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ABSTRACT Despite observations of steel corrosion in nitrate-reducing environments,
processes of nitrate-dependent microbially influenced corrosion (MIC) remain poorly un-
derstood and difficult to identify. We evaluated carbon steel corrosion by Shewanella
oneidensis MR-1 under nitrate-reducing conditions using a split-chamber/zero-resistance
ammetry (ZRA) technique. This approach entails the deployment of two metal (carbon
steel 1018 in this case) electrodes into separate chambers of an electrochemical
split-chamber unit, where the microbiology or chemistry of the chambers can be
manipulated. This approach mimics the conditions of heterogeneous metal coverage
that can lead to uniform and pitting corrosion. The current between working elec-
trode 1 (WE1) and WE2 can be used to determine rates, mechanisms, and, we now
show, extents of corrosion. When S. oneidensis was incubated in the WE1 chamber
with lactate under nitrate-reducing conditions, nitrite transiently accumulated, and
electron transfer from WE2 to WE1 occurred as long as nitrite was present. Nitrite in
the WE1 chamber (without S. oneidensis) induced electron transfer in the same direc-
tion, indicating that nitrite cathodically protected WE1 and accelerated the corrosion
of WE2. When S. oneidensis was incubated in the WE1 chamber without an electron
donor, nitrate reduction proceeded, and electron transfer from WE2 to WE1 also oc-
curred, indicating that the microorganism could use the carbon steel electrode as an
electron donor for nitrate reduction. Our results indicate that under nitrate-reducing
conditions, uniform and pitting carbon steel corrosion can occur due to nitrite accu-
mulation and the use of steel-Fe(0) as an electron donor, but conditions of sustained
nitrite accumulation can lead to more-aggressive corrosive conditions.

IMPORTANCE Microbially influenced corrosion (MIC) causes damage to metals and
metal alloys that is estimated to cost over $100 million/year in the United States for
prevention, mitigation, and repair. While MIC occurs in a variety of settings and by a
variety of organisms, the mechanisms by which microorganisms cause this damage
remain unclear. Steel pipe and equipment may be exposed to nitrate, especially in
oil and gas production, where this compound is used for corrosion and “souring”
control. In this paper, we show uniform and pitting MIC under nitrate-reducing con-
ditions and that a major mechanism by which it occurs is via the heterogeneous ca-
thodic protection of metal surfaces by nitrite as well as by the microbial oxidation of
steel-Fe(0).
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Microbially influenced corrosion (MIC) is the degradation of a material due to
activities of microorganisms and has been estimated to cost a variety of industries

in the United States up to $140 million annually in maintenance, prevention, and
repairs (1, 2). MIC may occur by a variety of mechanisms, ranging from the direct

Received 4 April 2018 Accepted 6 April 2018

Accepted manuscript posted online 13
April 2018

Citation Miller RB, II, Lawson K, Sadek A, Monty
CN, Senko JM. 2018. Uniform and pitting
corrosion of carbon steel by Shewanella
oneidensis MR-1 under nitrate-reducing
conditions. Appl Environ Microbiol 84:e00790-18.
https://doi.org/10.1128/AEM.00790-18.

Editor Frank E. Löffler, University of Tennessee
and Oak Ridge National Laboratory

Copyright © 2018 American Society for
Microbiology. All Rights Reserved.

Address correspondence to John M. Senko,
senko@uakron.edu.

GEOMICROBIOLOGY

crossm

June 2018 Volume 84 Issue 12 e00790-18 aem.asm.org 1Applied and Environmental Microbiology

https://doi.org/10.1128/AEM.00790-18
https://doi.org/10.1128/ASMCopyrightv2
mailto:senko@uakron.edu
http://crossmark.crossref.org/dialog/?doi=10.1128/AEM.00790-18&domain=pdf&date_stamp=2018-4-13
http://aem.asm.org


microbial metabolism of metal to enhanced metal deterioration due to microbiologi-
cally induced changes in fluid chemistry (1, 3–5). While metal corrosion may occur in a
variety of patterns, MIC most often results in a combination of uniform and pitting
corrosion (3–13). Uniform corrosion involves the oxidation of the metal across its
surface by a dissolved oxidant and results in mass loss from the metal (14, 15). Pitting
corrosion is localized, and while it may result in relatively minor mass loss, it can result
in a severe compromise of metal strength (14–16). Additionally, MIC can occur under a
variety of terminal electron-accepting conditions. Waters containing high nitrate con-
centrations derived from agricultural sources, industrial wastewaters, wastewater treat-
ment systems, and oil and gas production, containing nitrate at concentrations of 1 to
10 mM, may interact with a variety of steel structures (17–23). Notably, nitrate and
nitrite are widely used in the oil and gas sectors to limit sulfate-reducing bacterial
activities, which result in the corrosion of steel pipes and equipment and “souring” of
petroleum (21–23). However, nitrate addition has also been suggested to enhance
corrosion in such systems (e.g., see references 6 and 7).

