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Community structure of biofilms on ennobled stainless steel in
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Finland

Stainless steel samples (AISI 316) were ennobled in a laboratory simulator with natural Baltic Sea water. After com-
pletion of ennoblement (increase of open circuit potential of ca 400 mV), the biofilm on the steel surface was charac-
terized using confocal laser scanning microscopy (CLSM) in combination with functional and phylogenetic stains.
The biofilm consisted of microbial cell clusters covering 10–20% of the surface. The clusters were loaf-formed, with
a basal diameter of 20–150 mm, 5–20 per mm −2, each holding ...104 cells in a density of 1–5 × 107 cells mm −3. The
typical cluster contained mainly small Gram-negative bacteria (binding the EUB338 probe when hybridized in situ
on the steel surface), and often carried one to three spherical colonies, either homogeneously composed of large
Gram-negative cocci or more often small bacterial rods in high density, 10 8–109 cells mm −3. The clusters in live
biofilms contained no pores, and clusters over 25 mm in diameter had a core nonpenetrable to fluorescent nucleic
acid stains and ConA lectin stain. Fluorescently-tagged ConA stained cells at a depth of ,,,5 mm, indicating the
presence of cells with a-D-mannosyl and a-D-glucosyl residues on surfaces. Ethidium bromide (log Kow −0.38) pen-
etrated deeper (17 mm in 15 min, corresponding to .10 cells in a stack) into the cluster than did the less polar dyes
SYTO 16 (log Kow 1.48) and acridine orange (log Kow 1.24), which stained five cells in a stack. Fluorescent hydro-
phobic and hydrophilic latex beads (diameter 0.02, 0.1 or 1.0 mm) coated patchwise the cluster surface facing the
water, but penetrated only to depths of <<<2 mm indicating a permeability barrier. About 1/3 of the stainable cells
hybridized in situ with Alf1b, while fewer than 1/7 hybridized to GAM42, probes targeted towards a- and g-Proteobac-
teria , respectively. Our results represent a microscopic description of an ennobling biofilm, where the ennoblement
could follow the sequence of redox events as suggested by the model of Dickinson and Lewandowski (1996) for
the structure of corrosive biofilms on a steel surface.
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Introduction

Biofilm formation on stainless steel surfaces may contribute
to microbially influenced corrosion [6]. The role of biofilms
in the corrosion of stainless steel in marine applications has
been dealt with in numerous studies but is only partially
understood. Ennobling, ie the increase of the free corrosion
potential of stainless steel in the passive state by 100–
400 mV is known to occur during biofilm growth on stain-
less steel surfaces in all European seas [4].

The causative relationship between the biology (the
biofilm formation) and the electrochemistry (the increase
in Ecorr) is unclear. Mollica [34] observed no ennoblement
in sea water where the microbes had previously been
removed by filtration, supporting the hypothesis that
biofilm formation is required for ennoblement. One dif-
ficulty in studies of the biology of ennoblement has been
that it has been difficult to reproduce under controlled
laboratory conditions.

We recently demonstrated a laboratory ecosystem where
the ennoblement of stainless steel occurred in an electro-
chemical sequence of events identical to that observed
under field conditions in the Baltic Sea [33]. This opened
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the possibility of analyzing under laboratory conditions the
structure of biofilms emerging on ennobling stainless steel
surfaces. CLSM and non-aggressive tools, fluorochromes
and fluorescent latex beads of different sizes and surface
properties were used to study the structure and barrier
properties of biofilms on ennobled stainless steel. Live
Gram-staining andin situ hybridization with fluorescently
labeled rRNA targeting probes were used to characterize
the biofilm population.

Materials and methods

Propagation of biofilms on ennobling stainless steel
Coupons of stainless steel (AISI 306, Ø 13 mm) were pol-
ished to 600 grit and mounted in a Robbins device in a
laboratory model ecosystem [33]. Natural Baltic Sea water
collected from the Helsinki coastal area (brackish, salinity
0.5%, pH 7.3–7.9, DOC 4–7 mg L−1, total N 310–1100mg
L−1, total P 24–38mg L−1, Cl− 2800–3000 mg L−1, Fe 80–
240mg L−1, Ca 81–86 mg L−1, SO2−

4 510–530 mg L−1, Al
60–400mg L−1, Mn 30–80mg L−1) was recycled between
the light (100 L, 1850 lux, 12 h day−1) and the dark (25 L)
compartments at room temperature (23± 1°C). The feeding
rate was 0.05 day−1 and the hydraulic flow facing the steel
coupons in the dark compartment was adjusted to
30 ± 5 mm s−1. With these operational parameters a steady
state was achieved, where the levels of dissolved oxygen
(close to saturation), TOC and different forms of nitrogen
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in the laboratory ecosystem were maintained identical to
those in the Baltic Sea [33]. The open circuit potentials of
the coupons were measured using a potentiostat (Wenking
LB81M, Clausthal, Germany) with saturated calomel elec-
trode (SCE) as the reference electrode, as described by
Carpén et al [10].

In situ hybridization
The stainless steel coupons with biofilms were rinsed with
sterile water, air-dried and stored desiccated at room tem-
perature. Table 1 describes the oligonucleotide probes used.
The probes were purchased from MWG-Biotech,
Ebersberg, Germany. Microbes with target rRNA
sequences for the oligonucleotide probes shown in Table 2
were searched from the Ribosomal Database Project
(release 27.6.97 [31]) and from the GenEMBL (division
Bacterial, release 6/97). The matches from GenEMBL were
retrieved and compared using programs Fasta, Fetch and
Findpatterns of the Wisconsin Package Program v. 9.0
(Genetics Computer Group, Madison, WI, USA).

Air-dried stainless steel coupons were pretreated with
ethanol:30% aqueous formaldehyde (90:10 v/v) for 5 min,
rinsed with sterile water and excess water was removed
(protocol modified from [8]). The ethanol-formaldehyde
treatment was used to reduce nonspecific fluorescence [1].
The hybridization mixture contained 20–35% formamide
(Table 1) to ensure hybridization stringency, 62.5 ng of
each probe in 20ml, 0.9 M NaCl, 20 mM Tris-HCl pH 7.2
and 0.01% SDS [32]. Twenty microliters of this mixture
were applied on the steel coupon and incubated for 2 h at
46°C in a humidity chamber. The unbound probe was
removed from the coupons with 2 ml of washing solution:
20 mM Tris, 0.01% SDS and 5 mM EDTA and 40–180 mM
NaCl (Table 1). The coupons were then immersed in 50 ml
of the washing solution at 48°C for 20 min, rinsed briefly
with sterile water and microscopically inspected after air-
drying.

