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�
Corrosion is a naturally occurring process 
by which materials fabricated of pure metals
and/or their mixtures (alloys) undergo chemical

oxidation from ground state to an ionized species. It is an
electrochemical process involving the transfer of
electrons in the presence of an electrolyte through a series
of oxidation (anodic) reactions and reduction (cathodic)
reactions. After a certain time, the oxidation products
(corrosion products) adhere to the surface and form one or
more layers that serve as a diffusion barrier to reactants.
Such layer(s), depending on their chemistry and
morphology, may act as a protective barrier against
further metal deterioration. Changes in the environ-
mental conditions can affect the stability of the
protective layers and, therefore, the overall susceptibility
of the material to corrosion.

� Biofilms on metallic materials
In natural habitats and man-made systems, surface-
associated microbial growth, i.e. biofilms, influence the
physico-chemical interactions between metal and
environment, frequently leading to deterioration of the
metal (Fig. 1). Biofilms consist of microbial cells, their
extracellular polymeric substances (EPS) and adsorbed
organics. In addition, inorganic precipitates may
originate from the bulk aqueous phase or be present 
as corrosion products (Fig. 2). Physiologically diverse
micro-organisms and their metabolic products, e.g.
enzymes, exopolysaccharides, organic and inorganic
acids, and volatile compounds, such as ammonia or
hydrogen sulfide, can alter electrochemical processes 
at the biofilm–metal interface through co-operative
effects. For example, in a marine environment the
presence of a biofilm can accelerate corrosion rates of
carbon steel by several orders of magnitude. In contrast,
certain types of biofilms produce a barrier effect,
resulting in a substantial decrease in the corrosion rate 
of the metal.

� Biocorrosion
Deterioration of metal under a biological influence is
termed biocorrosion or microbiologically influenced
corrosion (MIC) and a number of mechanisms have 
been identified, reflecting the variety of physiological
activities carried out by different types of micro-
organisms. These include the following:
�Accumulation of microbial metabolic products

aggressive to the protective layers and to metal 
itself.

�Harbouring enzymes, which are able to effect
reduction reactions at cathodic sites.

�Providing matrix for binding/sorption of diverse 
metal cations.
Demonstrating the presence of micro-organisms 

on a corroded metal surface, even if they are species
known to produce aggressive metabolic by-products, 

is not sufficient evidence for their contribution to 
the deterioration process. 

� Sulfate-reducing bacteria
Sulfate-reducing bacteria (SRB) are the main group 
of taxonomically diverse micro-organisms which are
classified as strictly anaerobic and which are distributed
within two domains: Archaea and Bacteria. SRB perform
dissimilatory reduction of sulfur compounds such as
sulfate, sulfite, thiosulfate and sulfur itself to sulfide.
Some species from the Desulfovibrio genus can grow with
nitrate or fumarate as alternative electron acceptors.
Compounds frequently used as a carbon source and
electron donors and oxidized to acetate and CO2 are
lactate, pyruvate, malate, high molecular weight fatty
acids or simple aromatic compounds, such as benzene 
or phenol. SRB can also degrade saturated hydrocarbons.

SRB are commonly isolated from biofilms formed 
in oxygen-free and aerated environments. Within the
biofilm matrix SRB thrive within anoxic niches. During
their growth SRB produce a large amount of hydrogen
sulfide that assures the maintenance of anaerobiosis. 
SRB biofilms are readily formed on steel surfaces 
(Fig. 3). Some genera tolerate oxygen and even grow 
in its presence, indicating the existence of defence
mechanisms against oxygen radicals. Catalase and
superoxide dismutase are
constitutively expressed
during anaerobic growth of
Desulfovibrio gigas. Studies
into oxygen tolerance 
by SRB are progressing
rapidly thanks to genomic
sequencing of Desulfovibrio
vulgaris Hildenborough 
and the detailed functional
analysis of all oxygen-
induced genes.