MIC may occur via several mechanisms under nitrate-reducing conditions. First,
nitrate may support thickened biofilms, thus inducing localized cathodic and anodic
regions on the steel, with resultant pitting corrosion (3–5). Second, nitrite, an interme-
diate in dissimilatory nitrate reduction, may accumulate in fluids and oxidize Fe(0) in a
uniform corrosion process, but localized nitrite accumulation can result in pitting (6).
That said, nitrite is also frequently deployed as a corrosion inhibitor (21–23). Finally,
nitrate may support the direct microbial metabolism of Fe(0) in steel or the consump-
tion of cathodic H2, both of which result in the oxidation of carbon steel-Fe(0) and often
result in pitting (7–13). In light of the various potential mechanisms of MIC under
nitrate-reducing conditions, we evaluated corrosion during nitrate reduction using
Shewanella oneidensis MR-1 as a model nitrate-reducing bacterium in batch incubations
and in a split-chamber/zero-resistance ammetry (ZRA) format (24, 25). S. oneidensis
MR-1 reduces nitrate to ammonium, with a transient accumulation of nitrite (26). The
split-chamber/ZRA approach entails the deployment of two metal working electrodes
(referred to as WE1 and WE2) in the two chambers of an electrochemical split cell (here,
we refer to “cells” as “chambers” to avoid confusion with bacterial cells). The working
electrodes are connected by a short circuit, through a ZRA, and measurements can be
collected in real time throughout the experiments. In these types of experiments, the
magnitude and direction of electric current can be used to determine rates, mecha-
nisms, and, we now show, extents of corrosion. We use this setup to mimic the
heterogeneous biological and chemical conditions to which a metal might be exposed
and that are responsible for corrosion, including pitting corrosion (3). We hypothesized
two mechanisms of microbially mediated corrosion of carbon steel under nitrate-
reducing conditions. The first mechanism for corrosion is due to nitrite accumulation
during nitrate reduction, whereby nitrite oxidizes Fe(0). In the second mechanism, S.
oneidensis oxidizes Fe(0) in steel to support nitrate and nitrite reduction.

RESULTS AND DISCUSSION
Overview of ZRA incubations. To evaluate the influence of nitrate-reducing bac-

terial activities on the corrosion of carbon steel, a series of ZRA incubations was
conducted, in which carbon steel 1018 working electrodes were deployed in both of
the split chambers. The conditions during the ZRA incubations are shown in Table 1,
and results of this series of incubation experiments are shown in Fig. 1. Figure 1 (top)
shows a timeline to indicate processes that we hypothesize to be occurring based on
data obtained during the ZRA incubations, and these processes are depicted as P1 to
P7 in Fig. 2. Before the initiation of experiments, WE1 and WE2 were immersed in
identical solutions and with no inoculation or other experimental manipulation. During
this period, minimal current was observed, indicating that the two chambers were in
electrochemical equilibrium (Fig. 1). During this period, minor amounts of H� reduction
(8, 27) were likely occurring to equal extents on both electrodes (Fig. 1 and 2, P1).
Subsequently, amendments were made to either chamber of the split-chamber assem-
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blies to initiate the experiments, including inoculation with S. oneidensis or the addition
of substrates. Control experiments were conducted, in which medium was contained in
both chambers of a split-chamber assembly, and after 2 days of equilibration, lactate
was added to the WE1 chamber. This resulted in minimal change in the current or
potential in the WE1 chamber (see Fig. S1 in the supplemental material), indicating that
electrochemical responses in ZRA incubations were not simply due to the addition of
reagents.

