& frontiers

@ Check for updates

OPEN ACCESS

EDITED BY
Philippe Refait,
Université de la Rochelle, France

REVIEWED BY

Cecilia Susana Demergasso Semenzato,
Universidad Catolica del Norte, Chile
Jeannin Marc,

Université de la Rochelle, France

*CORRESPONDENCE

Qianwei Li
gianweili@cup.edu.cn

Daoqing Liu
liudaoging@cup.edu.cn

RECEIVED 27 December 2024
ACCEPTED 19 March 2025
PUBLISHED 09 April 2025

CITATION

Li Q, Gong L, Chen X, Gadd GM and

Liu D (2025) Dual role of microorganisms in
metal corrosion: a review of mechanisms of
corrosion promotion and inhibition.

Front. Microbiol. 16:1552103.

doi: 10.3389/fmicb.2025.1552103

COPYRIGHT

© 2025 Li, Gong, Chen, Gadd and Liu. This is
an open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

Frontiers in Microbiology

Frontiers in Microbiology

TYPE Review
PUBLISHED 09 April 2025
pol 10.3389/fmicb.2025.1552103

Dual role of microorganisms in
metal corrosion: a review of
mechanisms of corrosion
promotion and inhibition
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The dual role of microorganisms in metal corrosion and corrosion inhibition
reflects their complex biochemical interactions. In terms of corrosion, certain
microorganisms accelerate metal oxidation by producing acidic metabolites or
facilitating electrochemical processes, thereby causing damage to the material.
Conversely, under specific conditions, they can form biofilms and/or biominerals
that create protective layers, reducing the oxidation rate and delaying corrosion.
This paper provides a comprehensive illustration of microbial corrosion promotion
and inhibition, emphasizing the importance of key microorganisms involved in
these corrosive processes. Microorganisms, including sulfate-reducing bacteria,
nitrate-reducing bacteria, iron-oxidizing and iron-reducing bacteria and certain
fungi, contribute to corrosion through their metabolic activities. Microbial corrosion
mechanisms can be classified into extracellular electron transfer, microbial metabolism
corrosion and the oxygen concentration cell theory. In contrast, microorganisms
can effectively mitigate metal corrosion through a range of mechanisms including
reduction of dissolved oxygen levels, secretion of antimicrobial substances, biological
competition and biomineralization. Microbial corrosion and inhibition generally
arise from multiple mechanisms working together, rather than a single cause. A
deeper understanding of these mechanisms can provide a theoretical basis and
practical guidance for the development of new anti-corrosion strategies.

KEYWORDS

microbiologically-influenced corrosion, microbially-influenced corrosion inhibition,
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1 Introduction

Corrosion is a global industrial risk and corrosion-related consequences are estimated to
cost $2.5 trillion a year for inspection, correction, and prevention (Lakshman et al., 2024). It
has been reported that China’s annual economic cost for materials corrosion accounts for 3.4
to 5.0% of GDP, with a total loss of more than 400 billion yuan (Hou et al., 2017).

Microorganisms, as the most prosperous life on Earth, are widely distributed in natural
environment and associated with all human activities. They play key roles in biogeochemical
cycles, environmental and ecosystem health. In the area of materials science, the influence of
microorganisms cannot be ignored, especially in corrosion and corrosion inhibition, where
the roles of microorganisms are complex and multifaceted (Kip and Van Veen, 2015).
Microbial corrosion, commonly referred to as microbiologically or microbially-influenced
corrosion (MIC), refers to corrosion resulted from microorganisms (including bacteria,
archaea, fungi, etc.) and their metabolites exhibiting direct or indirect corrosive effects on
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GRAPHICAL ABSTRACT

metals (Unsal et al., 2016). This can also be called microbial corrosion,
bacterial or fungal corrosion, or biological corrosion (biocorrosion)
(Loto, 2017). Microorganisms can both accelerate or slow down
materials corrosion to varying extents (Yu et al., 2023). Corrosion
inhibition by microorganisms may involve biological competition,
inhibition of microbial attachment, secretion of antibiotic substances
and the formation of biominerals (Wang et al., 2022).

Microbial corrosion can be found in widely different scenarios. In
the complex soil environment, buried pipelines will suffer from several
types of corrosion factors (Liu and Cheng, 2020) and microorganisms
participate in several such corrosion processes. Microorganisms, such
as bacteria, fungi, archaea, and other microorganisms in marine
environments, have been found to accelerate corrosion. Some of them
can produce organic acids during growth which accelerates the
corrosion degree of carbon steel, Mg and Al alloy materials (Shan
etal., 2024). In oil and gas field pipelines, carbon steel is widespread
use in engineering material, but is prone to abiotic and biological
corrosion damage (Madirisha et al., 2022). It has been found that
gradually increasing the dissolved organic carbon (DOC) from zero
to 3.0 ppm, could enhance the growth of archaea and promote a
cathodic response by consuming more of the metal iron as an energy
source and therefore intensifying local corrosion. When the DOC was
increased to 5.0 ppm, the biofilm appeared evenly and the corrosion
phenomenon was uniform corrosion (Qian et al., 2019).

Microorganisms also show considerable potential for corrosion
inhibition. Some microorganisms can produce bioactive substances
with corrosion inhibition effects, such as antioxidants, alkaloids and
organic acids (Wang et al., 2022). These substances can form a stable
protective film on metal surface, slowing down or preventing corrosion
reactions. Microorganisms can also build a physical barrier to protect
metals from corrosive environments by the formation of biofilms and
secretion of extracellular polymeric substance (EPS). Victoria et al.
(2021) proposed that biofilms formed by bacteria could inhibit or
accelerate biological corrosion of metals depending on local
environmental conditions. In addition, biomineralization processes
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can play an important role in inhibiting corrosion. By utilizing
biomineralization activities of microorganisms, a dense biomineralized
film can be formed on the surface of materials such as metals or
concrete. Biomineralization of calcite induced by Bacillus subtilis was
applied to reduce the corrosion degree of steel in seawater, and the
biomineralized film was composed of EPS and calcite, showing stable
anti-corrosion activity (Guo et al., 2019).

In-depth
microorganisms and corrosion inhibition will not only enable

research on the mechanisms of corrosion
understanding of the causes and hazards of microbial corrosion
more comprehensively, but also provide theoretical support and
practical guidance for the development of efficient and
environmentally-friendly — anti-corrosion technologies and
materials. With the continuous development of biotechnology and
materials science, the prospect of microbial application in the field

of corrosion control will become broader.

2 Microorganisms involved in
corrosion

2.1 Sulfate-reducing bacteria

Sulfate-reducing bacteria (SRB) are a group of microorganisms
capable of reducing sulfate to sulfide in anaerobic environments
(Nofal et al., 2022). They are among the most significant contributors
to microbial corrosion. These organisms obtain energy by oxidizing
organic compounds or molecular hydrogen, while reducing sulfate,
sulfite, thiosulfate, or elemental sulfur as the final electron acceptor in
their electron transport chain, producing hydrogen sulfide (H,S) as a
byproduct. To date, over 220 species of SRB have been identified
across more than 60 genera. Equations 1, 2 illustrate the use of sulfate
as the terminal electron acceptor, providing insight into the energetics
of microbial-induced corrosion (MIC) caused by SRB (Anusha and
Mulky, 2023).

Anodic : Fe — Fe?* +2¢~ (1)

Cathodic:SO;~ +9H" +8e~ — HS™ +4H,0 )

Sulfate-reducing bacteria (SRB) are found in various environments
and are particularly prevalent in oil and gas field operations. Among the
numerous types of corrosive bacteria present, SRB are the most significant.
The lubricating fluids and organic matter within the collection and
transportation systems in these industries serve to provide essential
nutrients, fostering the proliferation of bacteria. As a result, large
populations of SRB and other corrosive bacteria accumulate in pipeline
networks, leading to significant pipeline corrosion (Ibrahim et al., 2018).
In marine environments, sulfate-reducing bacteria (SRB) can have a
significant impact on the corrosion rate of metals. Long et al. (2018)
investigated the corrosion behavior of Zn-Al-Mg-RE coatings in seawater
containing SRB, and demonstrated that the corrosion rate initially
increased before gradually slowing down. In the early stages of immersion,
SRB metabolites were the primary drivers of coating corrosion. However,
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in the middle to later stages, the reaction between corrosion products and
bacterial metabolites formed ZnS which filled the pores and partially
suppressed further corrosion. Soil harbors various corrosive bacteria, with
SRB being particularly prominent. Sani et al. (2016) conducted studies on
the combined effects of SRB, soil type, and water content on the corrosion
behavior of pipeline steel. The findings revealed that the presence of SRB
in soil accelerated the corrosion rate and intensified pitting. However,
under conditions of high water content, SRB exhibited a protective effect.

