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Influence of the Distribution of the Manganese-
Oxidizing Bacterium, Leptothrix Discophora,
on Ennoblement of Type 316L Stainless Steel

3, Campbell,* G. Geesay,*" 7. L ewandowski**** and G. Jackson

ABSTRACT

Type 316L (UNS 31 603) stainless steel (S5) was ennobled

to an open-circuit potential (GCP} of 323 mV vs saturated
calomel electrode (SCE) within a 5-day period due to the
deposition of manganese oxides on the metal surface by a
monospecies biafilm of Leptothrix discophora. However, the
same metal experienced only partial ennoblement, achleving
a maximum potential of 143 MV, during the same period
when colonized by a three-species blafilm containing

L. discophora, and even this levet of ennoblement by the
mixed-spectes blofilm was only transient since the potential
decreased lo 122 mVs: shortly after achieving the maxtmum
potential. The mixed-species biafitm was significantly thicker
{>200 pm} than the L. discophora monospecies biofilm

{120 um). Using 165 TRNA probes specific for L. discophora,
fluorescent in-situ hybridization revealed cells to be heteroge-
neously distributed throughout the monospecies biofilm. In
the three-species blofilm, 165 rRNA probes revealed a homo-
geneous layer of L. discophora that resided proximal to the
biofilm-bulk selution phase. At the most distal.position from
the bigfilm-bullk solution phase near the glass-bigfilm inter-
face there existed very few to no L. discophora. Microelec-
trode studies revealed the presence of oxygen (3.85 mg/L to
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4,35 mg/L} at the monospectes-gluss substratum interface in
509 of the areas of the substratum assayed. No oxygen was
detected at the three-species bigfilm-glass interface where
the thickness of the overlying blofilm exceeded 200 pm. The
results suggest that ennoblement of Type 3161 55 by

1., discophora depends on oxygen aceesstbility to cells proxi-
mal to the substratum,
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INTRODUCTION

Passive metals when immersed in natural waters
shift the open-circuit potential {OCP) in the noble
direction and elevate the cathodic current monitored
when the exposed samples are cathodically polar-
ized."® These combined effects, the elevated OCP and
the increase in cathodic efficiency, are collectively
known as ennocblement and are hypothetically pre-
seribed to the activity of manganese-oxidizing micro-
organisms, and are explained by the following
mechanism:

MnOy, +H' +¢ = MnOOH,
E® = 0.81 Vgei

, (1}
EpH:m = 0.383 Vg
MnOOTH, + 3H* + € = Mn®" +2H,0
E® = 1.26 Vg @)

Epyozs = 0.336 Vyep

0010-9312/04/000111/$5.00+80.50/0

670 © 2004, NACE International

CORROSION—JULY 2004




CORROSION SCIENCE SECTION

The overall reaction is:

MnOyg, + 4H* +2¢” = Mn** + 2H,0
E" =1.28 Vgeg 3)
Epnoz2 = 0.360 Ve

The standard potentials {EY for Equations (1), (2),
and (3) were calculated using the energies of forma-
tion: AG? Mn® = ~54.5 keal/mole, AGY y-MnOOH =
~133.3 kecal/mole, and AG{ y-MnO, = ~109.1 keal/
mole (http:// www.chem.ualberta.ca/courses/
plan‘xbeck/p102.html).7"3

Only a small amount of manganese oxide needs
to be deposited on the surface to ennoble the metal,
Dickinson demonstrated that covering just 6% of the
metal surface with manganese oxides increased the
OCP of Type 316L (UNS 5$31603)" stainless steel (55)
{around ~200 mV vs gaturated calomel electrode
[SCE]) to the final OCP exceeding 350 mVgee, near
the reported equilibrium potential of the manganese
oxides, 362 mVy; at a pH of 7.2.%"° For that reason
alone, the phenomenon of ennoblement is of interest
to corrosion researchers and practitioners as elevat-
ing OCP passive metals to the levels near the pitting
potential (E,) and may increase the risk of localized
corrosion, particularly if the metal is immersed in a
solution of aggressive ions, e.g., chloride.

Because the mechanism of ennocblement de-
seribed by Equations (1}, (2}, and (3} implicates in-
volvement of manganese-oxidizing bacteria, we use
in our laboratory {the manganese-oxidizing bacte-
rium, Leplothrix discophora, as a model microorgan-
ism to study ennoblement of $5.™ L. discophora is a
G-sheathed filamentous bacterium that oxidizes
manganese and readily forms a bicfilm. This organ-
ism produces an extraceliular protein, which binds
to the sheath,'! and is responsible for manganese
oxidation.' There 1s no equivocal evidence that
L. discophora oxidizes manganese as an energy
source, but possibly performs oxidation to detoxify
the environment of heavy metals or to protect from
grazers due to encrustation with oxides.'*'® However,
when the sheath becomes encrusted in oxides, the
bacteria can leave their sheath and move to another
location.”” L. discophora has been shown to form a
biofilm on Type 316L SS surface, deposit manganese
on the surface due to attachment, and ennoble SS.
Previous studies have shown that biofitms will de-
velop microgradients of inorganic compounds and
that these microgradients will affect the spatial dis-
tribution of microorganisms.”** In sediments, chemi-
cal microgradients may have a significant impact on
rates of geochemical transformations,* Chemical

1 UNS numbers are listed in Metals and Alloys in the Unified Num-
bering System, published by the Society of Automotive Engineers
(SAE International} and cosponsored by ASTM International.
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microgradients form in biofilms as a result of local-
ized microbial activity and penetration of organic and
inorganic materials into the biofilm.?

