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Abstract

Limited research has been done on the distribution and role of sulphidogenic facultative anaerobeswithin biofilmsin microbially
influenced corrosion (M1 C). Sul phate-reducing bacteria(SRB) causeM | C and occur in the anaerobi ¢ zone of multispeciesbiofilms.
L aboratory-grown multispecies biofilmsirrigated with sulphate or sul phite-containing synthetic cooling water, and biofilmsfrom
an open simulated cooling water system, were hybridised with arhodamine-labeled probe SPN3 (Shewanella putrefaciens) and
fluorescein-labeled probe SRB385 (Desulfovibrio vulgaris) and investigated using scanning confocal laser microscopy. The
facultative anaerobe S. putrefaciens and the strict anaerobe D. vulgaris synergistically coexisted in multispecies biofilms, but as
time progressed, S. putrefaciensflourished, displacing D. vulgaris. The results show that S. putrefaciensis capable of growingin
sul phidogenic biofilms in agrated environments such as industrial cooling water systems, colonising sulphidogenic biofilms and

out-competing the true sul phate-reducing bacteria.

Introduction

Microbially influenced corrosion (MIC), believed to be caused by
sulphate-reducing bacteria (SRB) in multispecies biofilms, has
been researched extensively using Desulfovibrio desulfuricansand
D. vulgarisasmodels, but littleresearch hasbeen performed onthe
role of sulphidogenic facultative anaerobes such as Shewanella
putrefaciens within such biofilms (Hamilton, 1985; Lee et al.,
1995; McLeod et al., 1998). In regions where water resources are
limited, water cooling systems are operated at up to 16 cycles of
concentration in order to minimisewater consumption. The make-
up water added to compensate for evaporation and blow-down in
cooling towers resultsin the continuous addition of dissolved and
suspended solidsand salts, including sulphate (Cloeteet al ., 1992).
The concentration of SO,* in such systems can be ashigh as 3 200
mg/l.

The SRB are the only bacteria known to reduce sulphate and
therefore the sulphur cyclein natural systemscan only beinitiated
by reduction of SO,* to S by the true SRB. Once sulphide
production from sulphate has been initiated, SO,> and/or S,0,>
will be generated at the sulphide-oxygen interface by chemical
oxidation, generally in the upper layers of the biofilm (Lee et al.,
1995). These oxidised sulphur compounds are then available to
those bacteria capable of utilising them as termina electron
acceptors, i.e. SRB, S putrefaciensand certain Aeromonas species
(McLeodetal., 1998). Thecurrent view isthat thetrue SRB arethe
most important catalysers of MIC, generating hydrogen sulphide
(H,S) from sulphate (Hamilton, 1985; Leeet al., 1995). Theability
to grow in the anoxic deeper layers of biofilms and to generate
hydrogen sulphide near the metal surfaceis, however, not unique
tothe SRB. Sulphidogenic S. putrefaciens forms profuse biofilms
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on metal surfaces (Bagge et al., 2001), and is also capable of
sulphite and ferric iron reduction under anaerobic conditions as
well as utilisation of cathodic hydrogen (Semple and Westlake,
1987; Arnoldetal., 1990; DeBruynand Cloete, 1995; Dawood and
Brozel, 1998). S. putrefaciens has been isolated from various
industrial cooling water systems (De Bruyn and Cloete, 1995,
McLeod et al., 1998).

The activities of consortia in biofilms enable organisms to
maximise their metabolic capabilities and maintain community
integrity and stability (Wolfaardt et al., 1994). We questioned
whether S putrefacienswould competewith true SRB inabiofilm
exposedtoindustrial coolingwater highinsulphate, asasynergistic
relationship couldresultinagreater turnover of potentially corrosive
ferrous sulphides (Obuekwe et al., 1981). The objective of this
study was to obtain information about the spatial distribution and
occurrence of S. putrefaciens and D. vulgaris within multispecies
biofilms cultured in industrial cooling water by making use of
fluorescent oligonucl eotide probesand confocal |aser microscopy.

