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Abstract
In offshore production facilities, large amounts of deaerated seawater are continuously injected to maintain pressure in oil
reservoirs and equivalent volumes of fluids, composed of an oil/gas, and water mixture are produced. This process, brewing
billions of liters of biphasic fluids particularly rich in microorganisms, goes through complex steel pipeline networks that are
particularly prone to biofilm formation. Consequently, offshore facilities are frequently victims of severe microbiologically
influenced corrosion. Understanding of microbiologically influenced corrosion is constantly growing. In the laboratory, the
inventory of potentially corrosive microorganisms is increasing and microbial biochemical and bioelectrical processes are now
recognized to be involved in corrosion. However, understanding of corrosive multispecies biofilms and the complex metabolic
processes associated with corrosion remains a considerable challenge as simple laboratory biofilms comprising pure or defined
mixed cultures poorly represent the complexity of in situ biofilms. Complementary, antagonistic, and parallel microbial pathways
occur within the complex microbial and inorganic matrix of the biofilms which can lead to high corrosion rates. This mini-review
explores models of microbiologically influenced corrosion and places them in the context of the multispecies biofilms observed
in situ. Consequences of mitigation strategies on biofilm corrosiveness and dispersal are also discussed.
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Introduction

Microbiologically influenced corrosion (MIC) of metals is a
major problem for the oil and gas industry, leading to human
and environmental risks as well as significant economic
losses. In 2001, corrosion of steel infrastructure is estimated
to cost the oil and gas industry in the range of $3 billion to $7
billion each year in maintenance, repairs, and replacement
(Koch et al. 2005; Moiseeva and Kondrova 2005). In 2016,
overall global cost of corrosion was estimated as $2.5 trillion
(Koch et al. 2016). Considering inflation and the increasing
proportion of aging infrastructure passing its design lifetime,
costs of corrosion will likely continue to increase and repre-
sent a major economic loss worldwide. In most instances,

corrosion is an abiotic electrochemical reaction of metal oxi-
dation with oxygen and water. Under anoxic conditions, the
only reactant available for iron oxidation is water-derived pro-
tons. The kinetics of this reaction are extremely slow; there-
fore, abiotic corrosion in the absence of oxygen is theoretical-
ly and technically insignificant (Cord-Ruwisch 2000).
However, this contrasts with extreme corrosion observed in
anoxic environments, demonstrating that biological processes
play an important role in iron and steel corrosion. Indeed,
microorganisms strongly influence corrosion reactions in an-
oxic conditions, such as in internal corrosion of buried or
subsea pipelines containing water and/or oil (Enning and
Garrelfs 2014; Usher et al. 2014). Rates of corrosion recorded
in natural and engineered anoxic environments, and attributed
to MIC range from 0.03 to 0.75 mm/yr. (Enning et al. 2012)
and with pure cultures of sulfate-reducing bacteria the range is
from 0.007 up to 0.9 mm/yr. (Enning et al. 2012; Enning and
Garrelfs 2014), and more than 20% of pipeline corrosion can
be attributed to microorganisms (Flemming 1994). Microbial
catalysts modify the kinetics of corrosion reactions and can
produce large quantities of biochemical reactants. Therefore,
the vast pipeline networks that carry oil and gas in anoxic
conditions (over more than 780,000 km in the USA), and
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offshore oil facilities provide vast, nutrient-rich environment
for microorganisms. MIC or biocorrosion frequently forms
pits in carbon steel pipelines leading in extreme cases to pipe-
line failure and oil spills (Borenstein and Lindsay 1994;
Starosvetsky et al. 2007; Al-Jaroudi et al. 2011; Vigneron
et al. 2016).

Offshore facilities are particularly vulnerable toMICwhere
reinjection of produced water (i.e., injected seawater and for-
mation water) is common practice. During reinjection, nutri-
ents and electron acceptors, primarily sulfate, from the seawa-
ter in conjunction with the dissolved hydrocarbons from the
oil, provide the necessary carbon and energy source, as well as
oxidants for the resident microorganisms. The oil and gas
industry attempts to limit oxygen penetration into the pipe-
lines linked to the injector wells by deaerating the seawater
prior to injecting it. However, corrosive microorganisms, as
well as oxidants which can sustain microbial life in anoxic
environments such as sulfate and nitrate, are usually plentiful
in oilfield fluids (Gittel et al. 2009; Vigneron et al. 2017).