We can reproduce in laboratory experiments the
ennoblement observed in field experiments using the
mocdel microorganism, L. discophora, by depositing
manganese oxides on the surface of noble metals, S5
and {itantum, ennobling the metal surface.™ The
laboratory results strongly support the proposed
mechanism, Equations (1}, (2), and {3). However, our
field observations also demonstrated that the pres-
ence of manganese oxides in the microbial deposits
on Type 316L SS was not always associated with en-
noblement. Braughton, et al.,” showed that manga-
nese oxides were present in the biofouling deposits
on Type 316L SS without causing significant en-
noblement. To accept the mechanism of ennoblement
by manganese-oxidizing microorganisms, these ob-
servations had to be explained within the framework
of the hypothetical mechanism given by Equations (1)
through (3). To explain this apparent discrepancy
between the expectations and experimental results,
it was postulated that the extent of ennoblement de-
pends on wo factors:

—the presence of manganese oxides

__the structure of the biofilms deposited on the 55
Spectifically, it was postulated that in mixed popuia-
tion biofilms, slower-growing manganese-oxidizing
bacteria may be displaced from the metal surface
by other faster-growing microorganisms that do not
oxidize manganese. As a result, manganese oxides
deposited proximat to the manganese-oxidizing popu-
lations may not be in electrical contact with the
metal, and therefore cannot cause the electrochemi-
cal effects predicted by the mechanism given by
Equations (1} through (3}, To test this hypothesis, the
progression of enmoblement of Type 316L SS colo-
nized by two different biofilms was monitored; one
was composed of a monoculture of L. discophora
and the other was composed of a mixture containing
L. discophora and two other microbial spectes (Kieb-
siella pneumoniae and Pseudomonas Jfluorescens),
which do not oxidize manganese. Fluorescent in-situ
hybridization {FISH]} was used to distinguish the dif-
ferent microorganisis, their distribution, and their
location with respect to a gtass surface and speculate
how such a distribution, on a SS surface, influences
ennoblement of that surface.

MATERIALS AND METHODS

Organisms and Culture Medium

L. discophora American Type Culture Collection
(ATCC) 51138, K, pnewrnoniae ATCC 700831, and
P. fluorescens ATCC 700829 were revived from
_70°C in 1917 MSPV consisting of 0.24 g/L ammo-
nium sulfate {{NH,1,50,}, 0.06 g/L. magnesium
sulfate (MgSO,;-7H,0), 0.06 g/L ealcium chtoride
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FIGURE 1. Schematic view of the experimental selup of the llat-
plate reactor according to Jackson, et al: = (A) growth medium, (B}
recycle loop, (C) peristaltic pump, (D) level work bench, (E) flat-
plate reactor, (F) SCE, (G) alr filter, {H) feed line, (I} air in, {J} outllow,
{K) flow breaker, and (L} 85 coupon holdet. Glass microscope slides
were placed on the bottom of the reactor to analyze the biofilm.

{CaCl,-2H,0), 0.02 g/L potassium phosphate (KH,PO,},
0.05 g/L sodium phosphate {Na,HPQ,-7H,0),

2.383 g/L HEPES, and 1.0 mL 10 mM ferrous sulfate
{FeS0,) (0.278 g FeS0,-7TH,0 in 100 mL distilled wa-
ter) in 1.0 L delonized water. Resuscitated cultures
then were cultivated on 1917 MSPV media as de-
scribed above with a modification involving the re-
duction of HEPES buffer {rom 2.383 g/L to 1.2} g/L.
The pH of the culture medium was adjusted to 7.2
with sodium hydroxide (NaOH) prior to autoclave
sterilization. Following sterilization, the medtum

was coaoled to B0°C, and 1 mL of vitamin solution
(20.0 mg/L biotin [C;H,;eN,055], 20.0 mg/L folic acid
[CoH,6N;Ogl, 50.0 mg/L thiamine hydrochloride
[C,5H,5CIN,08], 50.0 mg/L D-{+)-calcium pantothen-
ate [CigHapCaN,Ogl, 1.0 mg/L vitamin B12
[CosHgeCoON,,0,,P], 50.0 mg/L riboflavin [CHoN5O6l,
50.0 mg/L nicotinic acid [Cgtl;NO,], 100.0 mg/L
pyridoxine hydrochloride [Cel,;NO5 HClL, 50.0 mg
P-aminobenzoic acid [C,H,O,N], 1,000 mL filter-
sterilized distilled water), and 1 mL of 20% pyruvate
solution (0.4 g sodium pyruvate [CyH;NaOsl,