2.2 Nitrate-reducing bacteria

Nitrate-reducing bacteria (NRB) can utilize electrons released
during iron oxidation, using intracellular nitrate as the terminal
electron acceptor. They reduce nitrate to nitrite and may further
process nitrite into gaseous nitrogen compounds or convert it into
NH,* through denitrification (Equations 3, 4; Liu et al., 2021).

Oxidation reaction : Fe — Fe®* +2¢~ 3)

Reduction reaction : NO3 + 8¢~ +10H" — NHj +3H,0  (4)

When SRB and NRB coexist, NRB have been found to inhibit
SRB-induced corrosion through two primary mechanisms (Sun
etal., 2024). The first mechanism is biological competitive exclusion,
where NRB outcompete SRB for organic carbon sources, thereby
inhibiting SRB growth (Fu et al., 2022). The second mechanism
involves metabolite inhibition, where the metabolic byproducts of
NRB suppress the activity of SRB (Lai et al., 2020). Adding nitrate
activates NRB, promoting their growth while inhibiting SRB. This
inhibition reduces hydrogen sulfide production by SRB, effectively
alleviating reservoir acidification in oil and gas fields (Xu et al,
2013). In anoxic environments, NRB obtain electrons by reducing
nitrate and iron loses electrons and forms iron oxides leading to
microbial corrosion. Liu et al. (2021) found that NRB accelerated
uniform and pitting corrosion of X80 steel. Yuk et al. (2020) isolated
the nitrate-reducing bacterium Marinobacter YB03, which was
unable to mitigate acidification caused by the sulfate-reducing
bacterium Desulfotignum YBO1. They examined the influence of
YBO03 on acidification and microbiologically-influenced corrosion,
discovering significant pitting corrosion on carbon steel samples
associated with YB03. These results confirmed the strain’s role in
exacerbating both acidification and corrosion.

2.3 Iron-oxidizing bacteria

Iron-oxidizing bacteria (IOB), also known as iron bacteria, were first
described by Winogradsky in 1888. Iron-oxidizing bacteria (IOB)
oxidize ferrous iron to ferric iron through aerobic respiration, releasing
energy in the process. This energy is used by IOB to meet their needs for
growth and reproduction. This process changes the balance of iron
oxidation reactions leading to the generation of oxygen concentration
difference batteries on the metal surface causing local corrosion, and
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eventually forming ferric hydroxide (Fe(OH);) precipitates (Starosvetsky
etal, 2001; Duan et al., 2010; Wang et al., 2014).

2.4 Iron-reducing bacteria

Iron-reducing bacteria (IRB) are microorganisms capable of
reducing ferric ions (Fe**) to ferrous ions (Fe**). These bacteria can
be strictly anaerobic or facultatively anaerobic. There are many reports
of microbially-induced biomineralization where reduction of mineral
Fe** to soluble Fe?* results in subsequent combination with other ions
in the system to form new minerals. At the same time, Fe** can further
react with the remaining Fe’* minerals to form mixed Fe’*/Fe’*
minerals. There is growing attention given to the corrosive effects of
iron-reducing bacteria on metal materials. Jamaluddin et al. (2022)
reported that certain iron-reducing bacteria (IRB), such as Shewanella
oneidensis MR-1, Shewanella chilikensis, and Geobacter sulfurreducens,
contribute significantly to metal corrosion. These bacteria participate
in the corrosion processes due to their ability to reduce Fe** by their
electron transport chains. This reduction provides energy and leads to
pitting of steel resulting in severe corrosion. Conversely, it has been
demonstrated that certain iron-reducing bacteria can play a role in
inhibiting corrosion. Lee et al. (2006) investigated the effects of
biofilms formed by Shewanella oneidensis (MR-1) and Desulfovibrio
desulfuricans (G20) on carbon steel corrosion, and it was found that
co-cultures of MR-1 and G20 were able to protect the steel from
corrosion over a short period. This indicates that iron-reducing
bacteria may function as corrosion inhibitors, even in the presence of
bacteria that promote corrosion.

2.5 Fungi

Fungi are eukaryotic microorganisms that, despite being less
frequently studied, can still have corrosive effects. Dai et al. (2016)
investigated the corrosive effects of Aspergillus niger on aluminum alloy
(AA 2024) and found that these fungi significantly accelerated the
corrosion. This corrosion was primarily driven by oxalic acid
production by A. niger which resulted in the formation of micropits
and extensive pitting. Ching et al. (2016) isolated a novel basidiomycete,
Moniliella wahieum Y12T, from a 20% biodiesel mixture, and it was
found to cause corrosion of steel sheets, with enhanced corrosion
observed on the metal surface when the medium was acidified. Table 1
provides some information about

microorganisms causing

microbial corrosion.

3 Microbial corrosion mechanisms

Microbial corrosion mechanisms can be broadly classified into
three main categories. One such mechanism, extracellular electron
transfer (EET-MIC), involves corrosion caused by the direct transfer
of electrons between microorganisms and metals. Metabolite-induced
corrosion (M-MIC) refers to corrosion resulting from the action of
corrosive metabolites produced by microorganisms. Oxygen
Concentration Cell Corrosion refers to localized corrosion occurring
due to the establishment of oxygen concentration cells during
microbial growth and metabolism of microorganisms.

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1552103
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Lietal.

TABLE 1 Microorganisms causing microbial corrosion.

10.3389/fmicb.2025.1552103

Microorganisms Type = Name Origin Corrosion effect References
Pseudomonas aeruginosa Drinking water Corrosive pitting Jia et al. (2017)
Bacillus licheniformis Soil Corrosion of C1018 carbon steel Xu et al. (2013)
Corrosion pits on the surface of
NRB Klebsiella mobilis Marine Etique et al. (2014)
C1018 carbon steel
Severe pitting corrosion on carbon
Marinobacter Marine Yuk et al. (2020)
steel
Desulfovibrio vulgaris Anaerobic soil - Dou et al. (2019)
Desulfovibrio desulfuricans Soil Severe anodic steel dissolution Eduok et al. (2019)
SRB
Archaeoglobus fulgidus Marine Corrosive to C1018 carbon steel Jia et al. (2018)
Pseudomonas aeruginosa Marine Corrosion to stainless steel Huang et al. (2018)
Accelerates the corrosion of C1010
Acidithiobacillus ferrooxidans - Mustin et al. (1992)
carbon steel
10B Thiobacillus denitrificans - Metal corrosion Baker and Banfield (2003)
Estuarine and Marine, Weber et al. (2006) and
Leptothrix, Crenothrix, Sphaerotilus -
Coastal site McBeth and Emerson (2016)
Sediminibacterium sp., Shewanella
IRB Steel pipe Severe pitting of steel Jamaluddin et al. (2022)
chilikensis, Geobacter sulfurreducens
Aspergillus niger - Corrosion of aluminum alloy Dai et al. (2016)
Fungi
Aspergillus terreus Marine Corrosion of aluminum alloy He et al. (2022)

3.1 Extracellular electron transfer
mechanism

The classical theory of cathodic depolarization suggests that in a
corrosive system, iron oxidation occurs at the anode, while hydrogen
evolution reaction occurs at the cathode. Sulfate-reducing bacteria (SRB)
can accelerate the dissolution of iron (Fe) by reducing sulfate ions (SO4>)
to hydrogen sulfide (H,S), which consumes the hydrogen produced on
the metal surface (Daniels et al., 1987). However, it has been discovered
that SRB can bypass the use of hydrogen (H,) as an electron donor,
directly utilizing the metal to obtain electrons for sulfate reduction. This
behavior challenges the classical theory of cathodic depolarization which
fails to fully explain the corrosive effects of these bacteria. Accordingly,
Enning et al. (2012) introduced the concept of electrical microbially
influenced corrosion (EMIC), which suggests that bacteria can directly
or indirectly harness electrons from the metal surface for their growth
and metabolism, resulting in metal corrosion. This specific form of
microbial corrosion is classified as extracellular electron transfer
microbially influenced corrosion (EET-MIC).