Experimental
Cultures used

Facultatively sulphidogenic bacteria previously isolated from
industrial coolingwatersandidentified as Shewanellaputrefaciens
(McLeod et a., 1998) and the control organisms S. putrefaciens
ATCC 8072 and Pseudomonas aeruginosa PAO1 were grown in
Luria-Bertani broth (L B) (Sambrook et al ., 1989) whilecontinuously
agitating at 160 r-min* at 30°C, harvested during mid-exponential
phase, washed and re-suspended in phosphate-buffered saline
(PBS) (130 mM NaCl, 10mM NaHPO, [pH 7.2]). D. vulgaris
subspeciesvulgarisLM G 7563 wasgrownin pre-reduced modified
medium 104 (2mM K_HPO,, 1I9mM NH,Cl, 7mM Na,SO,, 1mM
CaCl,.2H,0, 17 mM MgSO,.7H,0, 14 mM lactic acid, 1 g yeast
extract, 1 mg resazurin, 2mM FeSO,.7H,0, 0.6 mM ascorbic acid
[pH 7.8] per 1) in Hungate tubes and incubated anaerobically at
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30°C for 48 h. Titanium(lll)citrate (1.3 mM) was used as the
reductant and resazurin (1 ml of a0.1 % w/v solution) asthe redox
indicator (Zehnder and Wuhrman, 1976). The cells were washed
and re-suspended in PBS.

Oligonucleotide probes used

Probe SPN3 (5-ECCGGTCCTTCTTCTGTAGGTAACGTCACAG-
3, target position 477 — 506 on the 16SrDNA genesin the E. coli
numbering system) (Brosius et d., 1981; Amann et al., 1995) is
complementary to a 30-nucleotide region that distinguishes
S putrefaciens and S alga from other members of the genus
Shewanellaand all other eubacteriaintherRNA (ribosomal RNA)
database (DiChristina and DeLong, 1993). Probe SPN-3 was
covalently linked to tetramethylrhodamine-5-isothiocya-
nate (TRITC) at the 5' end (Genosys). Probe SRB385
(5-FCGGCGTCGCTGCGTCAGG-3, target position 385 — 402
onthe16SrDNA genes) wascovalently linked to fluorescein at the
5'end (Genosys). Theregiontargeted by probe SRB385isspecific
to most members of the delta subclass of Proteobacteria which
includesthegram negative SRB and myxobacteria. Probe EUB 338
(5-GCTGCCTCCCGTAGGAGT- 3, target position 338—3550n
the 16SrDNA genes) was covalently linked to CY -5 (Genosys) at
the 5' end, and detects all members of the Eubacterial domain
(Amann et a., 1995). The specificity of probe SPN-3 for al S
putrefaciensisol atesused wasdetermined by hybridisingribosomal
RNA of all strains used to DIG-labelled probe DNA according to
the method of Manz et al. (1992).

Optimisation of probe specificity and target
accessibility

Whole cell hybridisation was performed according to the method
of DiChristina and DeLong (1993). Exponential phase cell
suspensionsof S. putrefaciensATCC 8072, D. vulgarissubspecies
vulgaris LMG 7563 and P. aeruginosa PAOL respectively were
fixed with 0.1 volume of 37% (v/v) formaldehyde for 3 h at room
temperature. A volume of 3 ul of each fixed cell suspension was
combined and spotted on a pre-cleaned gelatin-coated dlide. The
air-dried slides were washed for 3 min consecutively with 50%,
75% and 90% ethanol. Gene frames (Advanced Biotechnologies
Ltd; catalogue # AB-0555) consisting of adhesive frames and
polyester covers, encasing 100 mm? (20 ul) cell spot area on the
slide, were used to eliminate evaporative loss of hybridisation
solution during fluorescent in situ hybridisation (FISH). A pre-
warmed mixture of 10 ul of hybridisation buffer (5 x SET buffer,
0.01%[m/v] SDS[pH 7.8]), approximately 300 ng of rhodamine-
labelled probe SPN3 and approximately 150 ng of fluorescein-
labelled probe SRB385 was pipetted onto the polyester cover (1 x
SET buffer contained 0.15 M NaCl, 1.0 mM EDTA, and 20 mM
Trisbase[pH 7.8]). Theslidewith theadhesiveframefacing down
waspressed ontop of thecover. Theslidewasincubated at 46°C for
18 hin a 50 ml polypropylene tube floating in a water bath. Un-
hybridised and non-specifically bound probes were removed by
washing theslidesin pre-warmed washing buffer (0.2x SET buffer
[pH 7.8]) at 48°C for 30 min. The slides were stored at 4°C in the
dark.