100.0 mL filter-sterilized distilled water) and 4 mL
of a BO-mM manganese sulfate solution (0.85 g
MnSO,H,0, 100 mL filter-sterilized distilted water)
were added aseptically by using a 0.2-um syringe
filter (no. 431219, Corning Inc."). Solid medium for
bacterial enumeration was prepared as above with
the addition of 15 g of noble agar (Difco’) prior to
aufoclaving,

Enumeration of Suspended Bacterial Populations
Used as Inocula for Flat-Plate Reactors

Bacteria suspended in the bulk aqueous phase
of the different reactors were enumerated by first
homogenizing a sample followed by serial dilution

! Trade name.
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and plating on MSPV agar using the drop plate
method. Homogenization was performed for 1 min
using a Janke and Kunkel IKA Labortechnik T25'
basic homogenizer with a 100-mm by 8-mm outside
diameter {OD) tip. The homogenized samples were
serially diluted and plated using the drop plate
method onto MPV agar. The plates were incubated
for 24 h to 48 h at room temperature before colonies
were enumerated. Cell densities, based on colony
forming units (CFU}, were determined for flask cul-
tures in mid-log phase.

Dissolved Manganese Concenirations

The dissolved Mn(ll) concentraiions in the reac-
tors were measured by the formaldoxime method.?
Reactor solution of 1.5 mL was removed from each
reactor and filtered through a 0.2-pm-pore-size cellu-
lose acetate filter to remove suspended solids. Mixed
ammonia-formaldoxime reagent of 1.5 mL was added
to 0.5 ml of each sample and incubated for 30 min.
The sample absorbance at 450 nm was measured
with a Shimadzu 2101PC' spectrophotometer. The
spectrophotometer was calibrated with Mn(li) sulfate
{Fisher Scientific!).

Flat-Plate Reactor Design and Operation
for Evaluation of Distribution of L. Discophora

in Biofilm Formed on Glass Slides

The flat-plate reactor was setup and operated
with minor modifications according to Jackson, et al.
(Figure 1).% The flat-plate, open-channel reactor was
a polycarbonate channel, with measurements of
2.5 cm wide, 4.0 cm deep, and 34.5 cm long. The re-
actor had a working volume of 150 mlL, including the
volume in all of the tubing. The tubing for the growth
media and the sterile delonized water was Masterfiex’
6401-16 (Cole Parmer), while the recycle, air, and
waste lines were all Masterflex’ 6402-16 (Cole
Parmer}. Peristaltic pumps (Cole Parmer} were used
to maintain nutrient flow and recycle rates. The air
tine had an in-line bactertal air vent filter (Pall-
Gelman Laboratory) with a pore size of 1 pm. Prior to
sterilization, glass microscope slides were placed in
the bottom of the reactor as substrata for bacterial
colonization and biofilm formation, Waterproof
weather stripping was placed along the top edge of
the reactor and the Hd was secured in place with tie
straps. The reactor was sterilized with a 20% Clorox'
bleach solution for 2 h. Following sterilization, the
reactor was flushed with 10 L of sterile deionized wa-
ter {autoclaved at 121°C for 5 h). After flushing, the
reactor was filled with 150 mL of media and allowed
to circulate. The feed rate was 0.4 mL/min, The reac-
tor was continuously acrated using compressed air at
3 L/h. The reactor was run for 5 days without any
tnoculation to evaluate the sterility of the reactor. A
10-mL sample of this media was withdrawn asepti-
cally, homogenized, and plated as previously de-
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TABLE 1
Elemental Composition of Type 316L 55 Coupons®

Composition (wi%)

c Cr Cu Fe Mn

Mo Ni p 8 Si

0.020 17.04 — Bal 1.71

2142 11.08 0.035 0.002 0.060

¥ Provided by vendor, Metal Samples, Inc.

scribed to evaluate the stertlity of the bulk aqueous
phase in the reactor.

Flat-Plate Reactor Inoculation

A ftat-plate, open-channel reactor was inoculated
with 15 mL of a mid log phase culture of L. discophora
prepared as described above. Another flat-plate
reactor for the multispecies biofilm was inoculated
aseptically with 15 mL of mid log phase culture of
K. pneumoniae and P. fluorescens and 15 mL of mid
log phase culture of L. discophora using a needle
and syringe to introduce each culture inoculum into
the sterile culture medium feed line of the reactor.
Following are the approximate cell density values of
the inocutum: 2.09 x 10° cells/mL for K. prneumoniae,
9.99 x 10° cells/mL for P. fluorescens, and 1.22 x
107 cells/mL for L. discophora, as determined by the
plating procedure previously described. During the
inoculation, the flow of growth media, the recycle
loop, and the airflow were stopped and the wasle line
was clamped. Approximately 1 h after the inocula-
tion, the recycling was resumed and continued for
94 h before the feed pump was turned on. Also at
that point, the airflow was restored to the reactor,
the effiuent clamp was removed, and reactor contin-

