furthermore, many of the previous 
studies on S. oneidensis corrosion were conducted with iron forms, such 
as pure Fe0 or carbon steel, that are likely to generate H2 as an inter-
mediary electron carrier for corrosion (Miller et al., 2018; Schütz et al., 
2015; Windt et al., 2003). The use of stainless steel eliminated the 
possibility of H2 production. The substantial decrease in corrosion and 
nitrate reduction when the MtrCBA porin cytochrome conduit was 
eliminated further demonstratred that H2 was not an important shuttle 

Fig. 2. Corrosion rates and normalized corrosion rates for various strains of S. oneidensis. a Rp data over time for 316 L SS coupons incubated in either sterile LB 
medium or medium containing one of the two strains of S. oneidensis. b Variations in Rct over time. c Potentiodynamic polarization curves measured after 7 days of 
incubation. d Rct data obtained from EIS measurements and normalized Rct against sessile cell numbers on the working electrodes after 7 days of incubation. e 
Corrosion current density (icorr) obtained from potentiodynamic polarization curves and icorr normalized against sessile cell numbers. f Variations in EOCP over time 
for 316 L SS coupons incubated in LB medium with or without various strains of S. oneidensis. Error bars represent standard deviations from at least three independent 
coupons in different electrochemical glass cells. 
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for corrosion. The finding that stainless steel did not reduce riboflavin 
indicated that flavins were not electron shuttles for electron transfer 
from the stainless steel to S. oneidensis. However, the ΔmtrCBA mutant 
still retained some capacity for electron uptake from stainless steel, 
suggesting that additional porin-cytochrome systems (Beblawy et al., 
2018; Golitsch et al., 2013) or other systems for extracellular electron 
exchange (Rowe et al., 2021; Schuetz et al., 2009) contributed to elec-
tron uptake. 

Although direct electron uptake from iron-containing metals was 
previously demonstrated with Geobacter species (Liang et al., 2021; 
Tang et al., 2019, 2021), the studies reported here are the first to suggest 
a role for direct metal-to-microbe electron transfer during microbial 
growth in an aerobic environment. The development of anerobic con-
ditions within aerobically grown S. onenedensis biofilms can induce the 
expression of porin-cytochrome conduits in cells within anaerobic zones 
(Teal et al., 2006), enhancing the possibility of metal-microbe electron 
exchange. As biofilm thickness increases, the consumption of organic 
substrates near the outer surface of the biofilms reduces the availability 

of organic electron donors near the stainless-steel interface. Under these 
conditions Fe0 may become an important electron donor. Electron 
shuttles, such as flavins, may facilitate continued Fe0-based respiration 
by transporting electrons from microbes within anaerobic zones to 
aerobic zones, in a manner similar to that proposed for phenazine-based 
electron transfer to oxygen in Pseudomonas aeruginosa biofilms (Saun-
ders et al., 2020). Under these conditions oxygen is the ultimate electron 
acceptor for the electrons that S. onedensis consumes from Fe0 oxidation. 

Mechanisms for S. oneidensis corrosion of iron-containing metals that 
are more reactive than stainless steel may be more complex. Pure Fe◦

can generate H2 (Philips et al., 2018; Tang et al., 2019). Fe0 and other 
metals, such as carbon steel, might also reduce flavins, which could then 
serve as an electron shuttle for corrosion. These considerations, and the 
abundance of tools for genetic manipulation, suggest that S. oneidensis 
will be an excellent model for further investigations on direct 
microbe-to-metal electron transfer and other routes for microbial 
corrosion under aerobic conditions. The findings from such studies could 
also aid in better understanding how S. oneidensis consumes electrons 

Fig. 3. Representative Hilbert spectra after immersion for 7 days. a in sterile LB medium. b Day 7 in wild-type S. oneidensis MR-1 strain inoculated medium. c in 
ΔmtrCBA strain inoculated medium. 
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from other extracellular sources, such as electrodes in bio-
electrochemical technologies (Liu et al., 2012; Rowe et al., 2018; 
Schuetz et al., 2009). 

Stainless steel is widely used in various water systems such as marine 
water, wastewater and water injection systems, where corrosion is 
common. The finding that a porin-cytochrome conduit, a common 
feature of many electroactive microorganisms, is associated with elec-
tron uptake provides a useful molecular target to hunt for such corrosive 
bacteria. Thus, this study potentially provides guidance for the detection 
of microbial corrosion in various water systems. 

5. Conclusions 

In this study, we used an interdisciplinary approach to demonstrate 
that direct electron uptake through a porin cytochrome conduit, an 
extracellular electron exchange mechanism typically associated with 
anaerobic respiration, can be an important mechanism for stainless steel 
corrosion in aerobic environments. The direct electron uptake mecha-
nism significantly differs from previously documented routes for 
corrosion under aerobic conditions. Our discovery of a previously 

unrecognized route for metal corrosion under aerobic conditions pro-
vides new insights into the ecology of metal-corroding biofilms likely to 
be important in guiding the development of new corrosion mitigation 
strategies. 
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Fig. 4. Pitting caused by S. oneidensis biofilms. a Maximum and average pit depths on 316 L SS coupon surfaces after 7 days of immersion in either sterile LB medium 
or LB medium inoculated with one of the two strains of S. oneidensis. b Depth and width of pits observed on 316 L SS coupon surfaces after immersion in either sterile 
LB medium or LB medium inoculated with one of the two strains of S. oneidensis. Error bars represent standard deviations of three independent coupons from the 
same vessels. 

Fig. 5. Electrochemical analysis of OmcA-deficient strain of S. oneidensis after 7 days of incubation with 316 L SS coupons. a Variations in Rp over time after 
incubating different strains of S. oneidensis in LB medium with 316 L SS coupons, b Potentiodynamic polarization curves measured after 7 days of incubation. Error 
bars represent standard deviations from at least three replicating electrochemical glass cells. 
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