Abiotic oxidation of carbon steel-Fe(0) by biogenic nitrite. For ZRA1, upon the
addition of nitrate to WE1 and WE2 and S. oneidensis to WE1, a negative current
developed, indicating electron transfer from WE2 to WE1 (Fig. 1 and 2, P3). The
development of this negative current occurred concomitantly with an increase in the
potential in the WE1 chamber, nitrate and lactate depletion, and nitrite accumulation
(Fig. 1). Upon the complete depletion of nitrate, nitrite remained in WE1, and the
magnitude of the current diminished but remained negative, suggesting that the
remnant nitrite could be maintaining the current from WE2 to WE1 (Fig. 1 and 2, P6).
With continued incubation, nitrite was depleted, and the negative current was dimin-
ished further (Fig. 1). Additionally, while both WE1 and WE2 experienced corrosion, the
corrosion rate of WE2 was higher than that of WE1, with a corrosion rate ratio (WE1 to
WE2) of 1:4 (Table 1). No current was observed in uninoculated and nitrite-free
incubation mixtures, and the mass loss from coupons was �5 mg. To confirm the
observations of corrosion under nitrate-reducing conditions, we conducted batch
incubations that included carbon steel coupons in the same medium used for ZRA
incubations. In incubation mixtures containing S. oneidensis and lactate, mass loss from
coupons (indicative of uniform corrosion) occurred concurrently with nitrate depletion
and nitrite accumulation but did not occur in uninoculated incubation mixtures (Fig. 3).
Mass loss and accumulation of corrosion products in these experiments indicated that
uniform corrosion was occurring, but surface topographic analysis of coupons from
batch incubations also revealed the development of pits over the course of the
incubations that were not observed after incubation in uninoculated medium (Fig. 4).
As such, both uniform (as indicated by mass loss) and pitting corrosion occurred under
nitrate-reducing conditions. Indeed, the dynamics of electron transfer and mass loss in
ZRA incubations was consistent with the development of anodic and cathodic regions
of metal surfaces (Fig. 2, P3, P5, and P6) that may lead to pitting corrosion.

The ZRA current patterns and the higher corrosion rate of WE2 than of WE1 in ZRA1
indicates that cathodic protection was occurring on WE1, with WE2 serving as the
anode in a manner consistent with the mechanism of pitting corrosion (16). Based on
these observations, we propose that during the period of lactate-dependent nitrate
reduction, the accumulated nitrite served as an oxidant at WE1 (Fig. 1 and 2, P3), with
WE2 serving as the “sacrificial” electrode. Subsequently, remnant nitrite continued to
cathodically protect WE1, and the current remained negative (Fig. 1 and 2, P6).
However, it is not clear if nitrite interacted directly with Fe(0) in the steel (reaction
1 [R1]) or if nitrite reacted with Fe(II) from cathodic H� reduction (R2 and R3), thus
facilitating further Fe(0) oxidation: 3 Fe0 � 2 NO2

� � 8 H� ¡ 3 Fe2� � N2 � 4 H2O

TABLE 1 Incubation conditions and weight loss of working electrodes in ZRA experiments

ZRA run Chamber or electrode Chamber components Corrosion rate (mils/yr)

ZRA1 (blue) WE1 15 mM lactate, 20 mM nitrate, inoculated 16
WE2 15 mM lactate, 20 mM nitrate, no inoculation 65

ZRA2 (black) WE1 15 mM nitrite, uninoculated 55
WE2 15 mM nitrate, uninoculated 80

ZRA3 (pink) WE1 15 mM lactate, inoculation and addition of 3 mM nitrite 16.1
WE2 15 mM lactate, addition of 3 mM nitrite 39

ZRA4 (red) WE1 20 mM nitrate, inoculated 79
WE2 20 mM nitrate, no inoculation 102
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(0.33 V) (R1), Fe0 � 2 H� ¡ Fe2� � H2 (0.22 V) (R2), and 6 Fe2� � 2 NO2
� � 14

H2O ¡ 6 Fe(OH)3 � N2 10 H� (0.08 V) (R3).
While there are instances of direct attack of Fe(0) by nitrite (28–30), Fe(II) oxidation

by nitrite is well established and is enhanced in the presence of solid phases (31–35).
We also point out that the choice of N2 as the product of nitrite reduction in R1 and R3
was arbitrary, since these products are not well known (34, 35). N2O may be the product
of nitrite reduction by Fe(II) (35), and ammonium may be a product of nitrite reduction
by Fe(0) (7). Ultimately, Fe(0) oxidation by nitrite may be due to a combination of R1
and R3 (Fig. 2, P3).