The staining procedure for living biofilms
The stainless steel coupons were immersed in Baltic Sea
water until the ennoblement was completed and stored
briefly in stagnant Baltic Sea water at 4°C in the dark until
stained just prior to examination. The stains used are listed
in Table 2. The staining mixture contained one red and one
green fluorescing dye in 5 ml of Baltic Sea water in a 15-ml
polypropylene tube. The staining mixture was vigorously
vortexed for 45 s before the stainless steel coupon was
squeezed firmly in the tube into a horizontal position with
the biofilm side facing down (Figure 1a). The coupons were

Table 1 Oligonucleotide probes and the experimental conditions used forin situ hybridizations with the biofilms on ennobled stainless steel

Probe Sequence Target site Specific for Label % Formamide NaCl (mM)
(E. coli rRNA (hybridization) (washing)
numbering)

EUB338 5′-GCTGCCTCCCGTAGGAGT-3′ 16S (338–355) domainBacteriaa fluorescein 20 180
ALF1b 5′-CGTTCG(C/T)TCTGAGCCAG-3′ 16S (19–35) alphaProteobacteriaa,b Cy3 20 180
GAM42a 5′-GCCTTCCCACATCGTTT-3′ 23S (1027–1043) gammaProteobacteriaa Cy3 35 40

aDescribed by Manzet al [32].
bALF1b also binds some organisms of the delta subclass ofProteobacteriaand some Gram-positive bacteria with a low G+C content of DNA [32].

maintained in the horizontal position with the biofilm
coated surface down to avoid sedimentation of materials
during the incubation of 15 min on a rotary shaker
(150 rpm) at 28°C. The stained coupons were then rinsed
twice for 3 min by immersion in flowing Baltic Sea water
and moved into clean polypropylene tubes filled with Baltic
Sea water. For sequential staining the coupons were stained
with two dyes, 10 min each.

The fluorescent stains used
Latex microbead suspensions were sonicated prior to
dilution in Baltic Sea water and microscopically checked,
to assure that the beads were in a monodispersed state. Car-
boxylate-modified FluoSpheres beads are highly uniform
sulfate latex microspheres with pendent carboxylic acid
groups, hydrophilic and moderately or highly charged
(Table 2). Aldehyde sulfate FluoSpheres beads are sulfate
microspheres with added aldehyde groups on surfaces,
hydrophobic and weakly charged (Table 2), binding to
hydrophobic surfaces and molecules [21]. Three cell-per-
meant nucleic acid stains were used, SYTOTM 16, ethidium
bromide (EtBr) and acridine orange, all positively charged
at neutral pH. SYTOTM 16 stock solution was thawed
before use and briefly microcentrifuged to deposit the dime-
thylsulfoxide solvent at the bottom of the vial. The super-
natant phase was diluted 100× with Baltic Sea water for
staining. Ethidium bromide stock solution in water was
diluted 100× with Baltic Sea water for use. Acridine orange
was used singly, because of the broad fluorescence emis-
sion spectrum (see Table 2). The stock solution in water
was diluted 100× with Baltic Sea water for use. Concanava-
lin A lectin conjugated with tetramethylrhodamine fluoro-
phore (ConA-TRITC) was used to indicate polysaccharides
(binds to a-mannopyranosyl and a-glucopyranosyl
residues). In alkaline and neutral conditions it occurs as a
tetramer of approx. 104000 g mol−1 [21]. It was used as
solution of 1 mg ml−1 in 0.1 M sodium bicarbonate, pH 8.5,
containing 1 mM of Mg2+ and 1 mM of Ca2+, thawed and
briefly microcentrifuged before use to eliminate aggregates.
The live Gram-stain used was LIVE BacLight Bacterial
Gram Stain Kit consisting of two components: SYTO 9 to
stain living Gram-negative bacteria (green fluorescence)
and hexidium iodide to stain living Gram-positive bacteria
(red fluorescence). Hexidium iodide also stains dead bac-
teria and eucaryotes. Both stock solutions were applied to
the specimen 1.5ml ml−1 under stagnant conditions in the
dark and incubated for 15 min with no wash steps before
microscopy. Dyes were purchased from Molecular Probes



Community structure of ennobling biofilms in Baltic Sea water
M Kolari et al

263Table 2 Properties of the fluorescent stains used in the CLSM studies of the stainless steel biofilms

Fluorescent stain Diameter or Concentration of the Surface Surface charge Excitation Emission
molecular weight staining solution properties max.a max.b

Fluorescent beadsc

Carboxylate-modified FluoSpheres 1.0 mm 7.0 × 107 beads ml−1 hydrophilic negative 580 605
(CM) (1.01 mm ± 2.5%) (219mC cm−2)

Carboxylate-modified FluoSpheres 0.1mm 4.5 × 1010 beads ml−1 hydrophilic negative 505 515
(0.093mm ± 7.4%) (102mC cm−2)

Carboxylate-modified FluoSpheres 0.02 mm 4.5 × 1012 or 9.0 × hydrophilic negative 580 605
(0.02 mm ± 15.8%) 1012 beads ml−1 (16.1 mC cm−2)

Aldehyde-sulfate FluoSpheres (AS) 0.02mm 1.5 × 1012 or 3.0 × hydrophobic negative 505 515
(0.029mm ± 20.1%) 1012 beads ml−1 (4.2 mC cm−2)

Nucleic acid stains
Acridine orange (AO) 302 g mol−1 100mg ml−1 log Kow 1.24 positive 500 (DNA) 526 (DNA)

460 (RNA) 650 (RNA)
Ethidium bromide (EtBr) 394 g mol−1 100 mg ml−1 log Kow −0.38 positive 518 605
SYTOTM 16 |450d g mol−1 10 mM log Kow 1.48 positive 488 518

Miscellaneous stains
Concanavalin A, tetramethylrhodamine 104000 g mol−1 200 mg ml−1 hydrophilic negative 541 572
conjugate (ConA-TRITC)

aFluorescence excitation maxima (nm).
bFluorescence emission maxima (nm).
cAccording to the manufacturer, prepared by a surfactant-free process and stored in ultrapure water.
dExact data not available (proprietary information).