Extracellular electron transfer (EET) is typically categorized into
two types: Direct Electron Transfer (DET) and Mediated Electron
Transfer (MET) (Figure 1). Certain microorganisms, which possess
redox-active proteins on their extracellular membranes, can act as
electron carriers, transferring extracellular electrons directly to the
intracellular environment. This process accelerates cathodic reactions
and promotes metal corrosion. For instance, the sulfate-reducing
bacterium Desulfovibrio ferrophilus IS5 can transfer extracellular
electrons directly into the cytoplasm via outer membrane cytochrome
¢ (Omc) or through type IV pili attached to the Omc surface. This
mechanism is known as Direct Electron Transfer (DET) (Deng et al.,
2018). Unlike direct electron transfer, which requires microbial
functional proteins to be in direct contact with the metals, indirect
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electron transfer is facilitated by electron transfer mediators (ETMs)
such as riboflavin and flavin adenine dinucleotides. These mediators can
greatly enhance the efficiency of microbial extracellular electron transfer
(Chiranjeevi et al., 2019; Zhao et al., 2021).

3.2 Metabolite corrosion mechanism

Inorganic metabolites, such as H,S, produced by the metabolism of
sulfate-reducing bacteria (SRB), can acidify the pipe wall environment,
thereby accelerating electrochemical corrosion. Additionally, H,
generated from H,S dissolved in water can cause hydrogen embrittlement
of the metal resulting in crevice corrosion (Raman et al., 2013). The
formation of FeS from the reaction of the SRB metabolite sulfide and Fe**
facilitates electron transfer and also exacerbates corrosion.

Organic acids secreted as a result of microbial metabolic activities
are a major cause of metal corrosion. These acids are significantly more
corrosive than sulfuric and other strong acids at the same pH, due to
their buffering capacity and ability to generate additional protons
(Kryachko and Hemmingsen, 2017). Acid-producing bacteria (APB) are
primarily fermentative microorganisms that can produce significant
amounts of acetic acid, formic acid, HNOs, and H,SO, in both aerobic
and anaerobic environments. These organisms acidify their
surroundings, causing metal corrosion, severe pitting, and pore leakage
(Jia et al., 2019).

3.3 Oxygen concentration cell theory
There are three primary mechanisms for generating oxygen

concentration cells on metal surfaces (Figure 2). Firstly, heterogeneous
distribution of microbial cells can lead to uneven oxygen diffusion
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FIGURE 1

Mechanisms of electron transfer from metal to cell surface in SRB: (a) bacterial outer membrane in direct contact with the metallic surface; (b) electron
transfer mediated by redox-active molecules through oxidation and reduction cycles.
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FIGURE 2

Red. mediator

Metal pitting caused by oxygen concentration cells formed by oxygen depletion under a biofilm. Extracellular electron transfer (EET) is typically
categorized into two types: Direct Electron Transfer (DET) and Mediated Electron Transfer (MET).
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across the metal surface. Secondly, the partial accumulation of
corrosion products can create localized oxygen depletion. Thirdly,
variations in oxygen consumption through aerobic bacterial
respiration in different areas can also contribute. In this scenario, the
oxygen-poor region acts as the anode and the oxygen-rich region acts
as the cathode, leading to localized corrosion due to these oxygen
concentration differences. This phenomenon is known as an oxygen
concentration difference cell corrosion (Enning et al., 2012). Biofilm
of the oxygen-demanding bacterium Pseudomonas aeruginosa, can
accelerate metal pitting by creating anodic and cathodic regions with
varying oxygen concentrations (Abdolahi et al., 2015).

4 Mechanisms of
microbiologically-influenced
corrosion inhibition

Microorganisms can effectively mitigate metal corrosion through a
range of mechanisms, including biological expulsion, the secretion of
corrosion inhibitors, the production of extracellular polymers, the
reduction of dissolved oxygen levels, the formation of biofilm barriers,
the secretion of biosurfactants, and the establishment of non-biofilm
barriers. Microbial inhibition of metal corrosion typically arises from
the synergistic interaction of multiple mechanisms rather than being

Frontiers in Microbiology

attributed to a single process. Employing microorganisms for corrosion
inhibition offers significant advantages, including self-regulation,
in-situ repair, and intelligent protective strategies, thereby potentially
providing long-lasting and environmentally sustainable solutions. A
thorough understanding of the underlying mechanisms of microbial
corrosion inhibition is essential for developing effective metal protection
strategies. Furthermore, identifying the challenges and limitations
inherent in the research and application of microbial anti-corrosion
technologies will inform the direction of future advances in this field.

4.1 Bacterial respiration-induced oxygen
consumption inhibition of metal corrosion

With the rapid advancement of biofilm research, the dual role
of biofilms in corrosion—both promoting and inhibiting
corrosion—has gained increasing attention, highlighting the need
to explore their corrosion-inhibiting potential further. Under
aerobic  conditions, aerobic and certain facultative
microorganisms can inhibit metal corrosion by reducing the
concentration of electron acceptors, such as oxygen, on the metal
surface through their respiratory processes, thus limiting the
electrochemical reactions that drive corrosion. This process

impedes the cathodic depolarization thereby slowing down
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FIGURE 3

Biofilm of Vibrio sp. EF187016 inhibiting microbial corrosion caused by Nocardiopsis dassonville. Reprinted from Gao et al. (2024) with permission from
Elsevier. The symbol X indicated that the attachment of Nocardia dassonvillei is hindered by the presence of extracellular polymeric substances (EPS)
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corrosion rates. San et al. (2014) discovered that dense biofilm
formation by Pseudomonas aeruginosa can protect nickel-zinc
alloys, and even facilitate the repair of damaged surfaces. Moradi
et al. (2015) found that marine Vibrio neocaledonicus sp. can
effectively inhibit the corrosion of carbon steel in seawater. The
primary mechanism of corrosion inhibition is believed to be the
consumption of oxygen through microbial respiration, while the
uniform biofilm formed by the microorganisms (Vibrio sp.
EF187016) serves as an effective shield, protecting the metal
surface from corrosion caused by Nocardiopsis dassonville
(Figure 3; Gao et al., 2024).

4.2 Secretion of antimicrobial substances
and inhibition of metal corrosion

Antimicrobial surfactants can adsorb to metal surfaces thereby
reducing cell adhesion (Zhu et al., 2021). They can also damage cell
membranes by generating reactive oxygen species (ROS), which have
dual effects: corrosion inhibition and bactericidal activity. The ROS can
inhibit corrosion by reducing the availability of electron acceptors, while
also killing harmful bacteria, thereby limiting microbial-induced
corrosion (Tawfik et al., 2023). Purwasena et al. (2019) developed a novel
antimicrobial agent using a biosurfactant produced by Bacillus sphaericus
isolated from a primary oil reservoir. This biosurfactant efficiently
inhibited the attachment of Pseudomonas aeruginosa to the surface of
carbon steel ST37 and could also remove existing biofilm from the steel
surface, thus reducing microbial corrosion.

Polyaspartic acid is one of the naturally-occurring polyamino
acids and a new type of green scale and corrosion inhibitor that is
non-toxic (Cui et al., 2011; Gao et al., 2015). It can form chelates with
various ions, such as iron, copper, calcium, and magnesium, and
adhere to the metal surface, thereby creating a protective layer that
helps prevent metal corrosion. An engineered bacterium Baciillus
subtilis, capable of secreting polyaspartate peptide, has been reported
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to reduce the corrosion of passive aluminum alloy at pH 6.5, likely
through the formation of a protective layer that minimizes the
interaction between the metal surface and corrosive agents (Ornek
etal., 2002).