Knowledge of MIC has largely relied on studies of pure,
dual, or mixed cultures incubated with steel coupons or in
flow-through systems like the Robbins device (Lee et al.
2006; Duan et al. 2008). Previous reviews have focused on
analytic techniques (Beech 2004), mitigation strategies (Zuo
2007), specific processes involved in MIC like direct electron
transfer (Kato 2016) or the role of iron-reducing (Herrera and
Videla 2009) and sulfate-reducing microorganisms (Enning
and Garrelfs 2014), since they are frequently detected as abun-
dant members of microbial communities associated with in-
stances of MIC in the field, and are often considered as the
main culprits in MIC in offshore oil facilities. Although cor-
rosion rates of the most corrosive pure culture of sulfate-
reducing bacteria can match corrosion rates observed in the
field with rates of 0.9 mm per year (Enning and Garrelfs 2014;
Lahme and Hubert 2017), no pure culture can currently repli-
cate the most severe corrosion rates (1 to 5.5 mm per year)
observedwith environmental biofilms (Beeder et al. 2007; Vik
Vik et al. 2007; Vigneron et al. 2016), indicating that other
processes play important roles (Kip and van Veen 2015). In
this mini-review, we highlight the complexity ofMIC process-
es and review the overall corrosive potential of microbial
biofilms. After a short summary of perceptions of MIC in
the oil and gas industry, this mini-review discusses the many
facets of corrosive biofilms and the microorganisms that form
them. Finally, the positive effects and potential pitfalls of mit-
igating strategies against corrosive biofilms are discussed.

Historic and actual perception
of microbiologically influenced corrosion

Recent advances in characterization of microbial communities
as well as oil industry investment in corrosion mitigation has

progressively changed industry’s view of MIC. Although pi-
oneer studies from as long ago as 1934 had already associated
some microorganisms with corrosion (see review by (Iverson
2001)), our understanding ofMIC is blurred by the plethora of
microorganisms detected in corrosive biofilms and the large
range of metabolic activities they may potentially express.
Initially, cathodic depolarization of the metal surface was con-
sidered as the main process in MIC in anoxic and acid condi-
tions (Iverson 1965; King and Miller 1971). In this model,
oxidation of molecular hydrogen at the metal surface by
hydrogen-scavenging microorganisms was considered to be
the main driver of iron corrosion. However, the validity of this
model has been widely questioned (Hamilton and Lee 1995).
Previous studies highlighted that incubation of hydrogen-
scavenging bacteria on steel coupons did not result in signif-
icant corrosion activity (Venzlaff et al. 2013), and on the basis
of thermodynamic and kinetic considerations (production of
cathodic hydrogen is slow), the cathodic hydrogen consump-
tion model conflicted with the rapid corrosion rates observed
in situ (Cord-Ruwisch 2000). Based on pure culture experi-
mentation and molecular investigations, two important mech-
anisms are currently recognized as being involved in MIC:

1. Metal can be indirectly attacked by microorganisms
through the production of corrosive metabolites (Fig. 1).
In this process called chemical microbiologically influ-
enced corrosion (CMIC) or type II corrosion (Xu and
Gu 2011), iron reacts with corrosive compounds such as
hydrogen sulfide, generating loose deposits (iron sulfide
in case of reaction with hydrogen sulfide) (Enning et al.
2012; Venzlaff et al. 2013). Sulfidogenic microorganisms
such as sulfate, sulfite, thiosulfate, and sulfur reducers but
also sulfur oxidizers that produce hydrogen sulfide direct-
ly as an end-product of their metabolism also can be in-
volved in CMIC. Depending on their concentrations and
operating conditions, these sulfur derivatives can be more
or less potent in causing CMIC (Zhang et al. 2012). In
addition to sulfidogenic microorganisms, fermentative
bacteria producing hydrogen that will react with elemen-
tal sulfur leading to H2S formation can also be implicated
in CMIC. Corrosion via other corrosive metabolic prod-
ucts (e.g., CO2, nitrite, oxidized sulfur compounds, or
volatile fatty acids produced by acid-producing fermenta-
tive bacteria) are also implicated in CMIC (Fig. 1).
However, typical corrosive metabolites such as H2S or
FeS do not reproduce the dramatic pitting corrosion ob-
served in situ, indicating that additional processes are in-
volved (Cord-Ruwisch 2000; Enning and Garrelfs 2014).