ued to operate as described by Jackson, et al.®

Evaluation of Biofilm Ennoblement

The approach of Dickinson, et at.,? using Type
316L SS coupons were used to monitor ennoblement.
Type 316L SS coupons (1.6 cm diameter; Metal
Samples, Inc.) were used as substrata for bacterial
cotonization and biofilm formation. Elemental com-
position of the coupons is given in Table 1. Before
introduction to the reactor, the 85 coupons were
abraded with wet 600-grit silicon carbide (SiC} paper,
rinsed and sonicated in distilled water, rinsed with
05% ethanol (C,H,0OH), air dried according to
Dickinson, et al.,® then epoxy embedded in a hollow
polycarbonate tube (1.9 cm diameter by 10 em). Cou-
pons were visually inspecied for crevice corrosion.
The coupons were inserted through the cover of the
previously described flat-plate reactor until the SS
coupon was fully submerged in the flow of the media,
and eleeirical cormection was made to the coupons
by fixing conductive copper tape to the unexposed
side (Figure 1). The chloride concentration within the
media solution was ¢ ppm. The exposed coupon is
face downward to prevent suspended solids from set-
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FIGURE 2. Cell dansities in biofiim: (m}L. discophora, (#}K. preumoniae,
and (e} P. fluorescens.

tling onto the surface. A SCE was mounted through
the top cover and sealed with rubber washers and
silicon. The potential was read with a multimeter
(Wavetek Corp.}.

Oligonucleotide Probe Design

The oligonucleotide probes used in this study
were universal probe, Fz-1, negative strand probe
{(negattve control}, Fz-2, and L. discophora SP-6 spe-
cifie probe, Psp-6, supplied by Integrated DNA Tech-
nologies. All probes were labeled at the 5 end with
Oregon Green 488!, Base sequence for nucleotide
probes are as follows, with corresponding positions
in E. coli 16s rRNA sequence: Fz-1, 5'-og 488-
gWA’I'I‘ACCgCGGchCTC-SlS;z" Fz-2, 5'-og 488-
g’I‘gCCA;_;;CMgCCgCgJ;g-S‘;24 Psp-6, B'-og 488-
ggCTATCCCCCACTACTg-138.%

Fluorescent In Situ Hybridization (FISH)

FISH was performed on mid log phase sus-
pended cultures of L. discophora {36 h to 40 h},
K. pneumoniae {18 h to 22 h), and P. fluorescens
{18 h 1o 22 h) used as inocula for the flat-plate reac-
tors (Figure 2). The cultures were chitled on ice and
fixed for a minimum of 15 min by the addition of
0.1 volume of formalin (37% formaldehyde {HCHO}
solution containing 10% to 15% methanot {CH,OH]).®
Fixed samples then were centrifuged, and the pellet
was washed twice with an equal volume of phos-
phate-buffered saline {PBS), which contained 130 mM
sodium chloride (NaCl and 10 mM sodium phosphate
buffer, pH 7.2. Pellets were resuspended in encugh
PBS to yield a slightly turbid sclution. Cell smears
were made by spotting 10 pL of fixed sample on gela-
tin-coated glass slides treated with chromate® and
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allowed to air dry. The slides then were flooded with
a 90:10 ethanol:formaldehyde solution for 1 min to
permeabilize the cells, and washed according to
Braun-Howland, et al.?” Slides then were rinsed
briefly with sterilized delonized water and allowed to
air dry a final time. Hybridization followed the opti-
mized protocol established by Stering and Ghiorse.”®
The fixed smears were washed with SET buffer.”
The smears then were counterstained with 4 ng/mL
propidium fodide (CarHzsINy) and excess stain re-
moved by rinsing with sterile water. A mounting
medium (6 mL glyceral [CsHgOsk 6 mlL of 0.5 M bicar-
bonate buffer pH 8.6 containing 0.1 M sodium azide
IN,Na; final concentration]} was applied to the smear
to decrease fading of oligonucieotide fluorescence
during microscopy.

FISH was performed on biofilms using a similar
approach as that described above for suspended
populations excepl that the fixation time was ex-
tended to 2 h to 4 h. Five-day biofiims were washed
two times each for 3 min in a beaker containing ster-
{le delonized water to remove fixing solution. Excess
water was wicked away by touching the edge of the
slide to a paper towel. After fixation, biofihm samples
were embedded in OCT media 4583t (Tissue-Tek,
Sakura Finetek) and frozen on a block of dry ice.
Embedded biofilm was lifted off the substratum by
gently twisting the slide. Sections of biofilm, 10 pm
thick, were cut at an angle perpendicular to the glass
surface using a Leica CM 1800' cryostat at -20°C.
Perpendicular slices were collected on gelatin-coated
slides treated with chromate.*®