Continuous-flow laboratory-scale apparatus for
simulation of cooling water system

A reticulating flow system, facilitating a continuous flow of

artificial coolingwater, wasconstructed from perspex. Twoparallel
staircases on which glass cover-dlips and mild steel couponswere
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placed, wereirrigated constantly by circul ating cooling water from
the sump over the staircases by awater pump. The system had two
removable panels for easy access and a sump accommodating a
volumeof 51. A closed-circuit operating system was used in order
to prevent excessive evaporation and subsequent cooling of the
cooling water to below ambient (ca. 5°C). Sterileartificial cooling
water was fed by a peristaltic pump (Watson Marlow 505 S) at a
flow rate of 225 ml-h?* maintaining an average growth rate of
0.045-ht. The systemwas loaded with 51 artificial cooling water,
based on the analysis of Howarth and M cEwan (1989), containing
per51:5.0gstarch, 1.67 gtryptone, 1.67 gyeast extract, 5gglucose,
192 g CasSO,, 0.1 g FeSO,, 7.45 g NaCl, 3.45g Na,SO,, 0.17 g
NaNO,, 1.0g NaSO, and 0.1 g ferric citrate. The pH was set at 8.5
making use of 5M NaOH. The cooling water was then inocul ated
with 1 ml of overnight culturesof P. aeruginosaPAO1, D.vulgaris
and S putrefaciens 10. Sodium sulphite was excluded in certain
experimentsinorder to determinewhether the presence of sulphate
alone would affect the spatial distribution of D. vulgaris and
S putrefaciens10 in the biofilm.

Operating conditions of the simulated cooling water
system

An open recirculating flow system feeding a modified Robbin’s
device(MRD) with synthetic coolingwater at aflow rateof 1.5m-s
1 was operated as described previously (MacDonald et a., 2000).
Mild steel coupons with adiameter of 25 mm were cleaned with
70% ethanol, air-dried and inserted into the system. The system
wasinoculatedwith 11 of coolingwater takenfromtheKriel Power
Station in Gauteng, South-Africa and operated for a 14 d period
with daily replacement of 10% of the water with fresh synthetic
cooling water, when 24 coupons were removed for analysis and
processed as described previously (MacDonald and Brézel, 2000).

FISH of biofilms

Biofilms on the glass cover-dlips were fixed with 0.1 volume of
37% (v/v) formaldehyde for 3 h at room temperature. After air-
drying, the cover-dlips were washed for 3 min consecutively with
50%, 75% and 90% ethanol. Rubber-O rings (2 mm in width
encasing an areaof 17 mm in diameter) embedded with petroleum
jelly were placed on the cover-dips to restrict the hybridisation
solution to a confined area of the biofilm during FISH.

Biofilms from the MRD were scraped from mild-steel and
nylon studsand diluted in 10 ml 1x PBS. A 5 ml volume of the cell
suspension was centrifuged for 5 min (10 000 x g) and the
supernatant discarded. A 100 ul volume of 0.5% glucose and 0.5%
yeast extract was added to the sample, and incubated for 2 h at
30°C. Then 20 ul of chloramphenicol (5g-1*) was added and
incubated for a further hour. The pellet was washed twice in 1X
PBSand cellswerefixed by adding 0,1 volume 35% formal dehyde
and incubating for 3 h at room temperature. Cells were harvested
and resuspended in 50 ul 1X PBS and 50 ul 96% (v/v) EtOH, and
stored-20°C. A 3ul volumeof fixed cell sin suspensionwasspotted
onto gelatin-coated lidesand air dried for 2 hat 37°C. Slideswere
washed consecutively in50%, 70% and 90% (v/v) ethanol for 3min
each. Geneframeswerepasted onto slidesto surroundthefixed cell
spots.

A pre-warmed mixture of 300 ul of hybridisation buffer (5 x
SET buffer, 0.01%[m/v] SDS), 3 000 ng of rhodamine-labeled
probe SPN3 and 1 000 ng of fluorescein-labeled probe SRB385
wasadded to each biofilm (1 x SET buffer contained 0.15M NaCl,
1.0mM EDTA, and20mM Trisbhase[pH 7.8]). A glasscover-dlip
was placed on the rubber ring to eliminate evaporative loss of
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Figure 1
SCLM images (0 um, 3 um ,7 um, 11 um) of a 3 d-old biofilm
formed in cooling water containing sulphite and sulphate and
hybridised with rhodamine-labelled probe SPN3 specific for
Shewanella putrefaciens (red) and fluorescein-labelled probe
SRB385 specific for 3-Proteobacteria (green)

hybridisation solution during FI SH. Thesampleswereincubated at
46°Cfor 18 hina50 ml polypropylenetubefloatinginawater bath.
Un-hybridised and non-specifically bound probes were removed
by washing the cover-slipsin pre-warmed washing buffer at 48°C
for 1 h. The cover-slips were stored at 4°C in the dark before
viewing by scanning confocal laser microscopy.