2. Metal can be directly attacked by specific microorganisms
via direct electron uptake. In this process referred as elec-
trical microbiologically influenced corrosion (EMIC) or
type I MIC, metabolism of the bacteria is directly fueled
by electrons from iron and steel oxidation (Fig. 1). This
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specific capacity has been observed in physiologically
and phylogenetically diverse microorganisms including
some Deltaproteobacteria (Desulfovibrio ferrophilus
and Desulfopila corrodens (Dinh et al. 2004),
Desu l fov ibr io vu lgar i s (Xu and Gu 2014) ) ,
Euryarchaeota (Methanococcus maripaludis (Uchiyama
et al. 2010), and Methanobacterium sp. IM1 (Dinh et al.
2004)), Firmicutes (Bacillus licheniformis and
Sporomusa sp. strain GT1) (Xu et al. 2013; Kato et al.
2015), and Bacteroidetes (Proxilibacter sp. strain MIC1-
1) (Iino et al. 2015) lineages (Fig. 1). The exact process
involved in electron transfer remains poorly understood
(Kato 2016). Direct electrons transfer from Fe0 or
electroconductive iron sulfide deposits to microorganisms
has been suspected in deltaproteobacterial lineages in a
process potentially involving multiheme cytochromes
(Venzlaff et al. 2013; Enning and Garrelfs 2014), conduc-
tive pili (nanowires) (Sherar et al. 2011), and/or extracel-
lular electron shuttles (e.g., riboflavin, quinone-
containing molecules) (Zhang et al. 2015). Extracellular
enzymes such as hydrogenases and formate-
dehydrogenases were also observed as potential media-
tors of the reaction in Methanococcus maripaludis incu-
bations (Deutzmann et al. 2015). Therefore, it is likely
that different strategies are used by taxonomically distant
microbial lineages with EMIC capacity.

Analysis of corrosion products was proposed as an indica-
tor of which process is the main culprit for corrosion (Enning
and Garrelfs 2014). However, EMIC by sulfate-reducing
deltaproteobacteria produce only FeS whereas EMIC by
nitrate-reducing Bacteroidetes led to FePO4 and FeCO3 de-
posits (Iino et al. 2015). Therefore, corrosion products gener-
ated by EMIC depend on the coupled metabolism (e.g., sul-
fate, nitrate reduction) and the local ionic environment.
Consequently, diagnosis of MIC mechanisms by analysis of
loose corrosion deposits appears to be challenging, and it re-
mains unclear what controls the balance of EMIC or CMIC as
the main culprit for corrosion. CMIC greatly depends on the
stochiometric reaction of organic matter/hydrocarbon degra-
dation coupled to sulfate reduction, whereas EMIC is driven
by microorganisms that can grow autotrophically with direct
electron uptake as an energy source, suggesting that the pre-
dominant process might probably depend on carbon source
availability. Indeed, after 7 days of organic carbon starvation,
Desulfovibrio vulgaris biofilm colonizing carbon steel shifted
from CMIC to EMIC metabolisms, leading to more aggres-
sive corrosion (Xu and Gu 2014). However, these conclusions
are mainly based on single species incubations in the labora-
tory, and it remains unclear to what extend this can be extrap-
olated to corrosion in the field, where numerous and diverse
microbial species interact within surface biofilms.

Biofilms, the organ of microbiologically
influenced corrosion

Biofilm formation is a universal and fundamental survival
mechanism that provides microorganisms with critical advan-
tages over planktonic growth, including greater access to nu-
trients and other resources, enhanced interaction between or-
ganisms, greater environmental stability, and protection from
predators, virus, antibiotics, and other biocidal compounds
(Dang and Lovell 2016). Offshore infrastructure harbors a
complex network of pipes, pipelines, and other engineered
structures that are often prone to biofilm formation and pitting
corrosion (Duncan et al. 2017). The flow regimen of multi-
phase fluids greatly influences the location of the biofilm for-
mation (Bryers and Characklis 1982) and associated corrosion
risk (Nešić 2007). Low velocity flow on production lines al-
lows sediment and bacteria to settle at the bottom of the pipe
and at retention points, providing a favorable site for biofilm
colonization (Vigneron et al. 2016). This can lead to a vicious
circle where biofilm formation will further slow fluid flow
(biofouling) and promote bacterial sedimentation (Coetser
and Cloete 2005). Therefore, biofilms associated with high
corrosion rates have been observed in heat affected zones of
welds, pipe elbows, separators, or valves present in steel in-
frastructure which represent areas of locally reduced flow
(Duncan et al. 2017). Additionally, the inner surfaces of stor-
age tank are also susceptible to biofilm formation as a result of
stagnant flow conditions (Duncan et al. 2017).