Figure 1 The experimental setup for studying the penetration of dyes into the biofilms on ennobled stainless steel. (a) Steel coupons were inserted
firmly into polypropylene tubes filled with Baltic Sea water, dyes were added and the whole was incubated 15 min on a shaker rotating laterally at
150 rpm. (b) For CLSM examination the coupons were mounted in a holder.

Europe (Leiden, The Netherlands) except for EtBr
(Pharmacia Biotech AB, Uppsala, Sweden).

Partition coefficient (octanol:water) estimation by RP-
HPLC
The n-octanol : water partition coefficient (logKow) for
SYTO 16 was estimated as described in ASTM Standard
E 1147-92 [3] using Nova-Pak C18 column, 3.9 mm×
300 mm, 4mm (Waters Co, Milford, MA, USA). The elu-
ent was methanol/water (50:50 v/v), the flow rate was
0.6 ml min−1 and detection was at 254 nm. The reference
compounds used for calibration were naphthol (calculated
log Kow 2.69), indoline (logKow 2.05) and 7-hydroxy-
methylcoumarin (logKow 1.58; Sigma Chemicals Co, St
Louis, MO, USA). An internal standard was sodium nitrate
(E Merck, Darmstadt, Germany).

Bacterial strains used
StrainsMycobacterium gadiumNCTC 10942T andDeino-
coccus geothermalisRSPS-7a were used to check dye pen-
etration. StrainMycobacterium gadiumNCTC 10942T was
obtained from the National Collection of Type Cultures,
Central Public Health Laboratory, London, UK.Deino-
coccus geothermalisRSPS-7a [15] was kindly provided by
Milton DaCosta from the Department of Biochemistry,
University of Coimbra, Portugal.

Scanning electron microscopy (SEM)
For SEM analysis, the stainless steel coupons were rinsed
with sterile water and fixed in 3% glutaraldehyde (w/v,
Merck, Munich, Germany) in So¨rensen phosphate buffer
(1/15 M, pH 7.2; KH2PO4–Na2HPO4) for 2 h. The coupons
were rinsed three times with the buffer, dehydrated in a
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series of 40–100% of ethanol (five steps, 15 min in each),
critical point dried and gold coated. The coupons were
examined with a scanning electron microscope (JSM-840,
Jeol, Tokyo, Japan) at voltages of 5–15 kV.

Confocal laser scanning microscopy (CLSM)
A BioRad MCR-1024 confocal laser scanning system with
inverted Zeiss Axiovert 135 M light microscope was used
with 488 and 568-nm excitation lines of a KrAr-laser (3%
of the maximum 15 mW), emission filters BP 515–525 nm
and EFLP 580 nm and pinholes of 2.0 mm. For mounting
the steel coupons with living biofilms a sample holder as
shown in Figure 1b was used. The sample holder was filled
with distilled water and 170-mm thick pieces of coverglass
were used as spacers to prevent compression of the biofilm.
The coupons with living biofilms were examined with a
40× water immersion objective (Zeiss C-Apochromat, N.A.
1.2, Oberkochen, Germany). The coupons within situ
hybridized biofilms were mounted without spacers,
immersed into SlowFadeTM antibleach media (Molecular
Probes, Eugene, OR, USA) and examined with a 63× oil
immersion objective (Zeiss Plan-Apochromat, N.A. 1.4
DIC, Oberkochen, Germany).

Image collection was performed with the Lasersharp v.
2.1A software (Bio-Rad, Hemel Hempstead, UK). Back-
ground fluorescence was evaluated from unstained samples
and eliminated by the choice of collection parameters used
with CLSM. Image combining and processing were perfor-
med with ImageSpaceTM v. 3.20 (Molecular Dynamics,
Sunnyvale, CA, USA) image analysis program run in an
Indigo 2 workstation (Silicon Graphics, Mountain View,
CA, USA). Stain penetration into clusters was measured
from single opticalxy-sections of the stained biofilms with
the 2-D distance measurement option of the Image-
SpaceTM software.

Results

Structure of the living biofilms on ennobling stainless
steel
Stainless steel coupons were exposed to Baltic sea water
in a laboratory ecosystem, where ennobling of the stainless
steel occurred similarly to field conditions (increase in open
circuit potentials approx. 400 mV in 3–4 weeks). The
ennobled stainless steel coupons were inspected with a con-
focal laser scanning microscope (CLSM) shortly after
removal from the Baltic Sea simulator. CLSM images of a
living biofilm on a stainless steel coupon ennobled in Baltic
Sea water, after staining with ethidium bromide (EtBr) and
fluorescent latex beads of 0.02mm diameter, are shown in
Figure 2. It shows that a 66-mm high cell cluster was
packed with EtBr stained (red) rod-shaped cells in a density
of 1–5 × 107 mm−3 and a few filamentous bacteria. The
cluster extruded like a mountain from the metal surface
towards the flowing Baltic Sea water and its summit formed
a thin .20-mm long streamer, floating freely with water
currents. The green color in Figure 2 reveals the location
of the 0.02-mm aldehyde sulfate latex beads. Panels (b–d)
of Figure 2 represent partialxy-projections, revealing parts
of the cell cluster 46, 26 and 10mm distal to the steel sur-
face. Projections show that the beads were located as peri-

pheral patches in the cluster, in contrast to EtBr which had
uniformly penetrated all cells to a depth of 17mm
(Table 3). EtBr also did not stain the interior of the cluster.
The lack of penetration of EtBr as well as that of the beads
is clearly visible in panel (d), displaying the sum of 10mm
most proximal to the metal surface.

Figure 3 showsz-profiles of the cluster shown in Figure 2
asxy-projections. Each of the three panels represents a 10-
mm thick vertical slice of the cluster. The voids and cavities
in the biofilm are visualized by the aldehyde sulfate beads
(0.02mm) in the top panel, showing exclusion of the beads
from the cluster interior and penetration only in the cluster
periphery to a depth of a fewmm. No voids deeper than
5 mm were penetrated by the fluorescent beads, thus there
was no transport of beads via water flow into cavities of
the interior of the cluster. The penetration of EtBr into the
biofilm is shown in the middle panel of Figure 3. The
unstained core most proximal to the steel surface rep-
resented 1/4 of the volume of the cluster. Figure 4 shows
biofilm development on stainless steel as seen with SEM.
Panel (a) shows morphologically different bacteria attached
to the steel surface during the first 22 days of immersion
in Baltic Sea water. Bacteria resembling egSeliberia,
Hyphomonasand Caulobacterare seen. Panel (b) shows
the steel surface 27 days after ennoblement occurred
(immersion of 56 days). Cell clusters had grown from some
but not all adherent bacteria, to a diameter of 20–100mm
(not corrected for shrinkage caused by drying), scattered
patchwise over the steel surface, covering|20% of the sur-
face area.