Determination of viability of cells on mild steel
coupons

A volume of 5 ml of cell suspension was washed twice with PBS
and centrifuged at 10 000 x g for 5 min at 4°C. The pellet wasre-
suspended in 1 000 ml PBS. A volume of 1 ul of the nucleic acid
stainsSY TO9and propidiumiodide(live/dead Baclight™ bacterial
viability kits, Molecular Probes) respectively wasadded to 10 ul of
thecell suspension, andincubated for 10min. Thelivebacteriawith
intact plasma membranes fluoresced green and the dead bacteria
with compromised membranes fluoresced red.

Scanning confocal laser microscopy (SCLM)

A Carl Zeiss scanning confocal laser microscope (LSM 410; Carl
Zeiss, Oberkochen, Germany equipped withaKrAr multilinelaser
[at 488, 568, 647 nm]) was used to obtain optical thin sections of
thebiofilms. Thelaser wasoperated at 1/30 maximum strength, and
the pinhole was set to 20. |mages were optimised by adjusting the
brightnessand contrast settings. A x63 Plan Apochromat objective
(numerical aperture, 1.4; Carl Zeiss) wasused in all experiments.
Images were taken and processed using Zeiss LSM software (3D
module). Fluorescein was detected using excitation 488 nm and a
long-passemissionfilter of 515 nm. Rhodaminewasdetected using
excitationat 568 nmand along-passemissionfilter of 590nm. CY5
was detected using excitation at 647 nm and an emission filter of
670t0 810 nm. Other mi croscopesettingsincluded laser attenuation
usinga30% ND filter and a488/568 dichroic beam splitter to select
the 488 and 568 excitation laser lines. For optimal imaging of the
biofilm, thefluorophoreswereimaged sequentially producing grey
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Figure 2
SCLM images (2.5 um, 7.5 um ,12.5 um ,17.5 um) of of a 7 d-old
biofilm formed in cooling water containing sulphite and sulphate
and hybridised with (a) rhodamine-labelled probe SPN3 specific
for Shewanella putrefaciens and (b) fluorescein-labelled probe
SRB385 specific for 3-Proteobacteria

scale 8-bit images, but the images were recombined into different
color planesto producecolor (RGB) imageswherenecessary. Grey
scaleimages were al so converted to monochromatic color images
using look-up tables, to improve the presentation.

Results

S putrefaciensATCC 8072 aswell asvariousother S, putrefaciens
isolates hybridised to probe SPN3, fluorescing red, whereas none
of the sulphidogenic Aeromonas, SRB or P. aeruginosa PAO1
hybridised, confirming probe specificity and target accessibility
(data not shown).

The glass cover-dlips and mild steel coupons were |eft
undisturbed in the continuous flow apparatusfor 3 and 7 d respect-
ively to alow biofilm development. After 1 d, attachment of
bacteria was evident with the formation of discrete aggregates of
densely packed cellsand interstitial voids. Astime progressed the
microcol onies grew, and dense biofilm developed, covering most
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Figure 3
SCLM images (0 um, 3 um ,7 um ,11 um) of a 3 d-old biofilm
formed in cooling water containing sulphate and hybridised with
(a) rhodamine-labelled probe SPN3 specific for Shewanella
putrefaciens and (b) fluorescein-labelled probe SRB385 specific
for 3-Proteobacteria