� SRB-influenced
deterioration of
metallic materials –
a historic perspective
Since 1934 SRB have 
been implicated in pitting
corrosion of ferrous metals
and their alloys in aquatic
and terrestrial habitats,
varying in nutrient con-
tent, temperature, pressure
and pH values, under
anoxic and oxygenated
conditions (Fig. 4).
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BELOW:
Fig.1. Examples of severe
biocorrosion of (a) iron pipes in a
potable water distribution system
inside an abandoned building and of
(b) carbon steel piling in a marine
environment in the presence of
biofilms harbouring SRB. 
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species were regarded as 
key mechanisms of SRB-
influenced deterioration 
of steel. The cathodic
depolarization theory pro-
posed the mechanism 
of anaerobic corrosion of
ferrous metal. The essential
step in this theory involved
the removal of hydrogen
(cathodic depolarization)
by SRB hydrogenase.

Hydrogenase, which
catalyses the reversible
oxidation of hydrogen
according to the reaction
H2 → 2H+ + 2e–, is present in all SRB. Hydrogenase
activity is not dependent on viable cells. The lack of  SRB
detection based on viable counts or production of H2S
does not, therefore, necessarily indicate that enzymatic
activity has ceased. Within a biofilm matrix, the enzyme
can retain its depolarizing capabilities for months.
Furthermore, a direct electron transfer between the
adsorbed hydrogenase enzyme and steel surface can take 
place. 

In the presence of SRB the main corrosion 
products formed on the iron surface are ferrous sulfides,
which can be protective of or aggressive to the 
underlying metal (Fig. 5). It was proposed that corrosion
proceeded under reduced conditions through (a)
depolarization of cathodic areas by absorption of the
polarizing H2 into the crystal lattice of the FeS species or
(b) the establishment of a galvanic cell, FeS/Fe, whereby
the Fe becomes anodic and FeS cathodic. The corrosion
caused by the biogenic FeS appears identical to that
caused by inorganically produced FeS. However, the FeS
activity diminishes with time, possibly as a result of the
bonding of atomic hydrogen within the FeS crystal
lattice. The removal of hydrogen by bacterial
hydrogenase restores the FeS activity. SRB continually
regenerate or depolarize FeS by removal of atomic
hydrogen, thus maintaining high rates of corrosion.

� Current state of understanding of 
SRB-influenced corrosion 
Corrosion under SRB influence is primarily realized 
as a localized attack, which occurs as a result of the
activity of physiologically diverse SRB species present
within biofilms on the metal substratum. These
activities promote the establishment of localized
chemical gradients leading to the formation of electro-
chemical cells and causing the loss of metal from
locations on the surface. 

It is now generally accepted that the number of 
SRB detected in a system does not correlate with the
extent of corrosion. Rather, the metabolic status of 

SRB is believed to be of importance. It is also becoming
clear that one predominant mechanism of biocorrosion
does not exist. According to a recent hypothesis, SRB-
mediated corrosion of iron and its alloys occurs by a
process of electron transfer from the base metal to oxygen
as ultimate electron acceptor, through a series of coupled
redox reactions of an electrochemical, biotic and abiotic
character. The study of the importance of enzymatically
catalysed reactions, not favoured under abiotic
conditions, would aid our understanding of the role SRB
play in corrosion. 

Although it is recognized that sulfate-reducers 
vary in their ability to influence deterioration of metallic
materials, to date no clear consensus has been reached in
elucidating the importance of species specificity in
corrosion processes. This specificity can possibly explain
why, despite identical environmental conditions,
biofilms composed of different SRB belonging to the
same genus differ in their ability to deteriorate metals.
Current progress in microbial genomics is likely to
facilitate comparative analysis of SRB genomes, thus
aiding the characterization of corroding and non-
corroding, SRB-harbouring biofilms. Undoubtedly,
better knowledge of the ecology of SRB communities
and, therefore, their metabolic output can be of great
importance when investigating the effect of biofilms 
on the corrosion behaviour of metallic materials and
designing appropriate protection and prevention
measures.
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RIGHT:
Fig. 2. Environmental scanning
electron microscopy images of (a)
fully hydrated biofilm formed on the
surface of stainless steel tubing in 
a potable water distribution system
under high flow conditions and (b)
partially dehydrated biofilm from 
an area indicated by the rectangle 
in (a), revealing the presence of
bacterial cells embedded in
extracellular matrix. Please note 
the conditioning layer on the steel
surface in (a) and corrosion
products visible in (b), as indicated
by the arrows. Bars, 5 µm.