Based on results, of which examples are shown in Fig-
ures 2 and 3 (CLSM) and Figure 4 (SEM), the basic fea-
tures of the laboratory-grown Baltic Sea biofilms on stain-
less steel 10–15 days after completion of the ennoblement,
were as follows. The steel was partially covered with clus-
ters 15–20 mm−2, each with a basal diameter of 20–
150mm. These clusters consisted of densely packed bac-
terial cells, visible after staining with EtBr, in a density of
1–5× 107 cells mm−3. Clusters with a basal diameter around
100mm were calculated to contain 0.5–1.5× 104 cells each.
The steel surface adjacent to the clusters was either bare,
covered with a few cells embedded in a thin film as shown
in Figure 4 or with single attached cells, mostly short rods.
After eliminating background fluorescence, only the fol-
lowing objects were detected by their autofluorescence
from unstained samples: (i) cyanobacterial filaments and
with a low frequency; (ii) nematodes; and (iii) diatoms.
Brightly autofluorescing, possibly non-living particles
|1 mm in diameter, were detected with a low frequency
corresponding to less than 0.01% of the stainable bac-
terial cells.

Penetration of fluorescent dyes into the cell clusters
The depth of penetration of dyes into the clusters of the
biofilm on stainless steel ennobled in the Baltic Sea was
measured from the opticalxy-sections collected by CLSM.
Comparisons of the penetration between the primary and
secondary stain done from the same cluster, stained simul-
taneously, as shown in Table 3. Three different nucleic acid
dyes with similar molecular weights were used. EtBr pen-
etrated deepest, up to 17mm below the cluster surface. EtBr
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Figure 2 CLSM analysis of a 36-day-old biofilm grown on a stainless steel coupon ennobled in Baltic Sea water. The steel coupon was stained with
EtBr (red) and fluorescent latex beads (green, aldehyde sulfate FluospheresTM, diameter 0.02mm). Panel (a) shows a 66-mm-thick cell cluster on stainless
steel surface (black). The projection (xy) was calculated with the look-through method from 132 singlexy-sections (z-step 0.5mm). Panels (b), (c) and
(d) show 46-mm (b), 26-mm (c) and 10-mm (d) thick biofilm slices (xy) proximal to the steel surface. These projections reveal a dye non-penetrated
area inside the cell cluster. Scalebox 10mm.

is a membrane-permeable phenanthridinium stain with
nucleic acid intercalator properties. Its calculated logKow

is −0.38 at pH 7. Other nucleic acid targeted dyes, SYTO
16 and acridine orange (calculated logKow 1.24) penetrated
less than EtBr, SYTO 16 only to<7 mm (Table 3). Log
Kow of SYTO 16 was measured as 1.48, indicating it is 72
times more soluble inn-octanol than EtBr. The EtBr stained
in 15 min a zone corresponding to.10 cells in a stack,
SYTO 16 less than five cells in a stack. The deepest pen-
etration for EtBr of the three nucleic acid stains may be
related to differences in polarity: hydrophilic compounds
may have better access into the interior of the biofilm clus-

ters on ennobled stainless steel in Baltic Sea water than the
more hydrophobic compounds.

After extending the staining time to 6 h, the cores of the
biofilm clusters remained unstained, but the volume of the
unstained core had shrunk from 25% to,5% of the volume
for a cluster size of|100mm in the basal diameter. The
same staining protocol was used forMycobacterium gad-
ium NCTC 10942 andDeinococcus geothermalisRSPS-7a
with lipid and protein layers as permeability barriers.
Clumps of these cells stained fully in 15 min, thus the
acid/alcohol fast cell wall (M. gadium) or the extensive
S-layers (D. geothermalis, unpublished observations of
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dyes. For the composition of the stains, see Table 2. Dye penetration was calculated from individualxy-sections collected by CLSM usingz-step 0.5mm.
The measured clusters had a basal diameter of 120–150mm

Stain I Penetrationa sdvb nc Stain II Penetration sdv n ID
(mm) (mm)

CM 1.0 mmd |1.00 CM 0.1mmd 1.46 0.72 32 Va1
CM 0.1 mm 1.30 0.75 33 CM 0.02mm 1.44 0.58 30 77a
CM 0.1 mm 1.58 0.83 41 ConA-TRITC 4.49 1.29 34 54a
CM 0.02 mm 0.72 0.28 24 AS 0.02mme 0.78 0.27 29 75a
CM 0.02 mm 1.26 0.61 16 AS 0.02mm 1.02 0.55 22 74a
CM 0.02 mm 2.04 0.95 46 AS 0.02mm 2.14 0.88 31 81a
CM 0.1 mm 1.09 0.45 8 EtBrf .14.00 90a
CM 0.1 mm 1.55 0.67 54 EtBr 16.46 5.10 32 78a
AS 0.02mme 1.31 0.56 15 EtBr 5.19 2.22 14 83a
AS 0.02mm 1.45 0.64 31 EtBr 17.02 5.55 29 80a
AS 0.02mm 2.70 1.08 26 EtBr 11.86 2.96 16 87a
CM 0.02 mm 2.22 1.16 18 SYTO 16 6.73 2.89 20 79a

aAverage of the measured penetration, staining time 15 min.
bStandard deviation.
cNumber of measurements.
dCarboxylate-modified fluorescent latex beads.
eAldehyde-sulfate fluorescent latex beads.
fAs measured from the compact colony of morphologically similar cells seen in Figure 6.

Figure 3 CLSM analysis of a 36-day-old biofilm grown on a stainless
steel coupon ennobled in Baltic Sea water. Threez-projections of a biofilm
cluster are shown, metal surface at the bottom of each projection. The
upper panel shows the penetration of fluorescent latex beads (green, dia-
meter 0.02mm, aldehyde sulfate FluospheresTM), the middle panel shows
ethidium bromide (red) with better penetration and the lowest panel shows
the sum. Each projection represents a 10-mm-thick z-section of the cluster,
calculated from 132xy-scans (z-step 0.5mm). Scalebox 20mm.

M. Salkinoja-Salonen) did not exclude EtBr. Therefore, the
cell clusters on ennobled stainless steel contained more
efficient barrier material than the inspected strains ofMyco-
bacteriumandDeinococcus.

