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Abstract
Microbial corrosion of iron-based materials is a substantial economic problem. A mechanistic understanding is required to
develop mitigation strategies, but previous mechanistic studies have been limited to investigations with relatively pure Fe(0),
which is not a common structural material. We report here that the mechanism for microbial corrosion of stainless steel, the
metal of choice for many actual applications, can be significantly different from that for Fe(0). Although H2 is often an
intermediary electron carrier between the metal and microbes during Fe(0) corrosion, we found that H2 is not abiotically
produced from stainless steel, making this corrosion mechanism unlikely. Geobacter sulfurreducens and Geobacter
metallireducens, electrotrophs that are known to directly accept electrons from other microbes or electrodes, extracted
electrons from stainless steel via direct iron-to-microbe electron transfer. Genetic modification to prevent H2 consumption
did not negatively impact on stainless steel corrosion. Corrosion was inhibited when genes for outer-surface cytochromes
that are key electrical contacts were deleted. These results indicate that a common model of microbial Fe(0) corrosion by
hydrogenase-positive microbes, in which H2 serves as an intermediary electron carrier between the metal surface and the
microbe, may not apply to the microbial corrosion of stainless steel. However, direct iron-to-microbe electron transfer is
a feasible route for stainless steel corrosion.

Introduction

Understanding of the mechanisms for iron-to-microbe elec-
tron transfer could lead to improved strategies to reduce the
estimated 500 billion dollars of annual damage [1] associated
with microbially enhanced corrosion. Corrosion develops

when metallic iron, Fe(0), is oxidized to Fe(II), with a release
of electrons [2, 3]. Although the role for microorganisms in
iron corrosion has been recognized for over 100 years [4], the
mechanisms for electron exchange between Fe(0) and
microorganisms are still poorly understood.

Economically important metal surfaces, such as the interior
of oil pipelines and fuel storage tanks, as well as buried pil-
ings and other structures, are usually anaerobic. Anaerobic
mechanisms for iron metal corrosion have typically been
studied with pure Fe(0). H2 can be an important electron
carrier that shuttles electrons from Fe(0) to microorganisms
[5–9]. Even in the absence of microorganisms, electrons
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derived from Fe(0) can reduce H+ to H2:

Fe0 þ 2Hþ ! Fe2þ þ H2 ð1Þ

Various anaerobic microorganisms can consume the H2

released from Fe(0), coupling H2 oxidation to the reduction
of electron acceptors other than oxygen [7–10].

Direct iron-to-microbe electron transfer, eliminating H2 as
an intermediary electron carrier between Fe(0) and micro-
organisms, is a potential alternative for microbially catalyzed
corrosion [11–14]. The concept of direct iron-to-microbe
electron transfer is an extension of the general concept of
electrotrophy, in which anaerobic microorganisms harvest
energy to support growth by directly accepting electrons
from other microbial cells or electrodes [15]. Direct microbial
electron uptake from Fe(0) has been proposed for a diversity
of sulfate-reducing, methane-producing, and acetogenic
microorganisms [8, 12, 13, 16–22]. However, all of these
microbes also have the ability to consume H2, raising the
possibility that, rather than relying on electrotrophy, these
microbes accelerate corrosion because they are effective in
enzymatically accelerating H2 production and/or attaching to
Fe(0) and consuming H2 as it is released at the surface
[5, 10, 11, 23].

In order to rigorously rule out the potential for H2 serving
as an intermediary electron carrier in Fe(0) corrosion, it is
necessary to evaluate corrosion with strains that cannot use H2

[23]. This was accomplished in studies with a strain of
Geobacter sulfurreducens genetically modified to prevent H2

consumption [11]. G. sulfurreducens strain ACLHF is unable
to utilize H2 or formate because genes necessary for H2 and
formate oxidation have been eliminated [11]. Strain ACLHF

grew on the surface of Fe(0), which served as the sole electron
donor for the energy-yielding anaerobic respiration with
reduction of fumarate to succinate [11]. H2 abiotically pro-
duced from Fe(0) in the cultures was not consumed. Deletion
of the gene for the outer-surface multi-heme c-type cyto-
chromes OmcS or OmcZ inhibited growth on Fe(0) [11].
The capacity for growth on Fe(0) was restored when the
genes for these cytochromes were reintroduced. These studies
suggested that direct electron uptake from Fe(0), mediated by
outer-surface c-type cytochromes, is possible and demon-
strated that G. sulfurreducens is an effective model microbe
for determining whether direct iron-to microbe electron
transfer is feasible [11].