To test the hypothesis that nitrite serves to oxidize Fe(0) in carbon steel, we
conducted ZRA incubations (ZRA2), during which nitrite was added to the WE1 cham-
ber, without any inoculum. Upon the addition of nitrite, we observed the development

FIG 1 Current (A), potential (in the WE1 chamber versus a standard calomel electrode) (B), nitrate
concentrations (C), nitrite concentrations (D), and lactate concentrations (E) in incubation mixtures with
S. oneidensis and carbon steel coupons deployed in the WE1 and WE2 chambers of split chambers
connected by ZRA. Data for incubations designated ZRA1, ZRA2, ZRA3, and ZRA4 (shown in Table 1) are
depicted by blue, black, pink, and red lines or shapes, respectively. All data depicted with closed shapes
indicate nitrate, nitrite, or lactate concentrations in WE1. Open circles in panel D represent nitrite
concentrations in WE2. Dashed lines represent mean concentrations of nitrate or lactate measured in
WE2. Error bars represent one standard deviation of data from triplicate incubations. The box at the top
indicates the time periods of processes (shown in Fig. 2) associated with each type of incubation.
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of a negative current and an increase in the potential in the WE1 chamber that were
similar to what was observed for the ZRA1 incubations (Fig. 1). This indicates that nitrite
served as an oxidant at the WE1 cathode, with WE2 serving as the anode (Fig. 1 and 2,
P7). It is also notable that the current remained constant throughout the ZRA2
incubations, since the nitrite concentration remained high throughout the incubations.
This is in contrast to the ZRA1 incubations, in which nitrite transiently accumulated and
was ultimately depleted by S. oneidensis (Fig. 1D). We also observed a higher corrosion
rate for WE2 than for WE1, with a corrosion rate ratio of 1:1.5 (Table 1). These results are
again consistent with a mechanism for pitting corrosion, whereby localized anodes and
cathodes develop on metal surfaces as a result of microbiological activities.

Influence of nitrite concentration on carbon steel corrosion. While nitrite is
frequently used as a corrosion inhibitor (36–38), it is also a strong oxidant, and the
inhibition or enhancement of carbon steel corrosion by nitrite appears to be concen-
tration dependent (7). To confirm that nitrite induced carbon steel corrosion and
evaluate the influence of the nitrite concentration on the abiotic oxidation of Fe(0), we
determined the mass loss of coupons included in nitrite-amended growth medium. We
observed mass loss from coupons in uninoculated medium with 6 mM and 3 mM
nitrite, but the mass loss in 1 mM nitrite-containing incubation mixtures was indistin-
guishable from that of nitrite-free controls (Fig. 5A to C). Mass loss was most extensive

FIG 2 Schematic representations of reactions proposed to be occurring during ZRA experiments shown
in Fig. 1. Numbers shown in parentheses next to arrows indicate the proposed reactions shown at the
top. Blue ovals represent S. oneidensis cells. Arrows on ZRA lines indicate the direction of electron
transfer, as indicated by current in Fig. 1. Amorphous Fe(III) (hydr)oxide is depicted as amFe(OH)3.
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in incubations with 6 mM nitrite (Fig. 5A to C). Additionally, we observed nitrite
depletion concurrent with mass loss (Fig. 5D to F), indicating that the Fe(0) oxidation
and mass loss were due to nitrite. When S. oneidensis was included in medium with 6
mM nitrite, the mass loss was the same as that observed in uninoculated incubation
mixtures (Fig. 5A), since nitrite remained in the incubation mixtures, and the most
extensive mass loss in incubations with S. oneidensis and 6 mM nitrite appeared to
occur when the nitrite concentration was �1 mM (Fig. 5A and D). A similar 1 mM
“threshold” nitrite concentration was observed in incubation mixtures that included S.
oneidensis and 3 mM nitrite (Fig. 5B and E), and carbon steel corrosion in the presence
of S. oneidensis and 1 mM nitrite was not distinguishable from that in nitrite-free control
incubation mixtures (Fig. 5F). These observations indicate that the abiotic oxidation of
carbon steel-Fe(0) by nitrite is concentration dependent, and in batch incubations,
biological and abiotic corrosion in the presence of nitrite proceeded to similar extents.

We also conducted ZRA incubations in which 3 mM nitrite was included in lactate-
amended medium (ZRA3) (Table 1). Under these conditions, a slightly positive current
occurred before the addition of nitrite and S. oneidensis (Fig. 1A). This was likely due to
slight differences in the coupon surface roughness, lactate concentration, or pH in the
WE1 and WE2 chambers (39). Upon the addition of nitrite and S. oneidensis to the WE1
chamber, the current diminished concurrently with nitrite consumption (Fig. 2, P4) until

FIG 2 (Continued)
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no current was observed (Fig. 1A), indicating that the electrodes were in equilibrium.
These observations indicated that if nitrite was consumed, its corrosive effect would be
limited. Additionally, in ZRA incubations, we found that there was a strong correlation
between the difference in mass losses between WE1 and WE2 and the difference in
maximal nitrite concentrations between WE1 and WE2 chambers (Fig. 6). In other
words, the greater the nitrite accumulation in the WE1 chamber, the more mass was
lost from WE2. These mass loss values were consistent with theoretical mass losses
predicted from Faraday’s law (Fig. 6). The inability of the split-chamber/ZRA approach
to quantify mass loss has been noted (40), but these new observations indicate that the
approach may be exploited to quantify extents of corrosion. In this case, the total
charge passed during the experiment was calculated by using the trapezoid rule to
integrate the area under the current-versus-time plots from ZRA incubations (Fig. 1).
Taken together, these results indicate that the extent of corrosion is directly dependent
on the concentration of nitrite.