Table 3 shows similar depths of penetration for fluor-
escent beads of 0.02–1.0mm in diameter. All the 0.02-mm
beads, irrespective of functional properties or surface
charge (Table 2) had similar penetration. Results from
sequential staining were not different from simultaneous
double staining. These results indicate the absence of
accessible cavities inside the clusters. Figures 2 and 3 show
that intercellular distances between EtBr-stained cells in the
clusters ranged from 0.1 to 2mm. The observation that this
intercellular space was regularly not accessible even for the
0.02-mm beads, indicates the presence of an intercellular
matrix. The results in Table 3 also show staining of the cell
clusters with the concanavalin A lectin (ConA conjugated
with tetramethylrhodamine fluorophore TRITC) to a depth
of 4–5mm, indicating accessible mannose and glucose resi-
dues at these depths in the cell clusters. In summary, the
biofilm on ennobled stainless steel consisted of bacterial
clusters with effective diffusion barriers towards dissolved
dyes and beads close to colloid-size.

Patchiness of the living cell clusters on ennobled
stainless steel
Fluorescent beads with different properties were used to
analyse the surface quality of the living cell clusters.
Figure 5 shows singlexy-sections of a cluster,50mm in
height, after simultaneous staining with 0.02-mm alde-
hyde sulfate (hydrophobic) and carboxylate-modified
(hydrophilic) fluorescent latex beads. Both types of beads
adhered to peripheral areas of the clusters only, leaving the
core unstained with no indication of deep voids. Table 3
shows that both beads penetrated to equal depths in the
cluster (1.02 and 1.26mm, respectively), but as is seen in
Figure 5 the beads localized in different regions. This indi-
cates patchiness of the biofilm surface, possibly due to dif-
ferent local populations of the surface-exposed bacteria.
Similarly-differentiated surface areas can also be seen in
Figures 2, 3 and 6, from the selective adherence of 0.02-
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Figure 4 Scanning electron micrograph of stainless steel biofilms grown in Baltic sea water. Panel (a) shows morphologically different single bacteria
adherent to the steel surface during the first 22 days of immersion. Panel (b) shows cell clusters on the ennobled stainless steel after 56 days of immersion
(27 days after ennoblement). Scalebars 10mm.

mm aldehyde sulfate beads and 0.1-mm carboxylate-modi-
fied beads, respectively. Panel (d) in Figure 5 represents the
2-mm layer closest to the steel, and shows scattered binding
of both types of beads on areas of the steel surface sur-
rounding the cluster, indicating the presence of a thin layer
of biofilm close to the steel, accessible to the beads.

Figure 6 shows simultaneous staining with EtBr (red)
and 0.1-mm carbodylate modified beads (green) of a 53-
mm high cluster. As in Figure 2, EtBr-stained short rods
are the most common cell type, but also filamentous bac-
teria are visible. Figure 6 displays a spherical colony
|30 mm in diameter composed of densely packed, morpho-
logically similar rod-shaped bacteria (0.5× 2–3mm). The

colony is located inside the cluster, surrounded by other
types of cells. The hydrophilic 0.1-mm beads did not pen-
etrate to such intraclustral colonies. Two types of intraclus-
tral colonies of diameter 10–30mm were regularly detected,
the more common type contained rods as seen in Figure 6,
the other type contained large cocci (2mm). One cluster in
the biofilm could contain one to three of such colonies. The
bacteria inside the intraclustral colonies were in intimate
contact, the local cell density reaching 108–109 cells mm−3,
250–8000 cells in each intraclustral colony. The bulk cell
density in the main cluster was 1–5× 107 cells mm−3 and
the EtBr-stained cells were surrounded by non-stained
spacer material.
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Figure 5 CLSM analysis of surface quality of the 36-day-old biofilm on ennobled stainless steel using 0.02-mm fluorescent latex beads as indicator.
Simultaneous staining with aldehyde sulfate (green) and carboxylate-modified (red) beads revealed differently stained regions. Each panel shows asingle
xy-section, at distances of 46mm (a), 32mm (b), 21mm (c) and 2mm (d) distal to the steel surface. Scalebox 10mm.

In conclusion (Figures 2–6, Table 3), the spatial and sur-
face properties of cell clusters making up the biofilm on
ennobled stainless steel surfaces were as follows: 15–20
clusters mm−2 covered cumulatively 10–20% of the surface;
the interiors of the clusters were impermeable to the stains
used. The impermeable core represented 25–45% (EtBr) or
.95% (0.02-mm beads) of the total volume in a cluster
|100mm in basal diameter. The absence of fluorescence
signal from the core area was not an artifact caused by poor
laser penetration, since diatoms trapped underneath the
clusters were clearly visible by their red autofluorescence.
Surfaces of the clusters contained differentiated regions, as
hydrophobic and hydrophilic latex beads adhered to differ-

ent peripheral regions of the clusters. The majority (.80%)
of microbes in the inspected clusters on ennobled stainless
steel were<1 mm long rod-shaped bacteria. Longer rods
(2–3mm), coccoidal bacteria, filamentous microbes and
diatoms were detected in lower density or as discrete,
densely packed intraclustral colonies of morphologically
similar bacteria. When the detected filamentous bacteria
were examined with bigger magnification (zooming 3× with
the CLSM), the proportions of rods in chain, cyanobacteria
and sheathed cells characteristic of theLeptothrix-Sphaero-
tilus group of bacteria were 70%, 25–30% and,5%,
respectively. Live amoebas and nematodes feeding on the
biofilm biomass were occasionally detected. Dark brownish
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Figure 6 CLSM image showing heterogeny in biofilms grown on ennobled stainless steel for 36 days in Baltic Sea water. The coupon was stained
with EtBr (red) and fluorescent latex beads (green, diameter 0.1mm, carboxylate-modified FluospheresTM). Panels (a–c) show singlexy-sections (0.5mm)
at distances of 38, 33 and 28mm distal to the metal surface, revealing an internal colony of densely packed and morphologically similar bacteria. Panel
(d) shows a projection of the whole 53-mm thick cluster, revealing the location of the dense bacterial colony. Scalebox 10mm.

inorganic particles of diameter 10–15mm embedded in the
biofilms were regularly seen.