However, under the same conditions, the parent strain of
strain ACLHF, strain ACL, which is able to use H2, grew
primarily on H2 released from Fe(0) [11]. This finding
suggested that, although direct iron-to-microbe electron
transfer is possible, microbially induced Fe(0) corrosion
may proceed with H2 as an intermediary electron carrier in
open environments where diverse H2-consuming microbes
are found.

Pure Fe(0) is a convenient well-defined substrate for
mechanistic studies, but iron is amended with other metals
for most practical applications. For example, stainless steel
(type 316L) is the metal of choice for many oilfield devices
and marine applications [24]. Stainless steel contains a
minimum of 11% chromium. As the outer surface corrodes,
a layer of chromium oxides forms, providing protection to
the underlying matrix from direct contact with the external
environment [25]. Thus, the mechanisms for microbial
electron extraction from stainless steel might be sig-
nificantly different from that for pure Fe(0) corroded by
hydrogenase-positive microbes.

Therefore, we evaluated the possibility of anaerobic
microbial stainless steel corrosion either with H2 as an
electron carrier, or via direct iron-to-microbe electron
transfer, with genetically modified strains of G. sulfurre-
ducens as well as wild-type Geobacter metallireducens, a
species that is unable to use H2 [26]. The results suggest
that H2 is unlikely to be an effective electron shuttle for
microbial corrosion of stainless steel. However, microbial
corrosion of stainless steel via direct iron-to-microbe
electron transfer is possible.

Materials and methods

Materials

A 316L stainless steel (elemental composition (wt %): 0.021
C, 0.43 Si, 1.18 Mn, 16.78 Cr, 2.09 Mo, 0.0006 S, 0.032 P,
10.5 Ni, balance Fe) was supplied by the Institute of Metal
Research, Chinese Academy of Sciences (Shenyang, China).
The stainless steel was cut into coupons (10mm× 10mm×
5mm), the surfaces abraded with three different grades of
sandpaper (220, 600, and 1200 grits), washed with 100%
ethanol, and air-dried. For electrochemical tests, the coupons
were connected with rubber-coated copper wire and sealed
with an epoxy resin to expose a surface area of 1 cm2. Prior to
each experiment, the electrodes and coupons were sterilized in
75% (v/v) ethanol and dried in a UV chamber (XL-1500
Series UV Crosslinker, SPECTRONICS, New York, USA)
for 30min.

Bacterial strains and growth condition

G. sulfurreducens [27] and G. metallireducens [26, 28]
strains were obtained from the Lovley lab culture collection.
The following mutant strains were constructed as previously
described: G. sulfureducens strain ACL [29], G. sulfurre-
ducens strain ACLHF [11], G. sulfurreducens strain ACLHF

ΔomcS [11], G. sulfurreducens strain ACLHFΔomcS com-
plemented with expression of omcS in trans [11], and G.
metallireducens ΔGmet 1868 [30].
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All G. sulfurreducens strains were routinely maintained
under strict anaerobic conditions at 30 °C in freshwater
medium [31] (per liter: 2.5 g NaHCO3, 0.25 g NH4Cl, 0.6 g
NaH2PO4·H2O, 0.1 g KCl), amended with 10 ml DL vita-
mins [27], 10 ml DL minerals [27], with acetate (20 mM) as
the electron donor and fumarate (40 mM) as the electron
acceptor. G. metallireducens strains were maintained in the
freshwater medium with acetate (10 mM) as the electron
donor and nitrate (5 mM) as the electron acceptor. Analyses
of growth, H2 production, and pitting of stainless steel were
conducted in 50 ml of medium in 160 ml serum bottles that
were sealed with butyl rubber stoppers. Coupons of 316L
stainless steel were provided as the sole electron donor.
Fumarate (40 mM) was the sole electron acceptor for studies
with G. sulfurreducens. Nitrate (5 mM) was the electron
acceptor for G. metallireducens.