of the surface. The biofilms on glass and on mild steel appeared
black, indicating generation of S*. A 3d - old biofilmand a7 d-old
biofilm were removed from the system containing cooling water
with (Figs. 1 and 2) or without SO,> added (Figs. 3 and 4). The
3d-oldbiofilmsconsisted of largemicrocol oniesharbouring single
cells of D. vulgaris dispersed between S. putrefaciens (Fig. 1).
D. vulgarisappeared rod- or comma-shapedin purecultureand rod
shaped to pleomorphic in biofilms. The Desulfovibrio cells were
scattered and did not appear to be in clusters, indicating that they
did not divide in the biofilm. This could be because they did not
compete effectively with S. putrefaciensin the sul phidogenic/oxic
environment. Although an equal number of both species were
inoculated simultaneously, S. putrefaciens colonised the biofilm
more rapidly. The optical sections through the biofilm show that
D. vulgaris had atendency to cluster with S, putrefaciens (Fig. 1),
indicating alow degree of synergistic relationship between these
two types. The 7 d-old biofilms also contained isolated cells of
D. vulgaris, although fluorescence was weaker than in the 3 d-old
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Figure 4
SCLM images (2 um, 5 um, 9 um, 12 um) of a 7 d-old biofilm
formed in cooling water containing sulphate and hybridised with
(a) rhodamine-labelled probe SPN3 specific for Shewanella
putrefaciens and (b) fluorescein-labelled probe SRB385 specific
for 3-Proteobacteria

biofilms (Fig. 2). The degree of fluorescence is known to be
proportional to theribosome count, whichinturnisproportional to
the growth rate (Mdller et al., 1995). The artificial cooling water
had been inocul ated at day O with actively growing cultures, so that
the D. vulgaris probably attached to the glass surface, but never
multipliedinthesystem. Cellsof D. vulgarisstopped growing after
a while, and losing viability. S putrefaciens was detected in
microcolonies throughout the biofilm, increasing in dominance
with biofilm age.

Biofilms from the system containing cooling water with no
S0O,> added showed the same trend as biofilms growing with SO >
(Figs. 3 and 4). The only difference between the biofilmswas the
higher concentration of D. vulgaris seen in the biofilms from the
system containing SO,> only (Figs. 3 and 4).

SCLM of biofilms on mild steel did not yield satisfactory
fluorescent images due to the high proportion of debri, some of
whichautofluoresced. Thedirect viablecount (DV C) using Baclight
showed that most of the bacterial cellswereviable. Biofilmswere
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Figure 5
SCLM images of biofilm grown on mild steel in a modified
Robbins device in cooling water and hybridised with rhodamine-
labeled probe SPN3 specific for Shewanella putrefaciens (red),
fluorescein-labeled probe SRB385 specific for 5-Proteobacteria
(green) and CY5-labelled probe EUB 338. CY5 was artificially
allocated to the blue channel

therefore scraped from mild steel couponsinto PBSand allowed to
increase in size using glucose and yeast extract while preventing
cell division by addition of chloramphenicol, followed by
hybridisation (Korber et a., 1999; MacDonald and Brézel, 2000).

Samples hybridised to the various probes following dispersal
fromthe 24 mild steel stubsfromthe MRD wereviewed by SCLM.
Shewanella putrefaciensweredetected in clumpsoriginating from
three of the couponsviewed (Fig. 5), and dispersed in one biofilm
viewed (Fig. 6), but no SRB were detected. The detection limit of
FISH isintheorder of onein 100 cells(Amann et a., 1995) so that
our observations indicate that true SRB, if present, did not
predominate in the simulated cooling water system.

In an attempt to elucidate the predominance of S. putrefaciens
over D.vulgarisinthebiofilmfed only SO,%, purecultures of both
were inoculated either separately or in combination into Hungate
tubes containing only SO, and no SO,*. S. putrefaciens was not
capable of growing in pre-reduced modified medium 104 without
SO,*. However, in the presence of D. vulgaris, S putrefaciens
flourished as revealed by FISH, predominating over the
Desulfovibrio (datanot shown). It appearsthat SO,?, the product of
the first step in reduction of SO,* by D. vulgaris, was released
extra-cellularly and was therefore available for reduction to S* by
S putrefaciens. It is possible that afew cellsof D. vulgaris can
support numerous S putrefaciens, resulting in a synergistic
relationship. However, in the biofilm not fed with 8032',
S. putrefaciens may also have used one of Fe** or NO, during
anaerobic respiration as terminal electron acceptor.
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Figure 6
SCLM images of biofilm grown on mild steel in a modified
Robbins device in cooling water and hybridised with rhodamine-
labeled probe SPN3 specific for Shewanella putrefaciens (red),
fluorescein-labeled probe SRB385 specific for §-Proteobacteria
(green) and CY5-labelled probe EUB 338. CY5 was artificially
allocated to the blue channel