FAR RIGHT:
Fig. 3. Atomic Force Microscopy
(AFM) images of a 3-week-old
biofilm formed on the surface of
stainless steel by mixed species of
SRB of the genus Desulfovibrio,
revealing the presence of cells and
exocellular material. The inset
represents a single SRB cell. Bars, 1
mm (main image); 0.1 mm (inset).

OPPOSITE PAGE CENTRE:
Fig. 4. Scanning electron
microscopy images of surfaces of
(a) carbon steel and (b) stainless
steel after the removal of 3-week-
old biofilms formed in a marine 
and in a freshwater environment,
respectively. Mixed populations of
SRB were isolated from both types
of biofilms. Please note the severe
pitting attack visible on the surfaces.

OPPOSITE PAGE BOTTOM:
Fig. 5. AFM (a) topography and
(b) deflection image of a single cell
of an SRB of the genus Desulfovibrio
in a 3-week-old biofilm developed
on the surface of carbon steel.
Corrosive FeS particles (black
arrows) are distributed on the steel
surface and also closely associated
with the bacterial cell. The presence
of bacteria and products formed as
a result of their metabolic activities,
e.g. FeS, can lead to a severe pitting
attack on both carbon and stainless
steel in marine and fresh water
environments (as seen in Fig. 4),
leading to severe failures (as
depicted in Fig. 1).
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ROYAL SOCIETY
Measuring Biodiversity

�Following the consultation in 2002, to which SGM contributed, 
The Royal Society has produced a summary report Measuring

Biodiversity for Conservation. One of the key outcomes from the World
Summit on Sustainable Development in 2002 was the commitment to
‘achieve by 2010 a significant reduction in the current loss of biological
diversity’. However, no sound basis currently exists for assessing global
performance against this target. The Royal Society report recommends a
global plan that will enhance what is currently known about biodiversity
and will lead to the development of measures that can effectively assess
the success of mitigating action. The report is available on the web at
www.royalsoc.ac.uk; it does not mention micro-organisms specifically, 
but the full report due out in June will presumably do so.

Leeuwenhoek Lecture

�Professor Brian Spratt FRS will deliver a lecture on 
Bacterial populations and bacterial disease at 1700 on 

Monday 17 November 2003, at St Mary’s Hospital, London.

AWARDS
EMBO Award for Communication in the Life
Sciences 2003

�Applications are invited for this award which is intended for a life
scientist who, while remaining active in research, has succeeded

in making an outstanding contribution to the communication of science to
the public. The award consists of a silver and gold medal, and 5,000 Euros.
The range of eligible activities is broad and includes communication
through the media, books, public outreach projects, or special initiatives
(for example schools projects). Emphasis will be placed on originality and
imagination. The award aims to reward the work of non-professional
communicators, and encourage younger life scientists. Details and an
application form are at www.embo.org/projects/scisoc/com_medal.html
The closing date for applications is 31 August 2003.

In Your Dreams

�Scientists at the top of their sector, but looking for the time to 
fulfil a new idea or project away from the demands of their

professional life are invited to apply for a new Dream Time award from
NESTA (the National Endowment for Science, Technology and the Arts). Up
to £40,000 is available to exceptional individuals to innovate and explore
new ideas and associations that may emerge through periods of intense
personal development over the course of up to one year. Dream Time
Fellows can use this funding on a full- or part-time basis, working in
tandem with their professional careers or in a period of time away from
their employment before returning to work and putting what they have
discovered to good use within their sector. Application is via NESTA’s
website (www.nesta.org.uk/dreamtime) where the full criteria of the 
awards are available. The closing date is 10 October 2003.
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