Nitrate-dependent oxidation of carbon steel-Fe(0) by S. oneidensis. While nitrite
clearly induced the oxidation of Fe(0) and the resultant carbon steel corrosion, this
reaction could also be attributable to metabolic oxidative processes by S. oneidensis
and coupled to nitrate reduction. For instance, under sulfate-reducing conditions, Fe(0)
may be oxidized when cathodic H2 (R2) is consumed by hydrogenotrophic sulfate-
reducing bacteria (41), and H2 could be similarly consumed under nitrate-reducing
conditions (7, 9, 12, 42, 43): 4 H2 � NO3

� � 2 H� ¡ NH4
� � 3 H2O (biological) (R4).

Similarly, Fe(0) in steel may be directly (i.e., “enzymatically”) oxidized under anoxic
conditions (10, 13, 43–45) (depicted using nitrate reduction in R5): 4 Fe0 � NO3

� � 10
H� ¡ 4 Fe2� � NH4

� � 3 H2O (biological) (R5).
The latter mechanism of Fe(0) oxidation poses a challenge to microorganisms, in

that they must use a solid phase as an electron donor (13). However, Shewanella spp.
can use poised graphite cathodes as electron donors, so they are a group of organisms
capable of using insoluble electron donors as well as acceptors (33, 46–48). While it is
not known if S. oneidensis can oxidize Fe(II) under nitrate-reducing conditions, She-
wanella spp. may oxidize Mn(II) under aerobic conditions (49). As such, R2 might be

FIG 3 Steel coupon mass loss (A), nitrate and nitrite concentrations (B), and lactate concentrations (C) in
incubations of S. oneidensis and carbon steel coupons in minimal medium containing nitrate and lactate
(black), nitrate (red), lactate (blue), or no nitrate or lactate (green). Dashed lines represent mean mass
losses and concentrations of nitrate or lactate in uninoculated medium. Closed circles and squares in
panel B represent nitrate and nitrite concentrations, respectively. Open circles in panel B represent nitrate
concentrations in incubations of S. oneidensis in medium containing nitrate but no steel coupon or
lactate. Error bars represent one standard deviation of data from triplicate incubations.
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facilitated by nitrate-dependent Fe(II) oxidation by S. oneidensis. Regardless of the
specific mechanism of carbon steel-Fe(0) oxidation, the above-described scenarios
describe the use of Fe(0)-derived electrons to support nitrate reduction.

To test the hypothesis that Fe(0) oxidation (whether via R4 or R5) could be coupled
to nitrate reduction by S. oneidensis, we conducted ZRA4, in which no lactate was
included in the growth medium, and the WE1 chamber was inoculated with S. one-
idensis (Table 1). Under these conditions, the only potential electron donor available to
the cells is the Fe(0) in the carbon steel coupon. Upon inoculation of the WE1 chamber,
a negative current gradually developed, with a concurrent increase in the potential in
the WE1 chamber (Fig. 1A and B). The negative current indicated that WE1 was serving

FIG 4 Surface topographic characteristics of carbon steel coupons incubated in uninoculated medium
for 10 days (A) and with S. oneidensis under lactate-oxidizing, nitrate-reducing conditions for 5 days (B)
and 60 days (C). Heat map scales are shown next to their corresponding topographic maps.
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as the cathode in the split chamber, while WE2 was serving as the anode (Fig. 1 and 2,
P5). This redox disequilibrium between electrodes was due to the activities of S.
oneidensis. This conclusion is supported by the greater mass loss of WE2 than of WE1
at the conclusion of ZRA4 (Table 1). Additionally, nitrate consumption was observed,
which indicated that Fe(0) was serving as an electron donor to support nitrate reduc-
tion by S. oneidensis (Fig. 1C). However, nitrite also accumulated in the incubation
mixtures (Fig. 1D), which may have also oxidized Fe(0) (R1 and R3) (Fig. 2).