Hybridization of biofilm samples followed the
protocol used for suspended cell populations except
that incubation conditions and cell preparations were
optimized for the biofilm population. Gelatin-coaled
slides with a biofilm cryosection were dehydrated
with an ethanol:formaldehyde solution (80:10
volume:volume) and allowed to air dry. All slides re-
ceived the same treatment, incubations and washes.
One slide was used as a second negative control that
did not receive probe but was treated with the hy-
bridization solution, while the remaining three slides
received 10 ng/mL final dilution of one of the three
probes used in the study each by flooding the slide
with hybridization solution and probe. Incubations
were performed for a minimum of 8 h at 46°C. Cell
preparations were washed with ice-cold 5x SET
buffer for 1 min, followed by two washes using Ix
SET buffer for 5 min at 48°C. No 0.2x SET washes
were performed. The biofilm samples then were
counterstained with 4 pg/ml propidium lodide and
excess stain was removed by rinsing with sterile wa-
ter. A mounting media was applied to the smear to
decrease fading of oligonucleotide fluorescence dur-
ing microscopy. FISH efficiency was determined by
comparing the number of cells in a field of view un-
der the microscope that displayed fluorescence from
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hybridization of the oligonucleotide probe with the
number of celis that were counterstained by
propidium iodide.

Microscopy

All samples were examined on a Leica TCS NT!
confocal laser scanning microscope equipped with a
488-nm wavelength argon laser and a 563-nm wave-
length argon/krypton laser. Samples were viewed us-
ing a 40X-oil immersion objective fens and magnified
2X using confocal microscope software. Laser power
was set for the 488 and 563 at 50% and 100%, re-
spectively. Photomultiplier tube settings werc 710 to
764 for the red level and 690 to 710 for the green
level. The biofilm was imaged using Leica TCS NT'
software scanning 1-pm-thick opticat sections verti-
cally through the 10-pm bioffim cryosection twice to
reduce background noise. Images were stored on a
host computer for farther analysis. Biofilm images
were reconsirucied using Metamorph' software (Uni-
versal Imaging Corp.) and the 1-pm section image,
taken at 4 pm, 5 um, and 6 pm, of the 10-nm-thick
vertical cryosection was saved for further pixel analy-
sis. From visual analysls, image sections obtained
at 1 pm to 3 pmand 7 pm to 10 pm depths of the
10-pm-thick cryosection consistently gave decreased
fluorescence and were not used in this study. Pixel
analysis of scanned image 4-um, 5-um, and 6-um
depths of the 10-pm-thick cryosection sample were
performed from the top of the biofilm to the substra-
tum in each image using Scion® imaging software
(Scion Corp.). The threshold setting for all images
was set at 62 after running a series of controls that
established this value as one that allowed detection
of the maximum number of cells after eliminatton of
the background fluorescence. Pixels containing red
objects stained by propidium iodide represent the
area containing all the bacterial cells present in the
image. Pixels containing green objects represent cells
that reacted positively with L. discophora-specific or
universal FISH probe. Probing efficiency of the uni-
versal probe for P. fluorescens and K. preurnoniae
was determined from suspensions and biofitms of
pure cultures of each of these organisms as a per-
centage of the number of green pixels divided by the
number of red pixels in each image x100. Probing
efficiency of the L. discophora-spectfic probe for sus-
pended and biofilm cells of L. discophora were as-
sessed in the same manner as the universal probe for
the K. pneurmoniae and P. fluorescens by comparing
the number of red pixels vs green pixels.

Oxygen Microelectrode

The oxygen microelectrode used was a Clarke'-
type electrode with an internal silver/silver chloride
(Ag/AgCl) half-cell reference and sllicone polymer dif-
fusion membrane, The microelecirodes were con-
structed following the procedure described by
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Revshech.?® An HP 4140B' pA meter/direct current
(DC) voltage source was used to apply the polariza-
tion potential (-0.8 V) and to measure the current.
The microelectrodes were calibrated in water, acrated
and deaerated using air and pure nitrogen. The cur-
rent was typically in the range from 10 pA to 150 pA
for the nitrogen-saturated water and 100 pA to

700 pA for air-saturated water. The dissolved oxygen
concentrations were 0 mg/L in the nitrogen-saturated
waler and 6.8 mg/L to 7.8 mg/L, depending on
temperature, in the air-saturated water. Two-point
calibration was considered sufficient. The typical
response time of the microelectrode was short, about
one second, and we allowed for several seconds to
stabilize the readout before accepting the result,
Before the measurements, the microelectrode was
attached to a micromanipulator (Narishige!) equipped
with a stepper motor, Oriel stepper motor 18503°
(Stratford, CT), then manually positioned with the tip
just above the biofilm surface, and then moved step-
wise vertically through the bioftim while measuring
oxygen concentration at the selected locations. The
custom writien software that was used to controi the
electrode movements was integrated with the data
acquisition system. During the measurements, a
Nikon Diaphot 300' inverted microscope was used to
visualize the tip of the microelectrode in the biofilm.
The results of oxygen measurements were stored in a
file and then used to plot oxygen concentration ver-
sus distance, as oxygen concentration profiles across
the biofilm. When needed, the thickness of the diffu-
sive boundary layer was determined as the distance
from the biofilm surface to the location in the bulk
liquid where oxygen concentration had reached 90%
of thal measured in the bulk solution,” and deter-
mined from the oxygen concentration profiles.