For electrochemical tests, once cultures reached an
OD600 of 0.5, 50 ml was inoculated into electrochemical
cells filled with 250 ml freshwater medium with fumarate
(40 mM) or nitrate (5 mM) as the electron acceptor for G.
sulfurreducens or G. metallireducens, respectively.

Electrochemical tests

Electrochemical studies were carried out in a three-electrode
glass cell containing 300 ml of culture medium incubated
anaerobically at 25 °C. A 316L stainless steel electrode
served as the working electrode, the counter electrode was
platinum, and the reference electrode consisted of a satu-
rated calomel electrode. All open circuit potential (OCP),
linear polarization resistance (LPR), electrochemical impe-
dance spectroscopy (EIS), and potential dynamic polariza-
tion measurements were obtained with a potentiostat (G300,
Gamry Instrument, USA). LPR tests were recorded at a scan
rate of 0.125 mV s−1 in the range of −5 to 5 mV versus
EOCP. EIS was performed under a steady-state EOCP using a
5 mV amplitude sinusoidal wave in the frequency range of
10,000–0.01 Hz. Before the potentiodynamic polarization
scans, the electrodes were in the open circuit mode until a
steady free OCP was reached. The polarization curves
were performed at a scan rate of 0.5 mV s−1 from −0.5
to 2 V versus EOCP. Each electrochemical test was con-
ducted in triplicate in three separate experiments to ensure
reproducibility.

Analytical techniques

Succinate production was monitored over time with a
Shimadzu high-performance liquid chromatograph out-
fitted with an Aminex HPX-87H ion exclusion column
(300 mm by 7.8 mm) and 0.5 ml min−1 eluent of 8.0 mM
sulfuric acid, as previously described [32]. pH values

were determined with a pH meter (UltraBASIC UB-5,
Denver Instrument, USA).

Hydrogen in the headspace of cultures was measured
with a trace analytical instrument (ta3000 gas analyzer,
AMETEK, USA). The reduction gas detection (RGD) bed
was filled with mercuric oxide (HgO). The RGD bed tem-
perature was set to 285 °C, and the RGD column tem-
perature 105 °C. The carrier gas was N2 at 80 psi. The lower
and upper detection limits for the instrument were 1 part per
billion and 3 parts per million by volume, respectively.

Surface analysis

After incubation, coupons were gently rinsed with 0.1M
phosphate buffer (pH 7.2) and fixed with 2.5% (v/v) glutar-
aldehyde overnight at 4 °C. The coupons were then washed
three times in the phosphate buffer and then dehydrated with a
graded series (35, 50, 70, 80, 90, 95, and 100% v/v) of
ethanol solutions for 10min each. Anhydrous ethanol dehy-
dration was repeated three times. scanning electron micro-
scopy (SEM) was conducted with an ultrahigh-resolution field
emission scanning electron microscope (FEI Magellan 400;
Nanolab Technologies, CA, USA).

To observe corrosion pits underneath biofilms, coupons
were first cleaned with Clarke’s solution (strong hydrochloric
acid combined with antimony chloride and stannous chloride
prepared as previously described [33]) to remove corrosion
products and biofilms on coupon surfaces. Pit depth was
measured with a Nikon A1 Resonant Scanning Confocal
Microscope with Structured Illumination Super-Resolution
(Nikon Instruments Inc., Japan).

Biofilms on coupons were stained with LIVE/DEAD
BacLight Bacterial Viability Kit (Invitrogen, USA). The kit
has two fluorescent dyes, the green-fluorescent SYTO-9 dye
designed to measure live cells and the red-fluorescent pro-
pidium iodide (PI) dye designed to measure dead cells.
After staining, samples were observed under CLSM at two
wavelengths (488 nm for dye SYTO-9 and 559 nm for dye
PI). Cell numbers in the 3D scanned images were calculated
with NIS-Elements software (https://www.nikonmetrology.
com/en-us/product/nis-elements-microscope-imaging-
software).