Similar to the ZRA4 incubations, in batch incubations, carbon steel supported nitrate
reduction by S. oneidensis in lactate-free medium that was not observed the absence of
the coupon (Fig. 3B), indicating that remnant reducing equivalents from cell cultivation
before the incubations were not sustaining nitrate reduction (Fig. 3B). Rather, nitrate
reduction was supported by Fe(0) oxidation, as we also observed mass loss from the
steel coupons with these incubations (Fig. 3A). We point out that nitrite accumulated
in these incubation mixtures (Fig. 3B), so it is difficult to determine if the observed Fe(0)
oxidation is attributable exclusively to the biological oxidation of the metal. That said,
Fe(0) must have served as an electron donor to support nitrate reduction and nitrite
accumulation, so the corrosion that we observed was at least partially attributable to
Fe(0) oxidation by S. oneidensis and not nitrite. Steel coupons also supported nitrite
reduction in lactate-free batch incubations where nitrite was provided as the electron
acceptor (Fig. 5A and B), and mass loss from these coupons was also observed (Fig. 5D
and E). Similar to incubation mixtures that included nitrate, nitrite reduction was more
extensive in lactate-free incubation mixtures that included coupons than in those that
did not include coupons (Fig. 5D), indicating that the nitrate reduction was not
attributable to excess reducing equivalents carried over with tryptic soy broth (TSB)-
grown S. oneidensis.

FIG 5 Steel coupon mass loss (A to C), nitrite concentrations (D to F), and lactate concentrations (G to
I) in incubations of carbon steel coupons in minimal medium with 6 mM (A, D, and G), 3 mM (B, E, and
H), or 1 mM (C, F, and I) nitrite with (blue) or without (red) lactate amendment. Green shapes in panel
C show nitrite concentrations in incubation mixtures that did not contain steel coupons. Open shapes
indicate incubation mixtures that included S. oneidensis, and closed shapes indicate uninoculated
incubation mixtures. Error bars represent one standard deviation of data from triplicate incubations.
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Implications for corrosion prevention and mitigation. Nitrate is frequently used
to control MIC (mostly MIC attributable to sulfate-reducing bacterial activities) and
souring of crude oil (21, 22, 50). The work presented here as well as elsewhere illustrates
the potential for both uniform and pitting corrosion of carbon steel under nitrate-
reducing conditions. For instance, Li et al. (51) suggested that nitrate-dependent
Fe(II)-oxidizing bacteria may induce the corrosion of carbon steel. More specifically,
Bacillus licheniformis has been shown to induce pitting under nitrate-reducing condi-
tions (11), but uniform corrosion was not evaluated. Additionally, an organic carbon
source was provided in the incubation mixtures (11), so it is difficult to determine the
relative contributions of biogenic nitrite and nitrate-dependent Fe(0) oxidation to the
overall process of corrosion. Similarly, the nitrate-dependent, Fe(II)-oxidizing organism
Dechloromonas hortensis enhanced the corrosion of cast iron, but it is not clear if this
organism could directly oxidize Fe(0) (52). A non-hydrogen-consuming Prolixibacter sp. was
shown to induce Fe(0) oxidation and corrosion under nitrate-reducing conditions, indicat-
ing that Fe(0) may be directly metabolized [i.e., without an H2 or Fe(II) intermediate],
coupled to nitrate reduction (12, 43). However, those studies did not specifically evaluate
pitting or uniform corrosion (12, 43). Finally, nitrite may abiotically oxidize Fe(0) (30).

Taken together, these observations illustrate the diversity of mechanisms by which
microorganisms can induce the corrosion of carbon steel. Indeed, our work indicates
that microorganisms induce corrosion by using Fe(0) as an electron donor to support
nitrate and nitrite reduction. The mechanism by which S. oneidensis oxidizes Fe(0)
remains unclear. Work by De Windt et al. (8) indicated that S. oneidensis used cathodic
H2 to oxidize Fe(0) coupled with nitrate reduction. Those authors used N2O production
as an indicator of nitrate reduction, but ammonium is the terminal product of nitrate
reduction by S. oneidensis MR-1 (without N2O as an intermediate) (26, 53), and biogenic
nitrite may have been reduced to N2O by Fe(0) in those experiments. As such, the
extent to which nitrite induced Fe(0) oxidation in those experiments is unclear. Addi-
tionally, the relevance Fe(0) oxidation driven by cathodic H2 oxidation as a mechanism
of MIC has been questioned due to kinetic considerations, and mounting evidence
indicates that direct oxidation of the metal is the principal means by which microor-
ganisms use Fe(0) as an electron donor (e.g., see references 10, 13, and 54).