Microbiological diversity of biofilms on ennobled
stainless steel
Live Gram-stain was used to distinguish living Gram-posi-
tive from Gram-negative bacteria in the biofilms grown in
Baltic Sea water without losing information on the cell
location in the 3-D biofilm matrix. Figure 7 is the sum of
three subsequent confocalxy-sections (z-step 0.5mm),
showing a cluster containing scattered green colored cells
indicating live Gram-negative bacteria flanked by red col-
ored individual cells (Gram-positive status or cells at a low
state of metabolic activity). Unstained matter physically

separated the individual cells. Inside the cluster one internal
colony of bacteria is visible, compactly packed with cocci.
Peripheral cells of the intraclustral colony show a Gram-
negative staining pattern, while the innermost cells show
colocalized fluorescence interpretable as Gram-negative
non-viable cells or cells at a low state of metabolic activity.
The majority of the live cells on ennobled stainless steel
had Gram-negative staining behavior.

Phylogenetic stains (Table 1) were used to analyze
microbiological diversity in the biofilms on ennobled stain-
less steel. Figure 8 shows four CLSM projections, built
from 20 opticalxy-sections each. Panel (a) shows the pat-
tern obtained after hybridization with the bacterial probe
EUB338 (green) and gammaProteobacteria-targeted probe
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Figure 7 CLSM analysis of Gram-stained living biofilm grown on
ennobling stainless steel for 36 days. The figure shows a projection built
with the maximum intensity method from threexy-scans withz-step
0.5mm near the top of the cell cluster. The green color (SYTO 9) indicates
the presence of Gram-negative living bacteria and the yellow or red color
(SYTO 9 + hexidium iodide or just hexidium iodide, respectively) indi-
cates Gram-positive bacteria, dead bacteria or eucaryotes. Scalebox
10 mm.

GAM42a (red). In all coupons the majority of hybridized
bacteria were green-fluorescing short (,2 mm) rods or
cocci, labeled with the bacterial probe only. Filamentous
organisms in panel (a) are cyanobacteria labeled with the
bacterial probe only, recognized from the patterns in yellow
fluorescence ie colocalized green and red signal, where the
red autofluorescence originates from photosynthetic pig-
ments. In panel (a) the hybridization conditions were optim-
ized according to the GAM42a probe, demanding more
stringent conditions than the EUB338 probe (Table 1). The
high stringency may have left a part of the bacteria unla-
beled and a few bacteria were clearly labeled only with
the GAM42a probe and showed red fluorescence instead
of yellow, as it should if hybridized with both probes. In
summary, from all hybridized bacteria,15% hybridized
with the GAM42a probe, indicating they belonged to the
gamma group ofProteobacteria.

Panels (b–d) in Figure 8 show the results of simultaneous
hybridization with the bacterial probe EUB338 (green) and
alphaProteobacteria-targeted probe ALF1b (red). Panel (d)
is a close-up of the cluster visible in the central part of
panel (c). Panel (b) shows a group ofca 30 red coccoidal
cells |2 mm in diameter and panels (c) and (d) show short
rods with red fluorescence. These cells thus had hybridized
with the ALF1b probe only. A database search showed that
11.8% of the bacterial 16S rRNA sequences currently in
databases match perfectly with ALF1b probe, but had one
to four mismatches with the bacterial probe EUB338. The
conditions used for hybridization were similarly stringent
for both probes (Table 1), therefore bacteria with mis-
matches were likely to remain unlabeled with EUB338.

Examples of such taxa are listed in Table 4. Some clusters
showed regions, where the adjacent bacteria all had green
fluorescence (arrows in panels (b) and (d)), thus hybridized
with the bacterial probe EUB338 only, and regions where
the adjacent bacteria all had yellow fluorescence indicative
of binding of both probes. In some regions of the cluster
adjacent cells showed heterogenic hybridization patterns.
Spherical intraclustral colonies of compactly packed cells
(up to 109 mm−3) with morphologically similar bacteria as
the one marked with an arrow in panel (d) were regularly
seen. These intraclustral colonies had intensive green
fluorescence and thus were labeled with the bacterial probe
only. The bacteria binding the ALF1b probe represented
25–30% of all bacteria stainable with the bacterial probe.

Figure 8 shows the 3-D structure of the dehydrated
biofilms on ennobled stainless steel. The clusters were flat-
tened to 10–20mm in height as compared to.50mm in
the living biofilms at their native hydrated state shown in
Figures 2, 3, 5, 6 and 7. In contrast to live biofilms (Figures
2, 3, 5, 6 and 7), the cells inside the clusters were stained
and no unstained core was found. Fluorescence of the inner-
most cells was weak, indicating low cellular RNA contents
or poor penetration.

Colonies inside clusters were observed by each of the
three techniques used: by combined EtBr-microbead stain-
ing (Figure 6) and by live Gram-staining (Figure 7) in liv-
ing biofilms, and also in fixed, dehydrated biofilms by
phylogenetic staining (Figure 8). Adding up the information
from these techniques, the intraclustral colonies were 10–
30 mm in diameter, composed of Gram-negative bacteria
not belonging to alpha or gammaProteobacteriaand with
an activity gradient decreasing from surface towards the
core. Nematodes were regularly seen in unstained samples
by their autofluorescence. In hybridized samples (arrow in
panel (c)), the fluorescence of nematodes was further
enhanced when the bacteria-filled guts bound the oligo-
nucleotide probes. In addition to hybridization signals,
autofluorescing diatoms of theNavicula-resembling bilat-
eral type independently adhering to the stainless steel sur-
face were sometimes seen (panels (b) and (c)).

Discussion

An increase of the open circuit potential of stainless steel
(ennobling) is considered to represent the first step of
microbially influenced corrosion. We studied biofilms on
ennobled stainless steel in natural Baltic Sea water using
CLSM in combination with different functional stains to
analyze the 3-D structure, permeability barrier properties
and microbial community structure. This is an extension of
our earlier work where stainless steels were for the first
time shown to ennoble similarly to field conditions in a
laboratory ecosystem simulating the Baltic Sea. We are not
aware of other reports on microbial communities of the
Baltic Sea (brackish water) biofilms on ennobled stainless
steel. As marine bacteria are often non-cultivable [2] and
the in situ hybridization can reveal the spatial distribution
and activity of taxonomic groups of bacteria in multispecies
biofilms [35,40], fluorescently labeled rRNA targeting oli-
gonucleotide probes were applied. We used probes for
alpha and gamma subclasses of theProteobacteria, as
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Figure 8 CLSM images of a 30-day-old biofilm on ennobled stainless steel hybridizedin situ with phylogenetic stains EUB338 (targeted for the
bacteria), GAM42a (gamma group ofProteobacteria) and ALF1b (alpha group ofProteobacteria). Targeted specificities of the probes are shown in
Table 1. The green color indicates cells hybridizing with the EUB338 probe. Panel (a): the red color (Cy3) shows cells labeled with the probe GAM42a.
Panels (b–d): the red color reveals cells labeled with probe ALF1b. Cells hybridizing with the ALF1b were twice as abundant as cells hybridizing with
the GAM42a. Projections were calculated with the maximum intensity method from 20xy-sections collected withz-step of 0.5mm. Scalebox 5 or 10mm.

sequences from both subclasses have been commonly
retrieved from the marine picoplankton [2]. In this paper
we report: (i) on the spatial and biological structure in the
biofilm community on ennobling stainless steel; and (ii) on
the phylogenetic and permeability properties of such
biofilms on ennobled stainless steel surfaces. We performed
the in situ hybridization directly on steel, with no mechan-
ical disturbance of the biofilm community. To our know-
ledge there are no earlier published reports in this area.