Corrosive biofilms generally include extensive mineral de-
posits (e.g., FeS, FePO4, FeCO3, FeCl2) and bacterial
exopolysaccharides or other polymers (e.g., proteins, extracel-
lular DNA) (Videla and Herrera 2005). The main role of ex-
tracellular polymeric substances (EPS) in biofilms is to en-
hance adhesion of the cells and to protect against environmen-
tal stresses (Sutherland 2001). However, when bound to a
metallic surface, EPS has been shown to bind iron particles,
stimulating interactions between microorganisms and metal
ions (Beech 2004; Kumar and Mody 2009). Therefore, EPS-
bound metal ions can potentially act as electron shuttles and
transfer electrons to more distant microorganisms (Beech and
Sunner 2004).

Numerous micro-habitats with different redox potential
and chemical gradients are present within corrosive biofilms
(Schwermer et al. 2008). Presence of these micro-habitats and
gradients in key biogeochemical parameters (e.g., pH, elec-
tron donors and acceptors) allows the establishment of micro-
organisms with complementary but also antagonistic physiol-
ogies and enhances the metabolic versatility of the resident
microbial community (Lewandowski 2000). Indeed, the spa-
tial heterogeneity of biofilms contributes to the formation of
optimal, suboptimal, and adverse micro-habitats for a given
microorganism within the biofilm three-dimensional structure
(Dang and Lovell 2016). Changes in the distribution of
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chemical species in a biofilm (e.g., decrease of fresh iron
availability after formation of an iron sulfide layer) may also
change the microenvironments and thus influence the activi-
ties of microorganisms involved inMIC (Lewandowski 2000;
Keresztes et al. 2001; Little and Lee 2014).

Naturally occurring biofilms generally exhibit higher cor-
rosiveness than biofilms of pure cultures indicating that high
corrosion rates are the results of multiple processes and inter-
actions between taxonomically and metabolically different
microorganisms (Beech and Sunner 2004; Kip and van Veen
2015). Each biofilm is unique and its composition and corro-
siveness can vary depending on environmental factors (e.g.,
temperature, salinity, biocide treatment, oil composition, ni-
trate, and sulfate concentration in fluids). Furthermore, molec-
ular investigation of microbial community composition by
multigenic high-throughput amplicon sequencing in corrosive
biofilms indicated that most members of a corrosive biofilm
can potentially have a direct or indirect corrosive effect on the
steel surface (Vigneron et al. 2016).

The origin of biofilm-forming microorganisms is frequent-
ly questioned. Pioneer biofilm-forming bacteria may originate
from indigenous oil reservoir microbes (especially in lower
temperature reservoirs (< ca. 90 °C) or exogenous inputs
(e.g., injected seawater). The frequent detection of thermo-
philic microorganisms in biofilms in facilities connected to
high temperature oil reservoirs suggested that at least some
of the corrosive microorganisms are indigenous to the oil field
(Duncan et al. 2009; Davidova et al. 2012; Lenhart et al.

2014). However, distinct microbial communities have been
observed in biofilms and circulating fluids, indicating selec-
tion in the biofilm community following co-aggregation of the
cells (Hernández Gayosso et al. 2004; Okoro et al. 2016).
Different bacterial and archaeal lineages have been identified
in corrosive biofilms depending on environmental conditions
(e.g., temperature, salinity, biocide treatment).