FIG 6 Relationship between differences in maximal nitrite concentrations in WE1 and WE1 chamber fluid
and ratios of mass loss from these electrodes. The table provides the key for the figure and comparison
of measured and predicted mass loss differences between WE1 and WE2. Predicted mass losses were
calculated based on the total measured current over the course of the experiments and Faraday’s law.
See the text for details on calculations.
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Besides using Fe(0) in carbon steel as an electron donor to support nitrate and nitrite
reduction, when organic carbon is present to support nitrate reduction, nitrite that
accumulates abiotically reacts with Fe(0) to induce corrosion. In our experiments, MIC
during lactate-supported nitrate reduction occurred more rapidly and to a greater
extent than in the absence of lactate (Fig. 1 and Table 1). Additionally, denitrification
and dissimilatory nitrate reduction to ammonium are nearly ubiquitous processes (and
potential processes) in near-surface soils and sediments (55–57). As such, corrosion by
nitrite attack might be a more widespread form of MIC under nitrate-reducing condi-
tions. That said, the prevalence of Fe(0)-oxidizing, nitrate-reducing microorganisms
remains unclear. The finding of carbon steel corrosion by nitrite is somewhat surprising,
as nitrite has been used as a corrosion inhibitor, because it induces the development
of a passive Fe(III) film on steel (36–38, 58). For instance, Kielemoes et al. (7) presented
evidence that relatively high concentrations (�2 mM) of nitrite inhibited corrosion,
while nitrate concentrations below this threshold enhanced corrosion. However, nitrite
has been shown to either enhance or inhibit corrosion, depending on nitrite and
chloride ratios (7, 36, 37). The observation of corrosion inhibition by nitrite may be an
artifact of conducting experiments with homogenous solutions, whereby uniform
“coverage” of metal surfaces by nitrite cathodically protects the metal from further
corrosion. If this same protection is heterogeneous, as is the case in ZRA incubations,
the redox imbalance between regions of the metal surface may induce more-aggressive
corrosion (e.g., WE1 was protected by nitrite, while WE2 was oxidized) (Fig. 2, P7).

Our results indicate two processes under nitrate-reducing conditions that lead to
pitting and uniform corrosion. In batch incubations, the mass loss from coupons
indicated uniform corrosion under nitrate-reducing conditions. Pitting corrosion also
occurred in the incubation mixtures, as evidenced by surface profiling of coupons. The
ZRA incubations presented here mimic the conditions that would lead to pitting
corrosion: different redox conditions on the metal surface. Under these conditions,
heterogeneous biofilm coverage of metal surfaces by nitrate-reducing microorganisms
could lead to localized electron biological “extraction” of electrons under conditions of
low organic carbon concentrations or localized accumulations of nitrite under condi-
tions where an organic electron donor is available to support nitrite reduction. In both
cases, a localized cathode develops in proximity to, and as a result of, nitrate-reducing
activities, with an anode at the adjacent uncovered surface. Additionally, in this work,
we were able to compare the relative contributions of carbon steel-Fe(0) oxidation by
nitrite and nitrate-dependent oxidation of carbon steel-Fe(0). Results from our ZRA
experiments indicate that corrosion and current were more extensive during lactate-
dependent nitrate reduction with nitrite accumulation than under lactate-free condi-
tions. Given this observation and the widespread occurrence of organotrophic nitrate-
reducing bacteria, nitrite-induced corrosion may be the predominant mechanism of
MIC under nitrate-reducing conditions.

MATERIALS AND METHODS
Bacterial cultivation. Shewanella oneidensis MR-1 was routinely grown on a solid or liquid tryptic soy

medium (TSB or tryptic soy agar [TSA]) consisting of tryptic soy powder (20 g/liter) and Bacto agar (15
g/liter for solid medium). Experiments were conducted in an anoxic minimal medium used previously by
Myers and Nealson (59), which includes 9.0 mM (NH4)2SO4, 5.7 mM K2HPO4, 3.3 mM KH2PO4, 2.0 mM
NaHCO3, 1.0 mM MgSO4, 0.5 mM CaCl2, 0.05 g/liter yeast extract, 0.1 g/liter Casamino Acids, 20 mg/liter
L-arginine–HCl, 20 mg/liter L-glutamate, vitamins, and trace metals, as described previously by Tanner
(60). The medium was buffered (pH 7.4) with HEPES, and sodium lactate (15 mM) was provided as an
electron donor, where appropriate. To remove O2 from the medium, the medium was brought to a boil
and then cooled under a continuous stream of N2. Sodium nitrate and sodium nitrite were provided to
different media at various concentrations, depending on the type of experiment. In preparation for
experimental incubations, S. oneidensis was grown on TSB to late log phase at room temperature and
then harvested by centrifugation, washed with lactate-free minimal medium (see above), and resus-
pended in the same medium. S. oneidensis growth was determined by using optical density measure-
ments at 600 nm in a Helios UV-visible (UV-Vis) spectrophotometer.