RESULTS

Growth Analysis, Microbial Differentiation,
and Type 316L 5SS Ennoblement

K. pneumoniae and P. fluorescens both grew on
MSPV agar plates and did not precipitate the manga-
nese present. When inoculated in a flat-plate reactor
system with MSPV broth medium, these two organ-
isms together successfully formed a biofilm without
precipitating manganese (data not shown). The
colony morphology and the oxidase test were used
to differentiate K. pneumoniae and P, fluorescens.
K. pneumoniae produced mucoid colonies that were
oxidase negaiive. P fluorescens produced a semi-
transparent colony giving an oxidase positive reac-
tion. L. discophora was differentiated by manganese
precipitation, ammonia-formaldoxime test, and
colony morphology. L. discophora produced colonies
on MSPV plates with dark brown precipitate and
fibrous edges. Manganese(ll) was removed from the
system as determined by the ammonia-formaldoxime
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FIGURE 3. Microbial ennoblement of Type 316L 88 coupon in a fiat-
plate reactor system: (W} three-species biofilm, {#} L. discophora
monospecies biofilm, and {4) K. pneumoniae and P, fluorescens
biofilms, E,,, of Type 316L 88 was 300 mVye L. discophora
monospecies biofilm achioved a final E..,. of 323 mVsce.

test, suggesting that the brown precipitate was man-
ganese oxide.

Five-day-old biofilms of L. discophora ennobled
Type 316L SS to 323 mVy (Figure 3). In conirast,
the biofilms grown from the inoculation with K.
pneumoniae and P. fluorescens caused no ennoble-
ment of Type 316L $S, 0 MV, (Figure 3). The biofilms
grown from the inoeculation with all three populations
produced partial ennoblement of the Type 3161 S5,
achieving a maximum potential of 143 mV (Figure
3}. Shortly after reaching a potential of 143 mVigce,
the potential dropped to 122 mVye (Figure 3).

Fluorescent In Situ Hybridizations

The 16s rRNA universal oligonucleotide probe,
Fz-1, reacted positively with suspended pure culture
cells of K. pneumoniae, P. fluorescens, and L.
discophora with an average hybridization efficiency of
73%, 78%, and 69%, respectively (Table 1). Negative
control probe, Fz-2, had an average hybridization ef-
ficiency of <1% for each of the three populations of
suspended pure culture cells {Table 1). L. discophora-
specific probe Psp-6 hybridized to suspended pure
culture populations of K. pneumoniae, P, fluorescens,
and L. discophora with an efficiency of <1.00%,
1.249%, and 64.00%, respectively (Table 2],

Fixation, permeation, and hybridization condi-
tions optimized for suspended populations were used
to evaluate the abundance and distribution of the
populations in biofilms growing on glass surfaces in
the flow-through bioreactor. In a monospecies biofilm
of L. discophora, Fz-1, Fz-2, and Psp-6 probes hy-
bridized with efficiencies of 50.31 = 6.80%, 1.30 =
0.34%, and 53.00 = 6.26%, respectively. Hybridiza-
tion efficiency of the universal probe Fz-1 probe to all
the cells in the three-species biofilm was 51.50 =
7.65%. Based on a survey of representative arcas
over the entire 100-pm depth of the biofilm using
FISH with the L. discophora-specific probe, a layer of
L. discophora extended from the biofilm-bulk aque-
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TABLE 2
Hybridization Efficiency of All Ogligonucleotide Probes Used in This Study
Pixels Pixels Yo Average

Probe Organism Threshold Red Green Hybridization Hybridization
Control K. pneumoniae 62 727.44 16.33 2.24
Control L, discophora 62 1,298.33 58.78 4.53 2,26
Control P, fluorescens 62 282,67 0 0.00
Fz-1 K. pneurnoniae 62 1,467.33 1,048.56 71.46
Fz-1 L. discophora 62 2,817.89 1,933.89 68.63 72.69
Fz-1 P, fluorescens 62 2,032.33 1,584.88 77.98
Fz-2 K. pneumoniae 62 1,984.67 2.44 0.12
Fz-2 L. discophora 62 1,633.11 B8.687 0.53 0.83
Fz-2 P, fluorescens 62 1,845 33.78 1.83
Psp-6 K. pneumoniae &2 1,255.33 7.89 0.63
Psp-6 L. discophora 62 1,313.89 846 64.39 64.39
Psp-6 P, fluorescens 62 2,125 28.44 1.24

ous phase interface to 40 ym into the biofilm where
approximately 78% of the organisms were located as
determined by pixel analysis of total cells versus
specific FISH probe for L. discophora.. In this same
three-species biofilm using the same analytical
method, approximately 36.30% of the total L.
discophora population resided in the top 20 pm be-
neath the biofiim-bulk aqueous phase interface
based on the same survey (Figures 4[a] and [bl).
Furthermore, with pixel analysts, <1.00% of L.
discophora population existed in the bottom 20 pm
of the biofilm proximal to the glass substrata,