Although not exhaustive, the list of microbial lineages as-
sociated with corrosive biofilms generally include sulfate-
reducing microorganisms (Enning et al. 2012; Enning and
Garrelfs 2014), methanogens (Dinh et al. 2004; Davidova
et al. 2012; Liang et al. 2015; Vigneron et al. 2016), iron
reducers (Herrera and Videla 2009), iron oxidizers (Dinh
et al. 2004), and fermenters (Gu and Galicia 2012).
However, the classification of MIC-related microorganisms
by overall metabolic function can be misleading. Most of
these lineages are versatile and can express pathways other
than those which are commonly attributed to them. For in-
stance, numerous studies have reported methanogens in cor-
rosive biofilms (Dinh et al. 2004; Davidova et al. 2012; Liang
et al. 2015; Vigneron et al. 2016) and methane formation has
been found to be correlated with metal weight loss in incuba-
tion experiments (Mand et al. 2015; Okoro et al. 2016).
Methane is inert toward iron and steel; therefore, corrosive-
ness of methanogens must rely on processes other than meth-
ane production. It has been proposed that corrosion observed
with cultures of Methanobacterium sp. IM1 and
Methanococcus maripaludis resulted from coupling

Fig. 1 Conceptual model (not to scale) of microbial communities and
processes involved in microbiologically influenced corrosion of the iron
and steel infrastructures. Each microbial group is characterized by their
potential metabolic functions: fermentation, iron oxidation, iron

reduction, sulfate reduction. EMIC, electrical microbiologically
influenced corrosion; CMIC, chemical microbiologically influenced
corrosion. Corrosive products and reactions are labeled in red

2528 Appl Microbiol Biotechnol (2018) 102:2525–2533



methanogenesis with direct iron oxidation, i.e., EMIC (Dinh
et al. 2004; Kato 2016) or that extracellular hydrogenases
were involved in the consumption of hydrogen generated by
CO2 corrosion (Deutzmann et al. 2015). Still, various other
lineages of methanogens have been found in corrosive
biofilms, and it remains unclear whether the ability to directly
withdraw electrons from iron and thus capacity for EMIC is
widespread among other methanogenic lineages (Davidova
et al. 2012; Vigneron et al. 2016). Another hypothesis that
may explain the contribution of methanogens to corrosion is
their capacity for sulfidogenic dissimilatory sulfur reduction
in S0-rich environments (Stetter and Gaag 1983). Sulfur can
be naturally present in reservoir fluids or result from oxidation
of hydrogen sulfide by oxides (e.g., iron oxides) or sulfur
oxidizing microorganisms present in corrosive biofilms
(Schmitt 1991). Therefore, methanogens can potentially pro-
duce hydrogen sulfide within petroleum production lines.
Alternatively, methanogens can contribute indirectly to MIC
by through interactions with syntrophic bacteria that generate
fatty acids (Lyles et al. 2014; Liang et al. 2015; Ozuolmez
et al., 2015). Interestingly, this seems to be a result of CMIC
where fatty acids produced by the syntrophic partner lead to
corrosion and the degree of corrosion was generally greater
when the syntrophic fatty acid producers were grown in the
absence of methanogens and if the methanogen in syntrophic
co-cultures was replaced by a sulfate-reducing bacterium, the
degree of corrosion was greater than in a methanogenic co-
culture (Lyles et al. 2014). Pelobacter spp., may also catalyze
processes not conventionally attributed to them but which
may contribute to MIC. Cultivated species of Pelobacter bac-
teria are non-sulfidogenic hydrogen producers able to grow by
fermentation of various hydrocarbon-derived substrates
(Stackebrandt et al. 1989). However, in the presence of iron
oxides, sulfide and/or elemental sulfur, Pelobacter can grow
by indirect reduction of iron coupled to sulfide oxidation to S0

(Lovley et al. 1995; Haveman et al. 2008), a potent corrosive
metabolite (Schmitt 1991).

Microbiologically influenced corrosion:
Complementary, antagonist, and parallel
microbial pathways

The examples above illustrate clearly the complexity of the
microbial processes potentially involved in MIC-associated
biofilms since a given microbial population can express dif-
ferent metabolic traits depending on the physicochemical con-
ditions at the scale of the biofilm. Microbial intra- and inter-
species interactions, including cooperation and competition,
shape the routes of community succession, biofilm develop-
ment, and functional maturation of a corrosive biofilm,
resulting ultimately in complex microbial communities with
potentially high corrosion rates (above 1 mm per year)

(Beeder et al. 2007; Vik et al. 2007; Vigneron et al. 2016).
The highest corrosion rates are likely the consequence of com-
plementary, antagonistic, and parallel microbial pathways
within corrosive biofilms (Fig. 1).