4.3 Biological competition inhibition of
corrosion

Inhibition of corrosion of metallic materials by employing the
competitive relationship between organisms is an increasingly
important method of microbial corrosion prevention. One approach
for preventing SRB-induced corrosion in oilfields was to encourage
the inhibitory relationship between SRB and nitrate-reducing bacteria
(NRB). NRB can outcompete SRB for nutrients and space, thereby
inhibiting their growth. Additionally, NRB can oxidize corrosive H,S,
therefore reducing corrosion (Figure 4; Fida et al., 2016; Fan et al.,
2020). E. coli can produce acids that corrode metals but when
coexisting with Pseudomonas fluorescens, the biofilm formed by
P, fluorescens can isolate the corrosive acids produced by E. coli, the
diffusion of dissolved oxygen on the metal surface and promotes the
conversion of a-FeOOH and y-FeOOH to Fe,O; and Fe;O, thereby
slowing down the corrosion caused by E. coli. This process helps to
stabilize the protective oxide layer and mitigate microbial-induced
corrosion (Chu et al., 2020). Furthermore, it has been found that
co-culture of planktonic sulfate-reducing bacteria (SRB) with iron-
oxidizing bacteria (IOB) can inhibit the growth of SRB, thus reducing
corrosion (Liu et al., 2015).

4.4 Biomineralization inhibition of metal
corrosion

Biomineralization refers to the process by which organisms
deposit minerals, often involving the precipitation of minerals that
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contain both inorganic components and organic materials. This
process plays a crucial role in the formation of structures like shells,
bones, and some protective biofilms (Li et al., 2014; Li et al., 2016).
Previous work has demonstrated that biomineralization provides a
promising strategy for toxic metal immobilization and cement
solidification (Li et al., 2016; Li et al., 2020a; Li et al.,, 2020b). In
recent years, it has been found that biomineralization can also play
an important role in inhibiting corrosion with biomineralization
process involving extracellular polymeric substances (EPS) that bind
surrounding metal ions, leading to the formation of solid minerals
which inhibit metal corrosion by creating a barrier that blocks
corrosive elements in the environment (F igure 5; Kip and Van Veen,
2015; Li et al.,, 2021; Lou et al., 2021). In the biomineralization
process, the biofilm also plays an important role, and under certain
specific conditions, it can transform pre-existing rust layers into
dense, uniform biomineralized coatings, effectively reducing
metal corrosion.

The number of biominerals related to microbial corrosion
inhibition has increased greatly and includes more than 60 kinds of
minerals, the predominant biominerals being calcium carbonates,
calcium phosphates, silicon oxides, iron oxides and sulfates
(Table 2).

A biomineralization film formed by Pseudomonas stutzeri, isolated
from seawater, was found to mainly compose nano Fe;O, and
FeOOH. The corrosion rate of X80 pipeline steel increased with a
decrease in initial bacterial cell concentration but 107 cell/mL could
promote a thick biomineralization film (~146 m), which resulting in
corrosion inhibition with a corrosion rate of 0.058 + 0.008 mm/y (Liu
et al, 2022). Microorganisms can also produce biomineralized
deposits, such as phosphate and carbonate layers, which form natural
protective barriers on metal surfaces, thereby mitigating the risk of
corrosion. In a study on the corrosion behavior of Bacillus subtilis on
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2A14 aluminum alloy in seawater, the results showed that a
biomineralized film containing CaMg(COs), formed on the alloy
surface, effectively inhibiting seawater erosion (Shen et al., 2020). Some
extracellular enzymes like proteases, alkaline phosphatase, and
carbonic anhydrase, can alter the environmental pH and precipitate
calcium (Ca) and magnesium (Mg) ions as carbonates and phosphates
to reduce microbial corrosion (Wang et al., 2022). Qu et al. (2015)
investigated the corrosion process of Bacillus subtilis in a nutrient-rich
simulated seawater medium. Initially, Bacillus subtilis accelerated
corrosion by producing organic acids, but with time, the formation of
a dense biofilm slowed down the corrosion rate. Additionally,
co-culturing of Pseudomonas aeruginosa with Bacillus subtilis lead to
synergistic biomineralization, forming a dense and stable anticorrosive
film on steel (Guo et al,, 2021).

In soil or aqueous environments, microorganisms including
Pseudomonas sp., Bacillus subtilis, and Shewanella sp. that have
exhibit biomineralization capabilities, offering potential for
innovative corrosion protection technologies (Hao et al., 2022).
Compared with traditional organic protective coatings, super
hydrophobic anti-corrosion coatings, and self-repairing anti-
corrosion coatings, a corrosion inhibition method based on
microbial biomineralization has the advantages of simplicity,
cost-effective, and environmental sustainability. In challenging
environments where maintenance and repair are difficult,
biomineralization may offer a promising and innovative future
approach for surface corrosion protection technology.

5 Conclusion

Microbial corrosion is an extremely common phenomenon.
Microorganisms demonstrate varying degrees of corrosiveness
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TABLE 2 Typical microorganisms and the biominerals formed to inhibit corrosion.

Microorganisms

Biominerals

Mineral substrate

10.3389/fmicb.2025.1552103

Reference

Streptomyces sp. CaCQ;, BaSO, X65 steel Wang et al. (2023)
Bacillus mucilaginosus Krassilnikov CaCO; Portland cement Hu et al. (2024)
Bacillus velezensis CaCO;, X65 steel Shan et al. (2024)
Shewanella putrefaciens CaCO; Q235 steel Lou et al. (2023)
Iron-oxidizing bacteria Fe,0; Q235 steel Liu et al. (2016)
Pseudomonas stutzeri Fe,0, FeOOH X80 steel Liu et al. (2022)
Pseudoalteromonas sp. Fe,0, Steel sheet Liu et al. (2018)
Proteobacteria, Firmicutes Fe,0;, Fe;0,, Fe(OH), API 5 L 52 carbon steel AlAbbas et al. (2013)

Flamentous bacteria MnO, UNSS30400 stainless steel Kumar et al. (2020)
Bacillus subtilis natto CaCO; Concrete Huynbh et al. (2019)
Desulfitobacterium hafniense Fe?*5(PO,),-8H,0, Fe*'Fe*,(PO,),(OH), Steel plates Comensoli et al. (2020)
Exiguobacterium mexicanum CaCO; Concrete Bansal et al. (2016)

FIGURE 5

et al. (2021), licensed under CC BY 4.0.

Microbiologically influenced corrosion inhibition by biomineralization mediated by Shewanella putrefaciens (Lou et al., 2021). Reproduced from Lou

depending on the type of material. Given the differences in growth
and metabolic activity of distinct groups of microorganisms under
varying environmental conditions, along with the complex
interactions among microbial species, even the same microorganism
may exhibit different corrosion mechanisms toward the same
metal. This variability highlights the dynamic nature of microbial-
induced corrosion (MIC) and the need for tailored approaches in
managing corrosion in different environments. To better
understand microbial corrosion mechanisms, it is essential to study
the composition of corrosive microbial communities. Much
research focusses on single microbial strains, but in real-world
scenarios, multiple microorganisms generally coexist, interact, and
influence each other. This complexity, along with challenges in
simulating natural conditions in the laboratory, presents a
significant hurdle for advancing research on microbial corrosion.
While traditional anticorrosion methods such as corrosion-
resistant materials and protective coatings are effective, they carry
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risks of environmental contamination. A more targeted, cost-
efficient, and eco-friendly approach is desired. Microbiological
strategies offer promising alternatives, such as the development of
‘green’ self-healing coatings and targeted microbial inhibition.
Microbial inhibition of corrosion introduces novel avenues for
corrosion prevention, utilizing processes like biomineralization and
the application of microbial metabolites to suppress corrosion.
Furthermore, self-repairing protective layers could be designed
based on biomineralization principles. To enhance the stability and
longevity of corrosion protection, corrosion inhibition technology
could be integrated with other approaches, environmentally-
friendly corrosion inhibitors, green coatings, advanced antibacterial
materials, and nanoparticles, all of which offer sustainable solutions
for mitigating corrosion while minimizing environmental impact.
These approaches aim to enhance the longevity of materials and
corrosion in various

prevent microbial-induced

industrial applications.

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1552103
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/deed.en

Lietal.