Corrosion incubations. Carbon steel (UNSG10180) samples were polished using progressively finer
SiC papers, including 240, 320, 400, and 600 grit, as described in ASTM standard E1558 (61). Samples were
weighed and then sterilized at 160°C for 4 h in a glass chamber filled with N2 (62). This sterilization
process minimizes the alteration of the metal surface that occurs during other standard sterilization
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procedures (62). For batch experiments, flat steel coupons were aseptically placed in 160 ml in serum
bottles with 50 ml of anoxic minimal medium and N2 headspace. Serum bottles were sealed with thick
butyl rubber stoppers with aluminum crimp seals. Where appropriate, sodium nitrate or sodium nitrite
was added to media from sterile, anoxic stock solutions. TSB-grown S. oneidensis was added to minimal
medium at an optical density at 600 nm of 0.8 and incubated at 22°C in darkness. Samples were
periodically recovered to characterize fluid chemistry. Cells were removed from the suspension via
centrifugation, and lactate, nitrate, and nitrite concentrations in the supernatant were measured (de-
scribed below). Samples for lactate measurements were acidified with 0.008 N H2SO4.

To evaluate carbon steel corrosion in the split-chamber format with zero-resistance ammetry
measurements (referred to as “ZRA incubations”) (25), two glass chambers were assembled with polished,
cylindrical working electrodes (referred to as WE1 and WE2; exposed area of 0.5 cm2) inserted into each
chamber of the split-chamber assembly. Assembled split chambers were sterilized as described above.
A cation exchange membrane (catalog number CMI-7000S; Membranes International Inc., Ringwood, NJ)
was primed in sterile 5% NaCl at 40°C for 24 h and then aseptically inserted between the two chambers.
Both chambers were filled with 250 ml of sterile minimal medium, and a saturated calomel reference
electrode (SCE) was inserted into the chamber containing WE1. Current and potential were measured by
using a Gamry reference 600 potentiostat/galvanostat in ZRA mode. In this configuration, a positive
current represents electron transfer from WE1 to WE2. To confirm the sign convention for the current,
experiments were conducted with the galvanic couple of Al and Cu, where Al served as WE1 and Cu
served as WE2. The resulting galvanic current from this experiment was positive, verifying our sign
convention for current. Potential and current readings were collected at 5-min intervals during each ZRA
incubation. For experiments that included bacterial cells, chamber WE1 received an inoculum of S.
oneidensis at a cell density of 0.783. Samples were periodically removed from both chambers of the
split-chamber apparatus to measure pH and lactate, nitrate, and nitrite concentrations (described below).
At the conclusion of batch and ZRA incubations, the steel coupons were removed and subjected to
weight loss analysis (WLA) (described below).

Analytical techniques. The lactate concentration was quantified by high-performance liquid
chromatography (HPLC) using an Agilent 1200 series HPLC system (Agilent Technologies Inc., Santa
Clara, CA) with an Aminex HPX-87H column (300 mm by 7.8 mm; Bio-Rad Laboratories Inc., Hercules,
CA) with UV (230 nm) detection. A mobile phase of 0.008 N H2SO4 was used at a flow rate of 0.6
ml/min. Nitrate and nitrite concentrations were quantified by ion chromatography (DX 100; Dionex
Corp., Sunnyvale, CA). Before topographic analysis of carbon steel coupons, the coupons were
washed as described below, topographic features were visualized by using a Keyence VK-X250
three-dimensional (3D) laser microscope (Keyence Corp., Osaka, Japan), and data were analyzed by
using the Keyence VK-X MultiFile analyzer.

Corrosion rates were determined by WLA according to ASTM method G01-03 (63). Steel coupons
were rinsed with deionized water, brushed, and immersed in Clarke’s reagent (1,000 ml 12.1 M HCl, 20
g antimony trioxide, and 50 g stannous chloride) at 30-s intervals to remove surface oxides. After the bath
in Clarke’s reagent, the coupons were rinsed with ultrapure water, dried, and weighed. This washing
procedure was repeated until no further mass loss occurred between wash cycles, indicating the all
oxides were removed. The corrosion rate was calculated by using the equation CR � (W � K)/(D � A �
t), where CR represents corrosion rate in mils per year; K is a dimensionless constant, 3.45 � 106; W is the
mass loss in grams; A is the exposed surface area in square centimeters; t is the exposure time in hours;
and D is the density of carbon steel UNSG10180 in grams per cubic centimeter (63).
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