In another representative 10-pm-thick
cryosection of a three-specics biofilm grown on a
glass substratum in a different flai-plate reactor,

L. discophora comprised 30% of the total population
of all bacteria present in the biofilm based on pixel
analysis of representative areas over the entire
120-pm depth of the biofiln using FISH with the

L. discophora-specific probe. In this same biofiim
near the biofilm-bulk agueous phase, there did exist
a dense layer of L. discophora, which comprised ap-
proximately 85% of the total L. discophora population
as determined using FISH with the L. discophora-
specific probe. This dense layer extended {from the
biofilm-bulk agueous phase to a depth of 60 pm (Fig-
ures 4[c] and [d]}. Using the L. discophora-specific
probe revealed that nearly 51% of the total L.
discophora population was located at a depth be-
tween 20 um and 40 pm {rom the biofilm-bulk aque-
ous phase. Less than 1% of the total L, discophora
biofilm population was detected in the bottom 10 um
of the biofitm as measured from the biofilm-bulk
agueous phase.

Suspended cell population fluorescent in sita
hybridization indicated that probe Psp-6 was specific
for L. discophora, and s in agreement with previously
published literature. Siering and CGhiorse™ demon-
strated the specificity of this probe against other
closely related organisms of which Psp-6 only hybrid-
ized to L. discophora SP-6. Visual observation of our
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FISH results indicates that cells reacted with the
probe. With pixel analysis, hybridization efficiencies
ranged from 64% to 78%. Siering and Ghiorse™ dem-
onstrated that ribosomal abundance, rather than celi
envelope permeability, 1s a major controlling factor
affecting FISH results of protecbacteria. Hypotheti-
cally, our reduced hybridization efficiency results
could be due to a low level of target TRNA in cells that
were not in log phase growth. However, testing this
hypothesis and further studies to determine the
basis of the low recovery efficiency using FISH were
beyond the scope of this work.

in Situ Oxygen Microgradients

In situ oxygen microgradients were evaluated in
a biofilm composed entirely of L. discophora and in
the three-species biofilm, both growing on a glass
substratum. In L. discophora monospecies biofitm,
oxygen microelectrode studies revealed oxygen con-
cenlrations of 4.35 mg/1 and 3.85 mg/L at the
biofllm-glass slide interface (Figures 5lal and [bl).
Furthermore, a light brown precipitate to dark brown
precipitate was present on the bicfilm sample as vi-
sualized through the diaphot dissecting microscope.
However, in a different location within the same
biofilm, the oxygen microelectrode revealed that oxy-
gen was only able to penetrate approximately 325 pm
into the biofilm as measured from the biofilm-bulk
aqueous solution phase. The anoxic region extended
from 325 pm from the biofilm-bulk aqueous solution
phase to the bottom of the biofilm, the biofilm-glass
slide interface, as determined with this same micro-
electrade (Figure Blc}). At this location in the biofilm,
the biofilm appeared very thick with thick darlk
brown precipitate as visualized through the diaphot
dissecting microscope. After determining the diffusive
boundary layer as previously stated, the depth of the
biofilm was estimated to range hetween approxi-
mately 620 pm and 800 pm.

Four oxygen profiles also were taken in the
three-species biofilm that developed on the glass cou-
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(a)

(c)

{b)

(d)

FIGURE 4. Fluorescent in situ hybridization of a cross section of a three-species biofilm on a glass coupon with Psp-6
L. discophora-specific probe. Red Indicates counterstain with propidium fodide, and green Is the FISH probe. Two biofiims
are shown: (images [a] and [c]} 40X magnification of biofilm, scale bar = 50 um. {mages [b] and [d]} 40X magnification with
2X zoom of biofilm, scale bar = 25 um.

pon in the other reactor. None of the oxygen profiles
revealed oxygen at the biofilm-glass interface (Figure
6). The oxygen profiles were taken from locations that
resembled the visual appearance and description as
the previously described biofilm. Biofilm depth in the
three-species biofilm ranged fromn approximately

580 um thick to 800 pm as determined from the dif-
fusive boundary layer. The thin biofilm area with
light brown precipitate did not present an oxic zone
at the substratum, as did the L. discophora-only
biofllm. An interesting oxygen profile was revealed by
the microelectrodes (Figure 6[d]}. Oxygen concentra-

CORROSION—Vol. 60, No. 7

tions decreased as the microelectrode moved through
the diffusive boundary layer and into the biofilm.