Author contributions

QL: Conceptualization, Funding acquisition, Project
administration, Resources, Supervision, Writing - review &
editing. LG: Investigation, Methodology, Writing - review &
editing. XC: Investigation, Methodology, Writing - review &
editing. GG:

DL: Funding acquisition, Resources, Supervision, Writing -

Writing - review &  editing.

review & editing.

Funding

The author(s) declare that financial support was received for
the research and/or publication of this article. The authors are
grateful for financial support from the National Natural Science
Fund of China (Grant nos. 22478427 and 41701352). QL
gratefully acknowledges financial support from the Fundamental
Research Funds for the
2462023BJRC006).

Central Universities (no.

References

Abdolahi, A., Hamzah, E., Ibrahim, Z., and Hashim, S. (2015). Localised corrosion of
mild steel in presence of Pseudomonas aeruginosa biofilm. Corros. Eng. Sci. Technol. 50,
538-546. doi: 10.1016/j.bioelechem.2021.108047

AlAbbas, F. M., Bhola, S. M., Spear, J. R., Olson, D. L., and Mishra, B. (2013). The
shielding effect of wild type iron reducing bacterial flora on the corrosion of linepipe
steel. Eng. Fail. Anal. 33, 222-235. doi: 10.1016/j.engfailanal.2013.05.020

Anusha, Y. G., and Mulky, L. (2023). Biofilms and beyond: a comprehensive review of
the impact of sulphate reducing bacteria on steel corrosion. Biofouling 39, 897-915. doi:
10.1080/08927014.2023.2284316

Baker, B. J., and Banfield, J. F. (2003). Microbial communities in acid mine drainage.
FEMS Microbiol. Ecol. 44, 139-152. doi: 10.1016/S0168-6496(03)00028-X

Bansal, R., Dhami, N. K., Mukherjee, A., and Reddy, M. S. (2016). Biocalcification by
halophilic bacteria for remediation of concrete structures in marine environment. J. Ind.
Microbiol. Biotechnol. 43, 1497-1505. doi: 10.1007/s10295-016-1835-6

Ching, T. H., Yoza, B. A., Wang, R., Masutani, S., Donachie, S., Hihara, L., et al. (2016).
Biodegradation of biodiesel and microbiologically induced corrosion of 1018 steel by
Moniliella wahieum Y12. Int. Biodeterior. Biodegradation 108, 122-126. doi:
10.1016/j.ibiod.2015.11.027

Chiranjeevi, P, Bulut, M., Breugelmans, T, Patil, S. A., and Pant, D. (2019). Current
trends in enzymatic electrosynthesis for CO, reduction. Curr. Opin. Green Sustain.
Chem. 16, 65-70. doi: 10.1016/j.cogsc.2019.02.007

Chu, Y., Xu, P, Ou, Y., Bai, P, and Wei, Z. (2020). Corrosion behavior and interaction
of mixed bacteria on carbon steel in reclaimed water. Sci. Total Environ. 718:136679. doi:
10.1016/j.scitotenv.2020.136679

Comensoli, L., Albini, M., Kooli, W., Maillard, J., Lombardo, T., Junier, P, et al. (2020).
Investigation of biogenic passivating layers on corroded iron. Materials 13:1176. doi:
10.3390/mal3051176

Cui, R., Gu, N,, and Li, C. (2011). Polyaspartic acid as a green corrosion inhibitor for
carbon steel. Mater. Corros. 62, 362-369. doi: 10.1002/maco0.200905511

Dai, X., Wang, H,, Ju, L.-K., Cheng, G., Cong, H., and Newby, B. Z. (2016). Corrosion
of aluminum alloy 2024 caused by Aspergillus niger. Int. Biodeterior. Biodegradation 115,
1-10. doi: 10.1016/j.ibiod.2016.07.009

Daniels, L., Belay, N., Rajagopal, B. S., and Weimer, P. J. (1987). Bacterial
methanogenesis and growth from CO, with elemental iron as the sole source of
electrons. Science 237, 509-511. doi: 10.1126/science.237.4814.509

Deng, X., Dohmae, N., Nealson, K. H., Hashimoto, K., and Okamoto, A. (2018).
Multi-heme cytochromes provide a pathway for survival in energy-limited
environments. Sci. Adv. 4:eaa05682. doi: 10.1126/sciadv.aa05682

Dou, W, Liu, J., Cai, W,, Wang, D,, Jia, R., Chen, S., et al. (2019). Electrochemical
investigation of increased carbon steel corrosion via extracellular electron transfer by a

sulfate reducing bacterium under carbon source starvation. Corros. Sci. 150, 258-267.
doi: 10.1016/j.corsci.2019.02.005

Frontiers in Microbiology

10.3389/fmicb.2025.1552103

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The authors declare that no Gen Al was used in the creation of
this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or those
of the publisher, the editors and the reviewers. Any product that may
be evaluated in this article, or claim that may be made by its manufacturer,
is not guaranteed or endorsed by the publisher.

Duan, Y, Li, S. M., Du, J. A., and Liu, J. H. (2010). Corrosion behavior of Q235 steel
in the presence of Pseudomonas and iron bacteria. Acta Phys. Chim. Sin. 26, 3203-3211.
doi: 10.3866/PKU.WHXB20101221

Eduok, U., Ohaeri, E., and Szpunar, J. (2019). Accelerated corrosion of pipeline steel
in the presence of Desulfovibrio desulfuricans biofilm due to carbon source deprivation
in CO, saturated medium. Mater. Sci. Eng. C Mater. Biol. Appl. 105:110095. doi:
10.1016/j.msec.2019.110095

Enning, D., Venzlaff, H., Garrelfs, J., Dinh, H. T., Meyer, V., Mayrhofer, K., et al.
(2012). Marine sulfate-reducing bacteria cause serious corrosion of iron under
electroconductive biogenic mineral crust. Environ. Microbiol. 14, 1772-1787. doi:
10.1111/j.1462-2920.2012.02778.x

Etique, M., Jorand, E P. A., Zegeye, A., Gregoire, B., Despas, C., and Ruby, C. (2014).
Abiotic process for Fe(II) oxidation and green rust mineralization driven by a
heterotrophic nitrate reducing bacteria (Klebsiella mobilis). Environ. Sci. Technol. 48,
3742-3751. doi: 10.1021/es403358v

Fan, F, Zhang, B, Liu, J., Cai, Q, Lin, W,, and Chen, B. (2020). Towards sulfide
removal and sulfate reducing bacteria inhibition: function of biosurfactants produced
by indigenous isolated nitrate reducing bacteria. Chemosphere 238:124655. doi:
10.1016/j.chemosphere.2019.124655

Fida, T. T., Chen, C., Okpala, G., Voordouw, G., and Loffler, F. E. (2016).
Implications of limited thermophilicity of nitrite reduction for control of sulfide
production in oil reservoirs. Appl. Environ. Microbiol. 82, 4190-4199. doi:
10.1128/AEM.00599-16

Fu, Q, Xu, J., Wei, B,, Qin, Q, Bai, Y., Yu, C,, et al. (2022). Biologically competitive
effect of Desulfovibrio desulfurican and Pseudomonas stutzeri on corrosion of X80
pipeline steel in the Shenyang soil solution. Bioelectrochemistry 145:108051. doi:
10.1016/j.bioelechem.2022.108051

Gao, Y., Fan, L., Ward, L., and Liu, Z. (2015). Synthesis of polyaspartic acid derivative
and evaluation of its corrosion and scale inhibition performance in seawater utilization.
Desalination 365, 220-226. doi: 10.1016/j.desal.2015.03.006

Gao, Y., Zhang, J., Wang, D., Fan, J., Mol, A., Wang, F, et al. (2024). Naturally
effective inhibition of microbial corrosion on carbon steel by beneficial biofilm in
the South China Sea. Colloid Interf. Sci. Commun. 59:100779. doi:
10.1016/j.colcom.2024.100779

Guo, Z., Pan, S,, Liu, T,, Zhao, Q., Wang, Y., Guo, N,, et al. (2019). Bacillus subtilis
inhibits vibrio natriegens-induced corrosion via biomineralization in seawater. Front.
Microbiol. 10:1111. doi: 10.3389/fmicb.2019.01111