The analyzed stainless steel coupons ennobled with a
shift in the Ecorr from −200 to −100 mV to +300 to +400
mVSCE after immersion for 3–4 weeks in Baltic Sea water
[33]. Our study showed that the post-ennoblement biofilm

on stainless steel consisted of individual clusters of bacteria
covering 10–20% of the steel surface, generally extruding
,100mm from the steel surface and consisting mainly of
bacteria, 1–5× 107 cells mm−3. Transmission electron
microscopic study of the clusters, published elsewhere [33],
also showed that the unstained core of the clusters consisted
of densely packed bacteria. Dissolved dyes revealed dye
non-penetrated interiors of the clusters comprising 25–95%
of the volume of each cluster,ca 100mm in diameter.
There were no measurable voids inside the clusters and the
mass transport inside the clusters seemed to be governed
by molecular diffusion only.

The biofilms in the present study grown in oligotrophic
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272 Table 4 Examples of bacterial strains with a perfect match of the 16S rDNA sequence with ALF1b probe and mismatches with bacterial probe EUB338.
The examples were selected on the basis of possible relevance for oligotrophic environments. The listed taxa may be expected to show up in phylogenetic
staining using ALF1b probe, but not with EUB338 probe (see Figure 8)

Bacterial strain Mismatches to GenBank accession Description Isolation source Reference
EUB338 No.

Caulobacter cresentusCB2 1 X52281 stalkeda-proteobacteria bacterioplankton, Sargasso sea [19]
Caulobactersp FWC17 1 M83801 stalkeda-proteobacteria waste water treatment plant [44]
Caulobactersp FWC18 2 M83802 stalkeda-proteobacteria waste water treatment plant [44]
Methylocystis pyriformis14 1 L20803 a-proteobacteria, [9]

methanotroph group IIa
Methylosinussp strain B 4 M95663 a-proteobacteria, [7]

methanotroph group IIa
Methylosporovibrio methanica81Z 3 M29025 a-proteobacteria, [45]

methylotroph group II
Methylocystis minimus42 2 L20844 a-proteobacteria, [9]

methanotroph group IIa
Gemmata obscurilobusUQM 2246 3 X54522 Planctomycetales, budding lake water, Australia [17,27]
(ACM 2224) X56305 bacteria
Acidosphaera rubrifaciensHS-AP3 2 D86512 a-proteobacteria, phototroph
Sphingomonas aromaticivorans 1 U20774 Zymomonasgroup of deep subsurface sediments [18]
SMCC B0522 a-proteobacteria
Rhodospirillum sodomenseDSI 1 M59072 a-proteobacteria, oblig. water/sediment of the Red Sea [30]

halophilic, anoxygenic
phototroph

Spirochaeta bajacaliforniensisBA2 1 M71239 Sphirochaetales microbial mat community, [16]
Laguna Figueroa, Mexico

Unknown (9 soil clones) 1–2 X65374–X64382 soil, Australia [26]
Bradyrhizobiumsp 55S 2 D14507 a-proteobacteria leguminous plant, Philippines [39]

Baltic Sea water resembled the consensus model for
biofilms described by Costertonet al [11], in the sense that
between the clusters there was free access for sea water to
the steel surface. However, our data show the virtual
absence of water channels inside the biofilm clusters. This
key finding clearly distinguishes the ennobling biofilms on
stainless steel from the consensus model.

We used CLSM and worked with living stained biofilms,
which yielded a close-to-reality picture of the biofilm struc-
ture and bacterial amounts on the ennobled stainless steel.
Each clusterca100mm in diameter contained|104 bacteria
and there were 5–20 such clusters mm−2 ie 0.5–2 × 105

cells mm−2. Only 103 bacteria mm−2 were cultivable on
Plate Count Agar from biofilms on parallel coupons,
scraped off with an alginate swab [10], indicating a yield
of ,2% of the biofilm bacteria. Concanavalin A conjugate
stained the cell clusters to a depth of 4–5mm (Table 3),
indicating the presence of polymers witha-d-mannose
and/or a-d-glucose residues. Extracellular matrix is
assumed to be important for the survival of attached com-
munities [24].

Microelectrode studies have shown concentration gradi-
ents in biofilms for oxygen [5,41] and nutrients [42]. Lawr-
enceet al [25] and Mølleret al [36] used fluorescent dex-
trans with defined charges and molecular sizes in
conjunction with CLSM to study the charge distribution of
polymers and permeability properties within biofilms and
showed regional variability in the binding and motility of
the dextrans. We used as a new tool fluorescent beads of
near-to-colloid-sizes, 0.02 and 0.1mm, to study the porosity
and the surface polarity of biofilms. The 0.02-mm car-
boxylate-modified beads with a negative surface charge
(16.1mC cm−2) are hydrophilic, while the 0.02-mm alde-