At 40 pm into the biofilm, as measured from the
biofilm-bulk aqueous phase, the oxygen concentra-
tions increased to 6.81 mg/L. This concentration of
oxygen in the biofllm is almost equivalent to bulk
phase oxygen concentrations, which was approxi-
mately 7.0 mg/L. This increase in oxygen concentra-
tion was maintained through the next 120 um of the
bicfilm. From a position 160 pm from the biofiln-
bulk aqueous phase, oxygen concentrations once
again began to decrease to 0 mg/L, approximately
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EIGURE 5. Microprofiles of oxygen in a L. discophora biofilm. Type
316L S8 coupons were ennobled to 323 mVsee: (8) and (b) profiles
from film area demonsirating aerobic substratum; (¢} profife from
microcolony demonstrating anaerobic substrafum as observed from
dissecting. Profiles were measured at different points in the same
biofilm.
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220 pm from the biofilm-glass substrata interface.
Although the Type 316L 8S in this reactor was only
partially ennobled by the biofilm, the heavy brown
precipitate observed in the reactor and across the top
of the biofilm suggested that manganese oxidation
had occurred.

DISCUSSION

FISH results revealed that the distribution of
cells of the Mn-oxldizing bacterium L. discophora in
a biofilm on a glass substratum is influenced by
the presence of K. pneumoniae and P, fluorescens.
The localization and homogeneous distribution of
L. discophora in the top 40% of the three-species
biofilm suggests that this bacterium competes suc-
cessfully for resources in the bulk aqueous phase,
but is not competitive with these other populations in
deeper regions of the biofilm. Typically, L. discophora
is found in aquatic habitats where there exdst acro-
bic/fanaercbic Interface zones where Mn?* and Fe can
be cycled between soluble and insofuble forms."!
Concentration of L. discophora just above the oxic/
anoxic boundary in the top 220 pm to 360 pm of the
three-species biofilm is thus consistent with what
has been observed in natural habitats.

‘The absence of cells of L. discophora in deeper
regions of the blofilm may be due to the low levels of
dissolved oxygen measured in this part of the three-
species biofilm. The establishment of oxygen-depleted
conditions that the biofilm-substratum interface in
the three-species community also may have reduced
any substratum-associated Mn oxides formed by
L. discophora prior to establishment of anoxic condi-
Hons within the biofilm. Whereas, the substratum
colonized by a monoculture of L. discophora accumu-
lated Mn oxides formed by these bacteria, the sub-
stratum containing the three-species biofiims became
depleted of Mn oxides.

The difference in behavior of the OCP for a 55
surface containing biofilms of a monoculture of
L. discophora and a S5 surface containing the three-
species biofilm likely reflected the stability of Mnt
oxides deposited at the surface by L. discophora. The
structure of the biofllm formed by the monaculture
of L. discophora permitted penetration of dissalved
oxygen to the substratum, allowing the Mn oxides
formed by L. discophora to remain stable, which
favored establishment and maintenance of full
ennoblement, which has been defined as an OCP of
350 MV for Type 316L 88.%%%%2 The reduction and
dissolution of Mn oxides formed at the SS surface by
L. discophora before oxygen was depleted is consis-
tent with the observations of initial partial ennoble-
ment of the surface foltowed by a decrease in OCP
during development of the three-species biofilm. Fur-
thermore, Dexter, et al.,* measured the presence of
dissolved manganese near the surface of a metal

CORROSION—JULY 2004
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FIGURE 6. Microprofiles of oxygen in a consortium biofilm containing L.. discophora. Type 3161 55 coupons were only
partially ennobled fo 143 mV. All four profiles taken demonstrate an anaerobic substratum. Profifes were measured af
different points In the same biofilm: (a) and (b) profiles from film area; (¢} and {d} profiles from microcolony as observed

from diashot microscope.

coupon in regions of a biofilm that was devoid of oxy-
gen in the same location. I appears then that full
enmoblement requires the Mn oxides to be in close
proximity to the S5 surface, since this condition was
not achieved in the presence of the three-species
biofilm even though Mn oxides were detected inn up-
per layers of the biofilm distal from the metal sub-
stratum. The inability to achieve full enncblement in
the presence of manganese oxides in the present
study is consistent with observations reported by
Braughton, et al.,” in which the presence of manga-
nese oxides in bicfilms does not always cause en-
noblement. These interpretations should be viewed
with caution, since the distribution of L, discophora
was determined in biofilms formed on a glass surface
rather than in biofilms formed on a SS surface, and
we do not yet know whether L. discophora distribu-
tion is the same on these different substrata,

CONCLUSIONS

% It is suggested that in a mull-specics biofilm,

L. discophora, may compete successfully with other
bacterial species during the initial colonization of the
85, During this time, L. discophora can oxidize and

CORROSION—Vol. 60, No. 7

precipitate manganese at the metal surface and
promote ennoblement of the metal. However, the
other faster-growing populations may displace L.
discophora from the metal surface over time, leading
to Mn-oxide reduction, solubilization, and displace-
ment from the SS surface. This, in turn, reverses the
ennoblement process initiated by L. discophora.
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