Data analysis

All the experiments were conducted in triplicate and each
experiment was repeated at least three times. Each data
point was the result from a single test of each device.
Uncertainty in a reported measurement was expressed by
standard error. P value was determined to compare the
differences between each group. Results were considered
significantly different for P value < 0.05.
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Results and discussion

Growth of G. sulfurreducens strains on stainless steel

Over 7 days, both strain ACL (Fig. 1A, E), which can
grow with H2 or formate as the electron donor, and
strain ACLHF (Fig. 1B, F), which is unable to use H2 or
formate, grew as biofilms on stainless steel. Cell growth
was accompanied with the reduction of fumarate to suc-
cinate (Fig. 2). As expected from previous studies with
Fe(0) [11], there was no turbidity in the stainless
steel cultures of strain ACLHF (Supplementary Fig. S1),
which has to rely on direct iron-to-microbe electron
transfer. In previous studies with Fe(0), strain ACL pri-
marily grew on the H2 evolved from Fe(0), producing
substantial culture turbidity attributable to planktonic cell
growth on H2 [11]. However, there was no turbidity
in cultures of strain ACL growing on stainless steel
(Supplementary Fig. S1).

The lack of planktonic growth of strain ACL suggested
that, unlike Fe(0), the stainless steel was not generating
sufficient H2 to support the growth of planktonic cells.
Direct measurements revealed that the concentration of H2

in abiotic controls (approximately 0.1 Pa) containing stain-
less steel were 50,000-fold lower than comparable abiotic
controls with Fe(0), demonstrating that there was little, if
any, production of H2 from stainless steel (Fig. 3). This
finding was consistent with electrochemical measurements,

discussed later, that demonstrated that H2 production was
thermodynamically unfavorable in both the abiotic control
and in the presence of strain ACL and ACLHF. H2 levels in
cultures of strain ACL with stainless steel were comparable
to those of the abiotic control, indicating that even though
strain ACL can grow on H2, it was unable to consume H2 at
the low concentrations available. These results suggested
that strain ACL relied on direct electron uptake when grown
on stainless steel.

Fig. 1 Biofilm formation on stainless steel after 7 days. Confocal
scanning laser microscopy (CLSM) images (scale bar= 50 µm) of
biofilms attached to stainless steel after the surface was treated with
live/dead stain: A strain ACL; B strain ACLHF; C strain ACLH-

FΔomcS. D Strain in which ACLHFΔomcS was complemented by

expressing omcS in trans. High magnification (main image) and lower
magnification (upper right insert) scanning electron microscope images
(scale bar= 5 µm) of the following biofilms: E strain ACL; F strain
ACLHF; G strain ACLHFΔomcS; H strain in which ACLHFΔomcS was
complemented by expressing omcS in trans.

0 day

7 day

ACL     ACLHF ACLHF ACLHF
ΔomcS ΔomcS

comp

ACL     ACLHF ACLHF ACLHF
ΔomcS ΔomcS

comp

Fig. 2 Concentrations of succinate, the end product of fumarate
reduction, at the beginning and end of the 7-day incubation. The
abbreviation comp represents complementation with the expression of
omcS in trans. Results are the mean and standard deviation (n= 3).
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A strain in which the gene for the outer-surface cyto-
chrome OmcS was deleted from strain ACLHF (ACLHF-

ΔomcS) cell grew much less on the stainless steel than
strain ACLHF (Fig. 1C, G) and reduced about 60% less
fumarate to succinate (Fig. 2). Expression of omcS in trans
restored the capacity for growth on the stainless steel
(Fig. 1D, H) and fumarate reduction (Fig. 2). This result is
consistent with the previous finding that OmcS is an
important component for direct electron uptake from Fe(0)
[11]. Deletion of OmcS did not completely inhibit growth
on stainless steel, presumably because G. sulfurreducens
has multiple outer-surface electrical contacts [34–36] that
would all need to be deleted to completely inhibit extra-
cellular electron exchange.