Guo, N, Wang, Y., Hui, X., Zhao, Q., Zeng, Z., Pan, S., et al. (2021). Marine bacteria
inhibit corrosion of steel via synergistic biomineralization. J. Mater. Sci. Technol. 66,
82-90. doi: 10.1016/j.jmst.2020.03.089

Hao, X, Bai, Y., Ren, C., Chang, W., Qian, H., Lou, Y,, et al. (2022). Self-healing effect

of damaged coatings via biomineralization by Shewanella putrefaciens. Corros. Sci.
196:110067. doi: 10.1016/j.corsci.2021.110067

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1552103
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.bioelechem.2021.108047
https://doi.org/10.1016/j.engfailanal.2013.05.020
https://doi.org/10.1080/08927014.2023.2284316
https://doi.org/10.1016/S0168-6496(03)00028-X
https://doi.org/10.1007/s10295-016-1835-6
https://doi.org/10.1016/j.ibiod.2015.11.027
https://doi.org/10.1016/j.cogsc.2019.02.007
https://doi.org/10.1016/j.scitotenv.2020.136679
https://doi.org/10.3390/ma13051176
https://doi.org/10.1002/maco.200905511
https://doi.org/10.1016/j.ibiod.2016.07.009
https://doi.org/10.1126/science.237.4814.509
https://doi.org/10.1126/sciadv.aao5682
https://doi.org/10.1016/j.corsci.2019.02.005
https://doi.org/10.3866/PKU.WHXB20101221
https://doi.org/10.1016/j.msec.2019.110095
https://doi.org/10.1111/j.1462-2920.2012.02778.x
https://doi.org/10.1021/es403358v
https://doi.org/10.1016/j.chemosphere.2019.124655
https://doi.org/10.1128/AEM.00599-16
https://doi.org/10.1016/j.bioelechem.2022.108051
https://doi.org/10.1016/j.desal.2015.03.006
https://doi.org/10.1016/j.colcom.2024.100779
https://doi.org/10.3389/fmicb.2019.01111
https://doi.org/10.1016/j.jmst.2020.03.089
https://doi.org/10.1016/j.corsci.2021.110067

Lietal.

He, J., Tan, Y, Liu, H,, Jin, Z., Zhang, Y., He, E, et al. (2022). Extracellular polymeric
substances secreted by marine fungus Aspergillus terreus: full characterization and
detailed effects on aluminum alloy corrosion. Corros. Sci. 209:110703. doi:
10.1016/j.corsci.2022.110703

Hou, B.R,, Li, X. G., Ma, X. M., Du, C. W, Zhang, D. W,, Zheng, M., et al. (2017). The
cost of corrosion in China. NPJ Mater. Degrad. 1:4. doi: 10.1038/541529-017-0005-2

Hu, H., Zhan, Q,, Zhang, X., Fu, C,, Su, Y., and Zhou, J. (2024). A novel protective
cementitious material based on bimetallic hydroxide-modified microbial
mineralization: design, preparation, protective performance, mechanism, and
engineering  application.  Constr. ~ Build.  Mater. ~ 445:137966.  doi:
10.1016/j.conbuildmat.2024.137966

Huang, Y., Zhou, E., Jiang, C,, Jia, R., Liu, S., Xu, D,, et al. (2018). Endogenous
phenazine-1carboxamide encoding gene PhzH regulated the extracellular electron
transfer in biocorrosion of stainless steel by marine Pseudomonas aeruginosa.
Electrochem. Commun. 94, 9-13. doi: 10.1016/j.elecom.2018.07.019

Huynh, N. N. T, Imamoto, K.-I, and Kiyohara, C. (2019). A study on
biomineralization using Bacillus subtilis natto for repeatability of self-healing concrete
and strength improvement. J. Adv. Concr. Technol. 17, 700-714. doi: 10.3151/jact.17.700

Ibrahim, A., Hawboldt, K., Bottaro, C., and Khan, F. (2018). Review and analysis of
microbiologically influenced corrosion: the chemical environment in oil and gas
facilities. Corrosion Eng. Sci. Technol. 53, 549-563. doi: 10.1080/1478422X.2018.1511326

Jamaluddin, N. A. A., Yusoff, M., Wee, S. K., and Masri, M. N. (2022). Mechanisms of
microbiological corrosion employing iron-reducing bacteria. Arch. Metall. Mater. 67,
1355-1358. doi: 10.24425/amm.2022.141062

Jia, R., Unsal, T., Xu, D., Lekbach, Y., and Gu, T. (2019). Microbiologically influenced
corrosion and current mitigation strategies: a state of the art review. Int. Biodeterior.
Biodegradation 137, 42-58. doi: 10.1016/j.ibiod.2018.11.007

Jia, R., Yang, D. Q, Xu, D. K,, and Gu, T. Y. (2017). Anaerobic corrosion of 304
stainless steel caused by the Pseudomonas aeruginosa biofilm. Front. Microbiol. 8:2335.
doi: 10.3389/fmicb.2017.02335

Jia, R., Yang, D., Xu, D., and Gu, T. (2018). Carbon steel biocorrosion at 80°C by a
thermophilic sulfate reducing archaeon biofilm provides evidence for its utilization of
elemental iron as electron donor through extracellular electron transfer. Corros. Sci. 145,
47-54. doi: 10.1016/j.corsci.2018.09.015

Kip, N., and Van Veen, J. A. (2015). The dual role of microbes in corrosion. ISME J. 9,
542-551. doi: 10.1038/isme;j.2014.169

Kryachko, Y., and Hemmingsen, S. M. (2017). The role of localized acidity generation
in microbially influenced corrosion. Curr. Microbiol. 74, 870-876. doi:
10.1007/s00284-017-1254-6

Kumar, A. L., Eashwar, M., and Prabu, V. (2020). Cathodic polarization enables SEM
illustration of manganese biomineralization in natural biofilms. J. Microbiol. Methods
175:105991. doi: 10.1016/j.mimet.2020.105991

Lai, R, Li, Q, Cheng, C,, Shen, H,, Liu, S., Luo, Y,, et al. (2020). Bio-competitive
exclusion of sulfate-reducing bacteria and its anticorrosion property. J. Pet. Sci. Eng.
194:107480. doi: 10.1016/j.petrol.2020.107480

Lakshman, A. S., Delzendehrooy, E, Balasubramaniam, B., Kremer, G., Liao, Y., and
Li, B. (2024). Corrosion characterization of engine connecting rods using fringe
projection profilometry and unsupervised machine learning. Meas. Sci. Technol.
35:085021. doi: 10.1088/1361-6501/ad4dd1

Lee, A. K,, Buehler, M. G., and Newman, D. K. (2006). Influence of a dual-species biofilm
on the corrosion of mild steel. Corros. Sci. 48, 165-178. doi: 10.1016/j.corsci.2004.11.013

Li, Q, Csetenyi, L., and Gadd, G. M. (2014). Biomineralization of metal carbonates by
Neurospora crassa. Environ. Sci. Technol. 48, 14409-14416. doi: 10.1021/es5042546

Li, Q. Liu, J., and Gadd, G. M. (2020a). Fungal bioremediation of soil co-contaminated
with petroleum hydrocarbons and toxic metals. Appl. Microbiol. Biotechnol. 104,
8999-9008. doi: 10.1007/500253-020-10854-y

Li, Q, Liu, D,, Jia, Z., Csetenyi, L., and Gadd, G. M. (2016). Fungal biomineralization
of manganese as a novel source of electrochemical materials. Curr. Biol. 26, 950-955.
doi: 10.1016/j.cub.2016.01.068

Li, Q, Liu, D., Wang, T, Chen, C., and Gadd, G. M. (2020b). Iron coral: novel fungal
biomineralization of nanoscale zerovalent iron composites for treatment of chlorinated
pollutants. Chem. Eng. J. 402:126263. doi: 10.1016/j.cej.2020.126263

Li, Z., Zhou, J., Yuan, X,, Xu, Y., Xu, D., Zhang, D., et al. (2021). Marine biofilms
with significant corrosion inhibition performance by secreting extracellular
polymeric substances. ACS Appl. Mater. Interfaces 13, 47272-47282. doi:
10.1021/acsami.1c14746