Discussion

It is shown here that S putrefaciens is capable of growing in
sul phidogenic biofilmsin aerated environments such asindustrial
cooling water systems, colonising sul phidogenic biofilms on both
glass and mild steel effectively and out-competing the true SRB,
D. wulgaris. S putrefaciens grew throughout the biofilm in the
aerated simulated cooling water systems, from the oxygen-rich
liquid interface to the anaerobic base. The corrosion-promoting
potential of S. putrefaciens (Dawood and Brozel, 1998), together
with its rapid growth rate and wide range of oxygen tolerance
(Dawood et al., 1998), and extremefitnessin biofilmsof industrial
cooling water show that the current paradigm on MIC is too
restrictive, and that facultative sul phidogenic bacteriaarelikely to
play asignificant rolein this deleterious process.

Shewanella putrefaciens is a competitive biofilm-forming
organismin contrast to D. vulgaris, the bacterium used as amodel
in studies of MIC. Bagge et al. (2001) showed that Shewanella
forms well - developed stable biofilms on steel, and our results
showthat it grew well in cooling water biofilms. Thepredominance
of Shewanellaover Desulfovibrio inthelaboratory system, andthe
presence of S putrefaciens in the open simulated cooling water
system, together with the absence of detectablelevelsof true SRB,
indicatesthat theformer hasagreater degree of competitivenessin
biofilms in the cooling water environment. D. desulfuricans,
closelyrelatedtoD. vulgaris, cangrow at very low DO concentration,
but becomeinhibitedat 15mmHgoxygen partial pressure(Abdollahi
and Wimpenny, 1990), whereas S, putrefaciensisatruefacultative
bacterium, growing over a wide redox range (DiChristina and
Delong, 1993).

Facultative sulphidogenic bacteria such as S putrefaciens
cannot be argued to bethe sole catalystsof MIC inindustrial water
systems as the sulphur cycle can only beinitiated by the true SRB
and selected Archaeabacteria. Biochemical SO,> reduction is
initiated by the transport of exogenous SO,* across the bacterial
membrane into the cell, followed by combination with ATP by
adenosinetri-phosphatesul phurylaseto producethehighly activated
adenosine phosphosul phate (APS) (Lengeler et a., 1999). APSis
then converted to SO,> by the cytoplasmic enzyme APS reductase
(Lengeler et al., 1999). SO,> may then be reduced by sulphite
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reductaseviaavariety of intermediatestoform S (Lengeler et al.,
1999). Thefacultativesul phidogeni c bacteriahavebeen documented
to reduce avariety of oxidised sulphur species other than SO,* to
S* (McLeodet al., 1998). Oncethesulphur cyclehasbeeninitiated
in a biofilm, chemical oxidation of S* at the sulphide-oxygen
interfacetakesplace(Leeeta., 1995), supplyingthesul phidogenic
community with an electron acceptor in the absence of molecular
oxygen. In addition it appearsthat D. vulgaris supplies sufficient
electron acceptor to S. putrefaciens to facilitate growth in the
absence of alternate acceptors.

S putrefaciens is likely to be a major catalyst of MIC in
industrial water systems. It is capable of reducing both SO,> and
ferricironusing cathodic hydrogen asan el ectron donor, andisalso
capable of corroding steel in pure culture (Dawood and Brozel,
1998). The corrosion rate of steel in agrated, S*-containing water
is higher than in anoxic water (Lee et al., 1995). S putrefaciens
begins reducing SO,> at a dissolved oxygen concentration of 1.5
mg/l, producing S (Dawood et al., 1998). The occurrence of
S putrefaciensin thin biofilmslacking true anaerobic deep zones,
may therefore constitute a corrosive scenario, whereas the true
SRB would only promote MIC in the anoxic zones of thicker
biofilms(Cloeteeta ., 1992). Thecharacteristicof beingfacultative
would be the selective advantage for sulphite-reducing bacteria
over true SRB growing in aerated waters harbouring sulphite-
containing micro-zones.

Conclusions

Shewanella putrefaciens is capable of growing in sulphidogenic
biofilmsin aerated environments such as industrial cooling water
systems, col onising sul phidogenic biofilmsand out-competing the
true sulphate-reducing bacteria.

The current paradigm on microbially influenced corrosion is
too restrictive as the facultative sulphidogenic bacteria such as
S putrefaciensarelikely to play asignificant roleinthisdel eterious
process.
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