The pH of the culture medium in the biotic incubations
and the abiotic control was 7.0 ± 0.1 after 7 days, which
was statistically equivalent to the initial pH (6.9 ± 0.1)
measured at the time of inoculation. These results ruled
out pH changes as a potential explanation for the corro-
sion observed.

Pitting

In order to determine whether growth on the stainless steel
surface resulted in pitting, the biofilms and corrosion pro-
ducts were removed with an acidic solution after 7 days
of incubations. The stainless steel surfaces of abiotic con-
trols were relatively smooth (Fig. 4A, F) and the few pits
that were observed were relatively shallow (Fig. 4K).
The average depth of the ten largest pits was only 0.9 ±
0.4 μm. In contrast, large and deep pits were visible on
stainless steel incubated in the presence of strains ACL and
ACLHF (Fig. 4B, C, G, H, K, L). Consistent with its poor
growth on stainless steel, the pit depths associated with
strain ACLHFΔomcS were much smaller than for strain

ACLHF (Fig. 4D, I), the average depth of ten largest pits was
1.6 ± 0.5 μm (Fig. 4K) with average diameter of 3.8 ± 1.0
μm (Fig. 4L). Complementation of ACLHFΔomcS with
expression of omcS in trans restored higher corrosion rates
with a pit size comparable with strains ACL and ACLHF

(Fig. 4E, J, K, L).
A similar pattern of corrosion was observed from quanti-

fying the abundance of pits on the stainless steel surface
(Fig. 4M). The pit density of the abiotic control (24 ± 15 pits
mm−2) was much less than for strains ACL and ACLHF

(110 ± 28 and 126 ± 20 pits mm−2, respectively). When omcS
was deleted from strain ACLHF, the pit density decreased to
40 ± 17 pits mm−2. Complementation of the omcS mutation
increased the pit density to 85 ± 18 pits mm−2.

Electrochemical analysis of corrosion

Several classical electrochemical methods further demon-
strated that strain ACL and strain ACLHF actively corroded
stainless steel and that the presence of an uptake hydro-
genase did not enhance the corrosion capacity of strain ACL
over strain ACLHF. The lowest OCP for the stainless steel in
the abiotic control was 160.9 mVSHE (Fig. 5A), much more
electropositive than the midpoint potential for H2 evolution
under the conditions (pH 7, 25 °C, 0.1 Pa) in the culture
medium:

2Hþ þ 2e�$H2 �236:2mVSHEð Þ ð2Þ

Thus, H2 formation was thermodynamically unfavorable,
explaining the observed lack of H2 production.

In contrast, the OCP of the stainless steel colonized by
strains ACL and ACLHF was much lower than the
abiotic control, stabilizing at approximately −141.4 and
−116.6 mVSHE, respectively (Fig. 5A). This low potential

Fig. 3 Stainless steel yields much less H2 than Fe(0). H2 con-
centration in the headspace in the presence of stainless steel (A) or Fe
(0) (B). Note the differences in units on the y-axis in the two panels.

Data in (B) from reference [11]. Results are the mean and standard
deviation (n= 3).
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indicated that release of electrons from the stainless steel
was much more favorable in the presence of the strain ACL
and ACLHF biofilms, consistent with the high rates of cor-
rosion associated with these biofilms. However, that was
still too electropositive to support H2 production (reaction
2), consistent with the lack of H2 accumulation in the strain
ACLHF cultures and the lack of planktonic growth of
strain ACL.

The OCP for the stainless steel in the presence of strain
ACLHFΔomcS was intermediate between the abiotic control
and the stainless steel colonized by the strain ACL and
ACLHF biofilms (Fig. 5A), in accordance with the low rates
of corrosion in those samples. When the omcS deletion was
complemented the OCP was comparable to the wild-type
control (Fig. 5A).