Indeed, complementary metabolic pathways play an im-
portant role in corrosive biofilms. Fermentative bacteria and
syntrophic hydrogen producers such as members of the order
Clostridiales (e.g., Acetobacterium, Syntrophobacterium), the
t h e rmoph i l i c o r d e r Th e rmo t o g a l e s a n d s ome
Deltaproteobacteria (e.g., Pelobacter sp., Desulfovibrio sp.)
are frequently observed in corrosive biofilms (Moiseeva and
Kondrova 2005; Uchiyama et al. 2010; Davidova et al. 2012;
Cote et al. 2014; Vigneron et al. 2016). These bacteria can
grow by anaerobic oxidation of volatile fatty acids, alcohols,
or hydrocarbons that are abundant in produced waters from oil
production facilities. Hydrogen produced during fermentation
is consumed by the hydrogenotrophic members of the biofilm
such as methanogens or sulfidogenic Deltaproteobacteria
(Lyles et al. 2014). Therefore, fermentative and acetogenic
bacteria, through the production of hydrogen but also acetate
and/or lactate, can indirectly enhance iron corrosion via stim-
ulation of growth and activity of CMIC and/or EMIC bacteria
(Cord-Ruwisch 2000; Kato 2016). In addition, fermentative
bacteria can contribute to CMIC by the production of weak
acids such as acetate and formate that can chemically attack
the iron surface (Gu and Galicia 2012). Finally, hydrogen
produced during fermentation can also reduce elemental sul-
fur and forms large amount of corrosive hydrogen sulfide
(Fig. 1).

Antagonistic and complimentary metabolisms may also be
important in corrosive biofilms. For example, potential iron
reducers (e.g., Pseudomonas sp., Desulfuromonadales) and
iron oxidizers co-occur within corrosive biofilms (Rao et al.
2000; Vigneron et al. 2016). Iron oxidizers are directly in-
volved in corrosion through the EMIC process whereas iron
reducers play an indirect role in corrosion. Corrosion products
(iron oxides and iron sulfides) precipitated after metal oxida-
tion can form a protective layer and a diffusion barrier against
corrosion, limiting the contact between metal surface and mi-
croorganisms and/or chemical reactants (Beech and Sunner
2004). However, iron reducers can use iron oxide deposits
as an electron acceptor and therefore degrade the protective
layer (Videla et al. 2008; Herrera and Videla 2009). Iron oxide
reduction can lead to the re-exposure of the metal surface to
corrosive products and microorganisms, thus enhancing MIC
(Fig. 1).

In addition to complementary and antagonistic pathways,
parallel pathways can also occur in corrosive biofilms. Iron,
the electron donor in EMIC is not limiting in the system.
Furthermore, iron sulfides in the biofilm can serve as electron
conductors, distributing electrons to distal members of the
biofilm (Beech 2004). Therefore, multiple EMIC pathways
can occur in parallel throughout the thickness and in different
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microenvironments in the biofilm. The presence of microor-
ganisms with EMIC capacity depends on electron acceptor
distribution (e.g., sulfate, nitrate, CO2), and all these are likely
to be present in produced fluids from offshore oil production
facilities.

Dangers of microbiologically influenced
corrosion mitigation and prevention—new
routes for corrosion

One of the most widely used treatments to combat internal
MIC of pipelines is pigging, a mechanical procedure for
cleaning the interior of pipelines, combined with a non-
oxidative biocide treatment such as batch injection of
tetrakis(hydroxymethyl)phosphonium sulfate (THPS) or glu-
taraldehyde (Videla 2002; Morris and van der Kraan 2017).
Biocide treatment alone appears to be less efficient since often
biofilms are resistant to chemical treatments. Therefore, pig-
ging of the pipeline removes most of the biofilms and de-
posits, and improves the biocide action (Enning et al. 2016).
Nonetheless this practice is not without risks. Monitoring of
biofilm formation on steel coupons in a simulated seawater
injection system highlighted that community composition of
corrosive biofilm can change after mechanical pipeline
cleaning when a different biocide treatment is added (Enning
et al. 2016). This strategy might lead to the selection of fast
growing and biocide-resistant microorganisms, and there is no
guarantee that the new microbial community will be less cor-
rosive than the initial microbial community. Furthermore, me-
chanical destruction of the biofilm can potentially promote the
dispersion of corrosive organisms from the biofilm to other
sections of the pipeline. Dispersion is particularly exacerbated
when fluid is recycled and reinjected in the pipeline network
without further treatment (Duncan et al. 2017). Finally, pig-
ging also removes the protective layer formed after iron oxides
precipitation, re-exposing a fresh metal surface.