Liu, H., Chen, W,, Tan, Y., Meng, G., Liu, H., Cheng, Y, et al. (2022). Characterizations
of the biomineralization film caused by marine Pseudomonas stutzeri and its mechanistic
effects on X80 pipeline steel corrosion. J. Mater. Sci. Technol. 125, 15-28. doi:
10.1016/j.jmst.2022.02.033

Liu, H., and Cheng, Y. E (2020). Microbial corrosion of initial perforation on
abandoned pipelines in wet soil containing sulfate-reducing bacteria. Colloids Surf. B
Biointerfaces 190:110899. doi: 10.1016/j.colsurfb.2020.110899

Frontiers in Microbiology

10.3389/fmicb.2025.1552103

Liu, B, Fan, E,, Jia, J., Du, C., Liu, Z., and Li, X. (2021). Corrosion mechanism of
nitrate reducing bacteria on X80 steel correlated to its intermediate metabolite nitrite.
Constr. Build. Mater. 303:124454. doi: 10.1016/j.conbuildmat.2021.124454

Liu, H,, Fu, C, Gu, T, Zhang, G,, Lv, Y., Wang, H., et al. (2015). Corrosion behavior
of carbon steel in the presence of sulfate reducing bacteria and iron oxidizing bacteria
cultured in oilfield produced water. Corros. Sci. 100, 484-495. doi:
10.1016/j.corsci.2015.08.023

Liu, H., Gu, T., Zhang, G., Cheng, Y., Wang, H., and Liu, H. (2016). The effect of
magneticfield on biomineralization and corrosion behavior of carbon steel induced
by iron-oxidizing bacteria. Corros. Sci. 102,93-102. doi: 10.1016/j.corsci.2015.09.023

Liu, T., Guo, Z., Zeng, Z., Guo, N,, Lei, Y., Liu, T, et al. (2018). Marine bacteria provide
lasting anticorrosion activity for steel via biofilm-induced mineralization. ACS Appl.
Mater. Interfaces 10, 40317-40327. doi: 10.1021/acsami.8b14991

Long, W.,, Wu, Y., Gao, W,, and Hong, S. (2018). Corrosion resistance behavior and
mechanism of Zn-Al-mg-RE coating in seawater with SRB. J. Mater. Eng. 46, 91-97. doi:
10.11868/j.issn.1001-4381.2016.001024

Loto, C. A. (2017). Microbiological corrosion: mechanism, control and impact-a
review. Int. J. Adv. Manuf. Technol. 92, 4241-4252. doi: 10.1007/s00170-017-0494-8

Lou, Y., Chang, W,, Cui, T,, Qian, H., Hao, X., and Zhang, D. (2023). Microbiologically
influenced corrosion inhibition induced by S. putriefaciens mineralization under
extracellular polymeric substance regulation via FlrA and FIhG genes. Corros. Sci.
221:111350. doi: 10.1016/j.corsci.2023.111350

Lou, Y., Chang, W, Cui, T, Qian, H., Huang, L., Ma, L, et al. (2021).
Microbiologically influenced corrosion inhibition of carbon steel via biomineralization
induced by Shewanella putrefaciens. NPJ] Mater. Degrad. 5:59. doi:
10.1038/541529-021-00206-0

Madirisha, M., Hack, R., and Van der Meer, F. (2022). Simulated microbial corrosion
in oil, gas and non-volcanic geothermal energy installations: the role of biofilm on
pipeline corrosion. Energy Rep. 8, 2964-2975. doi: 10.1016/j.egyr.2022.01.221

McBeth, J. M., and Emerson, D. (2016). In situ microbial community succession on
mild steel in estuarine and marine environments: exploring the role of iron-oxidizing
bacteria. Front. Microbiol. 7:767. doi: 10.3389/fmicb.2016.00767

Moradi, M., Xiao, T., and Song, Z. (2015). Investigation of corrosion inhibitory process
of marine Vibrio neocaledonicus sp. bacterium for carbon steel. Corros. Sci. 100, 186-193.
doi: 10.1016/j.corsci.2015.07.030

Mustin, C., Berthelin, J., Marion, P,, and de Donato, P. (1992). Corrosion and
electrochemical oxidation of a pyrite by Thiobacillus ferrooxidans. Appl. Environ.
Microbiol. 58, 1175-1182. doi: 10.1128/aem.58.4.1175-1182.1992

Nofal, M., Sholi, N.J. Y., Marei, A., and Khayat, S. (2022). The diversity and efficiency
of sulfate-reducing bacteria in selected groundwater at West Bank, Palestine. Desalin.
Water Treat. 275, 253-259. doi: 10.5004/dwt.2022.28955

Ornek, D., Jayaraman, A., Syrett, B., Hsu, C. H., Mansfeld, E, and Wood, T. (2002).
Pitting corrosion inhibition of aluminum 2024 by Bacillus biofilms secreting
polyaspartate or y-polyglutamate. Appl. Microbiol. Biotechnol. 58, 651-657. doi:
10.1007/s00253-002-0942-7

Purwasena, I. A, Astuti, D. I, Ardini Fauziyyah, N., Putri, D. A. S., and Sugai, Y.
(2019). Inhibition of microbial influenced corrosion on carbon steel ST37 using
biosurfactant produced by Bacillus sp. Mater. Res. Express 6:115405. doi:
10.1088/2053-1591/ab4948

Qian, H. C,, Ju, P. E, Zhang, D. W,, Ma, L. W,, Hu, Y. T,, Li, Z. Y,, et al. (2019). Effect
of dissolved oxygen concentration on the microbiologically influenced corrosion of
Q235 carbon steel by halophilic archaeon Natronorubrum tibetense. Front. Microbiol.
10:844. doi: 10.3389/fmicb.2019.00844

Qu, Q,, He, Y., Wang, L., Xu, H,, Li, L., Chen, Y, et al. (2015). Corrosion behavior of
cold rolled steel in artificial seawater in the presence of Bacillus subtilis C2. Corros. Sci.
91, 321-329. doi: 10.1016/j.corsci.2014.11.032

Raman, R. K. S., Javaherdashti, R., Panter, C., and Pereloma, E. V. (2013). Hydrogen
embrittlement of a low carbon steel during slow strain testing in chloride solutions
containing sulphate reducing bacteria. Mater. Sci. Technol. 21, 1094-1098. doi:
10.1179/174328405X51811

San, N. O,, Nazir, H., and Dénmez, G. (2014). Microbially influenced corrosion and
inhibition of nickel-zinc and nickel-copper coatings by Pseudomonas aeruginosa.
Corros. Sci. 79, 177-183. doi: 10.1016/j.corsci.2013.11.004

Sani, E. M., Afshar, A., and Mohammadi, M. (2016). Evaluation of the simultaneous
effects of sulfate reducing bacteria, soil type and moisture content on corrosion behavior
of buried carbon steel API 5L X65. Int. J. Electrochem. Sci. 11, 3887-3907. doi:
10.1016/S1452-3981(23)17445-1

Shan, X., Wang, J., Du, M., and Tian, Z. (2024). Inhibitory effect of marine
Bacillus sp. and its biomineralization on the corrosion of X65 steel in offshore
oilfield produced water. Bioelectrochemistry 157:108659. doi:
10.1016/j.bioelechem.2024.108659

Shen, Y., Dong, Y., Yang, Y., Li, Q., Zhu, H., Zhang, W,, et al. (2020). Study of
pitting corrosion inhibition effect on aluminum alloy in seawater by biomineralized
film. Bioelectrochemistry 132:107408. doi: 10.1016/j.bioelechem.2019.107408