Several other electrochemical techniques for corrosion
characterization also signified higher rates of corrosion in
the presence of strains ACL and ACLHF and reduced cor-
rosion in the absence of OmcS. For example, LPR (Rp) is
inversely proportional to the corrosion rate [37]. 1/Rp was
low in the abiotic control, further demonstrating that the
medium was not corrosive (Fig. 5B). There was more
variability in the 1/Rp of culture replicates of strain ACLHF

than strain ACL. The 1/Rp of strain ACL was stable at
around 0.009 kΩ−1·cm−2, whereas strain ACLHF had a range
from 0.012 to 0.029 kΩ−1·cm−2. The mean values for two
strains were not statistically significantly different. Both had
1/Rp values that were more than five-fold higher than the
abiotic control (Fig. 5B). Strain ACLHFΔomcS was com-
parable to the abiotic control, consistent with the other

Abiotic       ACL       ACLHF ACLHF ACLHF
control    ΔomcS ΔomcS

comp

Abiotic       ACL      ACLHF ACLHF ACLHF
control    ΔomcS ΔomcS

comp

Abiotic       ACL       ACLHF ACLHF ACLHF
control    ΔomcS ΔomcS

comp

A B C D

F G H I

E

J

K L M

Fig. 4 Visualization of pitting on stainless steel. Scanning
electron micrographs of stainless steel surfaces (scale bar= 50 µm) in:
A abiotic control; B strain ACL; C strain ACLHF; and D strain
ACLHFΔomcS. E Strain in which ACLHFΔomcS was complemented
by expressing omcS in trans. Scale bar= 50 μm. Confocal scanning
laser microscopy images of stainless steel surfaces: F abiotic control;

G strain ACL; H strain ACLHF; I strain ACLHFΔomcS; J strain in
which ACLHFΔomcS was complemented by expressing omcS in trans.
Analysis of K pit depth and L pit diameter for the ten largest pits as
well asM pit density (data from ten random fields (0.1 mm2) examined
on each of five coupons for each treatment; mean ± standard
deviation).
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results indicative of slow corrosion with this strain. Com-
plementation restored 1/Rp to a level found in the ACLHF

strain (Fig. 5B).
Modeling of EIS data (Supplementary Figs. S2 and S3

and Supplementary Table S1) indicated that charge
transfer resistance between the biofilm and the stainless
steel matrix, designated Rct, was much higher in the
abiotic control and strain ACLHFΔomcS than for strain
ACL and strain ACLHF (Fig. 5C). The charge transfer
resistance for strain ACL was not statistically significantly
different than for strain ACLHF, further demonstrating that
the elimination of hydrogenase activity did not impact
corrosion.

A measure of corrosion current density, designated icorr
(Fig. 5D), which is directly proportional to the corrosion rate,
can be derived from potentiodynamic polarization curves
(Supplementary Fig. S4) [38]. The icorr for the abiotic con-
trol and strain ACLHFΔomcS were similar, about 32 ±
23 nA·cm−2, and significantly lower than the icorr for strain
ACL (614 ± 47 nA·cm−2), strain ACLHF (760 ± 58 nA·cm

−2),

and the omcS complemented strain of strain ACLHFΔomcS
(741 ± 50 nA·cm−2) (Fig. 5D). These results further demon-
strate the importance of OmcS in the corrosion. The differ-
ences in corrosion between strains with and without OmcS
could not be attributed to the difference in the number of cells
colonizing the stainless steel surface because normalization
for cell numbers to calculate icorr/cell and Rct/cell continued to
indicate reduced corrosion in the absence of OmcS (Supple-
mentary Fig. S5).

Direct metal-microbe electron transfer with G.
metallireducens

G. metallireducens, which is unable to utilize H2 [26], but is
capable of directly receiving electrons from electrodes to
support nitrate reduction [39], heavily colonized stainless steel
in medium with nitrate provided as an electron acceptor
(Fig. 6A). This was accompanied with the reduction of nitrate
(Fig. 6C) and obvious pitting (Fig. 6D, E). The corrosion
mechanism was further evaluated with a strain of G.