hyde sulfate beads have a lower negative charge (4.2mC
cm−2) and are hydrophobic. Both 0.02-mm beads penetrated
similarly into the living cell clusters, but adhered to clearly
different surface locations (Figure 5), indicating nonrandom
heterogeneity of the surface, explainable by different local
populations of the surface-exposed bacteria. When studying
the porosity of wastewater reactor biofilms, Okabeet al
[38] found that larger latex beads of diameter 1mm
(carboxylate modified, negative surface charge) traversed
throughout a 360-mm thick biofilm in less than 23 min by
advective transport via the voids and pores in the biofilm
matrix. Similar beads were also used by de Beeret al [5]
with reactor-grown mixed population biofilms on cover
glass. In both studies the biofilms also contained clusters
not penetrated by the beads, surrounded by areas composed
of water channels, voids and sparse polymeric material. Our
results showed that the beads had free access to areas of
metal surface not occupied by bacterial clusters, but the
penetration was,2 mm even for 0.02-mm beads, inde-
pendent of the surface polarity. In aqueous solutions the
0.02-mm beads behave very much like colloids [21]. The
distance between the nucleic acid-stainable areas of bacteria
in the clusters was 10–100 times wider than the diameter
of the beads used. The poor penetration of the beads into
this space (Table 3) indicates transport barriers, for instance
the presence of intercellular material, the absence of free
water between adjacent cells, or positive electric charges
on cell or matrix surfaces preventing the transport of the
negatively charged beads by electrostatic forces. The most
hydrophilic of the nucleic acid stains used in this study,
EtBr (log Kow −0.38) penetrated deepest (Table 3), suggest-
ing that hydrophilic compounds may have more free access
into the ennobling Baltic Sea microbial community on
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stainless steel. This was a uniform property of the living
bacterial clusters on the ennobled steel surfaces.

The drawback of thein situ hybridization protocol is the
dehydration step, causing compression of the clusters to
15–20% of the original height (this study) or more [35].
Despite this compression, phylogenetically different bac-
teria were distinguishable in separate regions inside the
clusters. Similarly, analysis of living biofilms showed dis-
crete microbial groups inside the clusters and heterogeny
in the surface functionality. Live Gram-staining indicated
that in the thoroughly-stained compact intraclustral colonies
of bacteria the peripheral cells were more active, and they
also gave stronger hybridization intensity than cells in the
interior, probably indicating a higher rRNA content and a
higher state of metabolic activity [35,40]. A similar gradi-
ent towards the core was observed inPseudomonasmono-
culture biofilms [22,23].

Results of live Gram-staining and hybridization tech-
niques in this study indicated that Gram-negative bacteria
were the dominant organisms in the Baltic Sea biofilms on
ennobled stainless steel. Cells hybridizing with probe tar-
geted to alphaProteobacteriawere twice as abundant as
cells responding to the gamma-Proteobacteria probe.
Despite equal stringency of hybridization conditions for
probes ALF1b and EUB338, a significant quantity of bac-
teria binding ALF1b, but not to the EUB338 probe were
detected, as shown in Figure 8 panel (d). A search in 16S
rRNA sequences currently in databases (Ribosomal Data-
base Project [31] and GenEMBL) revealed that 11.8% of
the sequences having a perfect match with ALF1b probe
had one to four mismatches with bacterial probe EUB338.
Table 4 lists examples of such taxa. For instanceMethylo-
cystis pyriformis14 andM. minimus42 are candidates to
explain the red-only fluorescing cocci in Figure 8 (b) and
(d). The interiors of dense biofilms were suggested to be
occupied by anaerobic bacteria in recent biofilm models
[5,11,14,24]. Anaerobic bacteria oxidizing multicarbon
compounds while reducing iron or some other metals, eg
Geobacter metallireducensATCC 53744 [29], belong to
the deltaProteobacteria, but have a perfect match with the
ALF1b probe and could be seen as yellow-fluorescing cells
in Figure 8 (b–d). Such bacteria may contribute to catho-
dization of the steel during ennoblement and later to
destruction of the passive layer on stainless steel leading
to corrosion.

Several studies have shown coupling between biofilm
formation and ennoblement [12–14,33,34,43]. Dickinsonet
al [13] proposed a model of a stainless steel corrosion pro-
cess, where several multicellular units of specialized bac-
teria act synergistically resulting in ennoblement and pit
corrosion. The model includes heterotrophic manganese-
and iron-oxidizing bacteria (MFOB) colonizing the stain-
less steel surface and producing MnO2-rich deposits. This
biomineralization of manganese may increase the potential
and the cathodic current density observed during
ennoblement. The MnO2-rich deposits oxidize natural poly-
meric substances to organic substrates, beneficial for the
activity of sulfate-reducing bacteria (SRB) lowering redox
potential in the oxygen-depleted interior of the cluster. As
the MnO2 deposits prevent repassivation of the stainless
steel in nucleation sites, the combined action of MFOB and

SRB promote pit corrosion. Linhardt [28] demonstrated that
even minute amounts of MnO2 attached to the surface may
have a considerable influence onEcorr of stainless steel.
Many bacteria can oxidize manganese, including the fila-
mentous bacteriaLeptothrix and Sphaerotilus; budding or
appendaged bacteriaCaulobacter, Gallionella, Hypho-
monas, Hyphomicrobiumand Pedomicrobium; strains of
Arthrobacter, Bacillus, Chromobacterium, Micrococcus,
Oceanospirillum, Burkholderia, Siderocapsaand Vibrio
[13,20]. The rate of bacterial manganese oxidation is
enhanced by the biofilm mode of growth [37]. CLSM
showed the presence of filamentous bacteria in the biofilms
(Figures 2, 6, 7 and 8) and bacteria resemblingCaulobacter
andHyphomonaswere revealed with SEM (Figure 4). The
16S rRNA targeted probe used, ALF1b, matches perfectly
with several strains ofCaulobacterand Pedomicrobium
strains and also with several SRBs, although these belong
to the deltaProteobacteria[32]. Our observations show
that the bacterial clusters on ennobled stainless steel were
diffusion-limited, had differentiated surfaces and a micro-
scopic architecture allowing for development of different
oxidation-reduction environments. Dickinsonet al [13]
presented a functional model for the ennobling biofilm on
stainless steel with different oxidation-reduction environ-
ments inside the same biofilm cluster. Our phylogenetic
data on the composition of the biofilm bacterial community
and the patchy structure of the bacterial clusters can accom-
modate bacterial taxa capable of carrying out the redox
reactions as suggested in the Dickinson model. The Baltic
Sea water used in our study contained humic substances
(4–7 mg of DOC L−1 [33]) which are oxidizable by MnO2
deposits and then usable by methylotrophs and other
microbes in the multispecies biofilm, and may provide suit-
able substrates for the growth of SRB and Fe3+ reducing
bacteria. The stainless steel in Baltic Sea water was
ennobled with a shift in theEcorr near to+350 mVSCE [33],
similar to theEcorr fixed by the reactions of redox couple
MnO2-MnOOH [14]. Our results represent microscopic
description of an ennobling biofilm, where the ennoblement
could follow the sequence of redox events as suggested by
the model of Dickinsonet al [13].
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