Nitrate injection in oil fields is considered as an efficient
and low cost approach to limit corrosion and H2S production
(souring) issues in offshore oil facilities (Lahme and Hubert
2017). The injection of nitrate provides an alternative electron
acceptor and theoretically limits the growth and activity of
sulfate-reducing prokaryotes by diverting and inhibiting their
sulfidogenic metabolism and promoting competition for elec-
tron donors between sulfate- and nitrate-reducing bacteria
(Schwermer et al. 2008). Since energy yield of nitrate reduc-
tion is greater than sulfate reduction, the nitrate-reducing bac-
teria should theoretically outcompete sulfate reducers until
nitrate becomes limiting. Experimental and in situ monitoring
of nitrate-amended oil fields have demonstrated that the treat-
ment leads to modification of the microbial community struc-
ture and metabolic potential of the oil field microbial commu-
nity with a decrease in sulfate reducer abundance and

selection for Deferribacteres and Epsilonproteobacteria with
the capacity for nitrate reduction (Hubert et al. 2005; Vigneron
et al. 2017). However, the effect on corrosion remains unclear.
Comparison of iron lost from pipes between nitrate treated and
non-treated oil fields in the North Sea has shown no signifi-
cant effect of nitrate treatment on corrosion (Gittel et al. 2009).
By contrast, nitrate amendment appears in some case to in-
crease corrosion (Nemati et al. 2001; Beeder et al. 2007; Vik
et al. 2007). Isolation of iron-oxidizing nitrate-reducing bac-
teria from the phylum Firmicutes, from an oil well, also sug-
gest that there is potential for nitrate injection to lead to
biocorrosion via the selection of specific bacteria with EMIC
capacity (Xu et al. 2013; Iino et al. 2015). Furthermore, nitrite,
the product of nitrate reduction can be corrosive at low con-
centrations (Kielemoes et al. 2000). Nitrate injection can also
stimulate sulfate reducers with metabolic capacity for nitrate
reduction, such as Desulfovibrio species (Marietou 2016;
Vigneron et al. 2017). However, upon nitrate depletion these
versatile microorganisms will shift their activity toward sul-
fate reduction potentially leading to re-emergence of damag-
ing hydrogen sulfide production. Nitrate injection has also
been shown to select for microorganisms coupling sulfur-
oxidation to nitrate reduction such as some members of the
Epsilonproteobacteria (Callbeck et al. 2011; Gittel et al. 2012;
Vigneron et al. 2017). The metabolic activity of these bacteria
leads to the formation of intermediate oxidation state sulfur
species (e.g., S0, thiosulfate, polysulfides) that can be highly
corrosive (Lahme and Hubert 2017). These bacteria were al-
most undetectable before nitrate injection (Gittel et al. 2012;
Vigneron et al. 2017), suggesting nitrate injections can open
new routes for MIC.

Perspectives

Despite recent advance in our understanding of MIC, numer-
ous aspects of the phenomenon remain to be explored. A
major difficulty for MIC investigation is access to representa-
tive samples such as fresh biofilms from corroded pipelines
(Lenhart et al. 2014). Conversely, information from laboratory
experiments is not easily extrapolated to in situ conditions,
studies of pure, dual, or mixed cultures have revealed the large
taxonomic range of microorganisms with EMIC and CMIC
capacities. However, it is likely that the diversity of microor-
ganisms capable of EMIC is much larger in situ and that new
EMIC lineages will be isolated in the future. Identification of
enzymatic and genetic markers that can be directly correlated
with MIC is a key challenge for MIC studies. Finally, the
complexity of MIC which couples physical, electrochemical,
and microbiological processes and is influenced by material
properties, suggests that MIC would be an excellent candidate
for microfluidic, lab-on-a-chip based investigations. Real-
time corrosion rate could be estimated through measurement
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of electrochemical impedance and the electric current between
metal electrodes (Kotu et al. 2016), while biofilm function
could be observed in a flow-controlled microfluidic device.
This would allow high-throughput screening of biocides and
coatings to develop better, more effective corrosion control
strategies.
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