Fig. 5 Electrochemical analysis of stainless steel. A Open circuit
potential over time. B 1/Rp over time. C Rct over time (obtained from
EIS data, Supplementary Table S1). D Corrosion current density after

7 days. ACL, ACLHF, ACLHFΔomcS, Strain in which ACLHFΔomcS
was complemented by expressing omcS in trans, and abiotic control.
Results are the mean and standard deviation (n= 3).
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metallireducens in which the gene Gmet 1868 was deleted.
This gene encodes a multi-heme c-type cytochrome that
is important for extracellular electron exchange [30, 40]. The
cytochrome-deficient mutant only lightly colonized the stain-
less steel surface (Fig. 6B) with minimal pitting (Fig. 6F, G)
and nitrate reduction (Fig. 6C). The greater corrosivity of
the wild-type strain was apparent from electrochemical
data (Fig. 6H, I). The 1/Rp (ca. 0.01 kΩ−1·cm−2; Fig. 6H)
and icorr (1098 ± 87 nA·cm

−2; Fig. 6I) of the wild-type strain
were much higher than those of the cytochrome-deficient

mutant, which had values (1/Rp (ca. 0.003 kΩ
−1·cm−2; Fig. 6H

and icorr 101 ± 22 nA·cm
−2; Fig. 6I)) similar to those of the

uninoculated control. The wild-type also achieved a
much lower OCP (Fig. 6J). These results demonstrated that
cytochrome Gmet 1868 is important for electron uptake
from stainless steel. However, like G. sulfurreducens,
G. metallireducens is likely to express multiple electrical
connects on its outer surface that would all need to be
deleted in order to completely prevent electron uptake from
stainless steel.

10 μm 10 μm 

A B 

Depth = 3.19 μm 50 μm 

  

10 μm 

10 μm 
Depth = 2.08 μm 50 μm 

D 

F 

E 

G 

0 1 2 3 4 5 6 7
1

2

3

4

5

6

Time (days)

N
O

3-
(m

M
)

Abiotic control
G. metallireducens
Mutant

C 

0 1 2 3 4 5 6 7
-500

-400

-300

-200

-100

0

100

200

300

Time (days)

O
pe

n
ci

rc
ui

tp
ot

en
tia

l(
m

V
S

H
E
)

0 1 2 3 4 5 6 7

0.00

0.01

0.02

0.03

Time (days)

1/
R

p
(k

Ω
-1

·c
m

-2
)

J 

H 

I 

Abiotic control

Mutant
G. metallireducens

Abiotic control

Mutant
G. metallireducens

Fig. 6 G. metallireducens required an outer-membrane cyto-
chrome to corrode stainless steel. Scanning electron micrographs
of biofilm formation on stainless steel after 7 days of wild-type (A)
and a mutant strain in which the c-type cytochrome Gmet 1868 was
deleted (B). C Nitrate concentrations over time. Scanning electron

micrographs (D, F) and confocal scanning laser micrographs (E, G)
of pits on stainless steel after 7 days for wild-type (D, E), and
cytochrome mutant strain (F, G). H 1/Rp over time. I Potentiody-
namic polarization curves after 7 days of incubation. J Open circuit
potential over time.
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Implications

The results demonstrate that microbial corrosion of stainless
steel, a common structural material, is possible, but in
contrast to corrosion of pure Fe(0), H2 is unlikely to serve as
an intermediary electron carrier. This distinction between
corrosion of stainless steel and pure Fe(0) is significant
because prior studies on the mechanisms for microbial iron
corrosion have focused on pure Fe(0) [5, 7, 8, 10, 12, 16],
which unlike stainless steel, readily evolves H2 and is not a
common structural material. Even microbes capable of
direct electron uptake may favor H2 uptake as their primary
route for Fe(0) corrosion if they possess uptake hydro-
genases [11]. These results suggest that future corrosion
studies should focus on actual iron materials rather than
pure Fe(0) in order to develop corrosion models and miti-
gation strategies for economically important iron materials.

Outside of artificial laboratory studies, the microorgan-
isms that are actually responsible for accelerating the cor-
rosion of iron-containing metals and their mechanisms for
gaining electrons from Fe(0) are poorly understood [23].
The finding that multi-heme c-type cytochromes, a common
feature of many electroactive microbes, can be associated
with direct iron-to-microbe electron transfer ([11] and this
study) provides an important molecular target to hunt for
such microbes.
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