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1552103
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.corsci.2022.110703
https://doi.org/10.1038/s41529-017-0005-2
https://doi.org/10.1016/j.conbuildmat.2024.137966
https://doi.org/10.1016/j.elecom.2018.07.019
https://doi.org/10.3151/jact.17.700
https://doi.org/10.1080/1478422X.2018.1511326
https://doi.org/10.24425/amm.2022.141062
https://doi.org/10.1016/j.ibiod.2018.11.007
https://doi.org/10.3389/fmicb.2017.02335
https://doi.org/10.1016/j.corsci.2018.09.015
https://doi.org/10.1038/ismej.2014.169
https://doi.org/10.1007/s00284-017-1254-6
https://doi.org/10.1016/j.mimet.2020.105991
https://doi.org/10.1016/j.petrol.2020.107480
https://doi.org/10.1088/1361-6501/ad4dd1
https://doi.org/10.1016/j.corsci.2004.11.013
https://doi.org/10.1021/es5042546
https://doi.org/10.1007/s00253-020-10854-y
https://doi.org/10.1016/j.cub.2016.01.068
https://doi.org/10.1016/j.cej.2020.126263
https://doi.org/10.1021/acsami.1c14746
https://doi.org/10.1016/j.jmst.2022.02.033
https://doi.org/10.1016/j.colsurfb.2020.110899
https://doi.org/10.1016/j.conbuildmat.2021.124454
https://doi.org/10.1016/j.corsci.2015.08.023
https://doi.org/10.1016/j.corsci.2015.09.023
https://doi.org/10.1021/acsami.8b14991
https://doi.org/10.11868/j.issn.1001-4381.2016.001024
https://doi.org/10.1007/s00170-017-0494-8
https://doi.org/10.1016/j.corsci.2023.111350
https://doi.org/10.1038/s41529-021-00206-0
https://doi.org/10.1016/j.egyr.2022.01.221
https://doi.org/10.3389/fmicb.2016.00767
https://doi.org/10.1016/j.corsci.2015.07.030
https://doi.org/10.1128/aem.58.4.1175-1182.1992
https://doi.org/10.5004/dwt.2022.28955
https://doi.org/10.1007/s00253-002-0942-7
https://doi.org/10.1088/2053-1591/ab4948
https://doi.org/10.3389/fmicb.2019.00844
https://doi.org/10.1016/j.corsci.2014.11.032
https://doi.org/10.1179/174328405X51811
https://doi.org/10.1016/j.corsci.2013.11.004
https://doi.org/10.1016/S1452-3981(23)17445-1
https://doi.org/10.1016/j.bioelechem.2024.108659
https://doi.org/10.1016/j.bioelechem.2019.107408

Lietal.

Starosvetsky, D., Armon, R., Yahalom, J., and Starosvetsky, J. (2001). Pitting corrosion
of carbon steel caused by iron bacteria. Int. Biodeterior. Biodegradation 47, 79-87. doi:
10.1016/S0964-8305(99)00081-5

Sun, M. Q,, Yang, J., Wang, Z. B., and Zheng, Y. G. (2024). Effect of coexistence of
sulfate reducing bacteria and nitrate reducing bacteria on the under-deposit corrosion
of carbon steel. Corros. Sci. 231:111958. doi: 10.1016/j.corsci.2024.111958

Tawfik, S. M., Kobisy, A. S., Badr, E. A, Elged, A. H., and Lee, Y.-I. (2023). Surface-
active nonionic conjugated zirconium metal-organic frameworks and their applications;
broad spectrum anti-microbial, anti-SRB biofilm, anti-microbial corrosion. Environ.
Technol. Innov. 29:103001. doi: 10.1016/j.eti.2022.103001

Unsal, T., Ilhan-Sungur, E., Arkan, S., and Cansever, N. (2016). Effects of ag and cu
ions on the microbial corrosion of 316 L stainless steel in the presence of Desulfovibrio
sp. Bioelectrochemistry 110, 91-99. doi: 10.1016/j.bioelechem.2016.03.008

Victoria, S. N., Sharma, A., and Manivannan, R. (2021). Metal corrosion induced by
microbial activity - mechanism and control options. J. Indian Chem. Soc. 98:100083. doi:
10.1016/j.jics.2021.100083

Wang, J., Du, M., Li, G., and Shi, P. (2022). Research progress on microbiological
inhibition of corrosion: a review. J. Clean. Prod. 373:133658. doi:
10.1016/j.jclepro.2022.133658

Wang, J., Du, M., and Shan, X. Y. (2023). Effect of marine Streptomyces on corrosion
behavior of X65 steel in simulated offshore oilfield produced water system. J. Mater. Res.
Technol. 24, 7925-7937. doi: 10.1016/j.jmrt.2023.05.054

Frontiers in Microbiology

11

10.3389/fmicb.2025.1552103

Wang, H., Ju, L.-K., Castaneda, H., Cheng, G., and Zhang Newby, B. M. (2014).
Corrosion of carbon steel C1010 in the presence of iron oxidizing bacteria
Acidithiobacillus ferrooxidans. Corros. Sci. 89, 250-257. doi: 10.1016/j.corsci.2014.09.005

Weber, K. A., Achenbach, L. A., and Coates, J. D. (2006). Microorganisms pumping
iron: anaerobic microbial iron oxidation and reduction. Nat. Rev. Microbiol. 4, 752-764.
doi: 10.1038/nrmicro1490

Xu, D. K, Li, Y. C, Song, E M,, and Gu, T. Y. (2013). Laboratory investigation of
microbiologically influenced corrosion of C1018 carbon steel by nitrate reducing bacterium
Bacillus licheniformis. Corros. Sci. 77, 385-390. doi: 10.1016/j.corsci.2013.07.044

Yu, M., Zhang, H,, Tian, Y., Yang, R, Li, H., and Chen, X. (2023). Role of marine
Bacillus subtilis and Pseudomonas aeruginosa in cavitation erosion behaviour of 316L
stainless steel. Wear 514-515:204593. doi: 10.1016/j.wear.2022.204593

Yuk, S., Kamarisima, A. A. H., Miyanaga, K., and Tanji, Y. (2020). The contribution of
nitrate-reducing bacterium Marinobacter YB03 to biological souring and
microbiologically influenced corrosion of carbon steel. Biochem. Eng. J. 156:107520. doi:
10.1016/j.bej.2020.107520

Zhao, J., Li, E, Cao, Y., Zhang, X., Chen, T, Song, H., et al. (2021). Microbial
extracellular electron transfer and strategies for engineering electroactive
microorganisms. Biotechnol. Adv. 53:107682. doi: 10.1016/j.biotechadv.2020.107682

Zhu, H., Li, X, Lu, X,, Wang, J., Hu, Z., and Ma, X. (2021). Efficiency of Gemini surfactant
containing semi-rigid spacer as microbial corrosion inhibitor for carbon steel in simulated
seawater. Bioelectrochemistry 140:107809. doi: 10.1016/j.bioelechem.2021.107809

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1552103
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/S0964-8305(99)00081-5
https://doi.org/10.1016/j.corsci.2024.111958
https://doi.org/10.1016/j.eti.2022.103001
https://doi.org/10.1016/j.bioelechem.2016.03.008
https://doi.org/10.1016/j.jics.2021.100083
https://doi.org/10.1016/j.jclepro.2022.133658
https://doi.org/10.1016/j.jmrt.2023.05.054
https://doi.org/10.1016/j.corsci.2014.09.005
https://doi.org/10.1038/nrmicro1490
https://doi.org/10.1016/j.corsci.2013.07.044
https://doi.org/10.1016/j.wear.2022.204593
https://doi.org/10.1016/j.bej.2020.107520
https://doi.org/10.1016/j.biotechadv.2020.107682
https://doi.org/10.1016/j.bioelechem.2021.107809

	Dual role of microorganisms in metal corrosion: a review of mechanisms of corrosion promotion and inhibition
	1 Introduction
	2 Microorganisms involved in corrosion
	2.1 Sulfate-reducing bacteria
	2.2 Nitrate-reducing bacteria
	2.3 Iron-oxidizing bacteria
	2.4 Iron-reducing bacteria
	2.5 Fungi

	3 Microbial corrosion mechanisms
	3.1 Extracellular electron transfer mechanism
	3.2 Metabolite corrosion mechanism
	3.3 Oxygen concentration cell theory

	4 Mechanisms of microbiologically-influenced corrosion inhibition
	4.1 Bacterial respiration-induced oxygen consumption inhibition of metal corrosion
	4.2 Secretion of antimicrobial substances and inhibition of metal corrosion
	4.3 Biological competition inhibition of corrosion
	4.4 Biomineralization inhibition of metal corrosion

	5 Conclusion

	References

