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Abstract:
Corrosion of metals enhanced by microorganisms stems from the modification of the near-surface
chemistry due to microbial attachment or microbial metabolism. The modification of the near-surface
water chemistry by microorganisms ultimately affects the electrochemistry of the metal. To further our
understanding of microbially influenced corrosion, a greater level of microbial activity at the metal
surfaces needs to be achieved. Measurements of the potential across the stainless steel surface was done
to monitor ennoblement. Next, Fluorescent In Situ Hybridization was applied to locate the activity of a
manganese oxidizing bacterium in a multi-species biofilm. Finally, oxygen microelectrodes were then
used to measure oxygen concentrations through the biofilm. Type 316L stainless steel (SS) ennobled to
an open circuit potential (OCP) of +323 mVscE within a 5-day period due to the deposition of
manganese oxides on the metal surface by a monospecies biofilm of L. discophora. However, the same
metal experienced only partial ennoblement, achieving a maximum potential of+143 mVscE during the
same period when colonized by a 3-species biofilm containing L. discophora, and even this level of
ennoblement by the mixed-species biofilm was only transient since the potential decreased to +122
mVscE shortly after achieving the maximum potential.

The mixed-species biofilm was significantly thicker (>200 μm) than the L. discophora monospecies
biofilm (120 μm). Using 16s rRNA probes specific for L. discophora, fluorescent in-situ hybridization
revealed cell activity was heterogeneously distributed throughout the monospecies biofilm. In the
3-species biofilm, 16s rRNA probes revealed a homogeneous layer of L. discophora activity that
resided proximal to the biofilm-bulk solution phase. At the most distal position from the biofilm-bulk
solution phase near the glass-biofilm interface there was very little to no activity of L. discophora.

Microelectrode studies revealed the presence of oxygen (3.85 to 4.35 mg/L) at the monospecies-glass
substratum interface in 50% of the areas of the substratum assayed.

No oxygen was detected at the 3-species biofilm-glass interface where the thickness of the overlying
biofilm exceeded 200 μm. This study demonstrates that the distribution of the activity of the
manganese oxidizing bacterium L. discophora in a biofilm is influenced by the presence or absence of
oxygen, and this distribution of microbial activity could possibly have profound consequences for on
the corrosion of steel. 
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Abstract

Corrosion of metals enhanced by microorganisms stems from the modification of 
the near-surface chemistry due to microbial attachment or microbial metabolism. The 
modification of the near-surface water chemistry by microorganisms ultimately affects 
the electrochemistry of the metal. To further our understanding of microbially influenced 
corrosion, a greater level of microbial activity at the metal surfaces needs to be achieved. 
Measurements of the potential across the stainless steel surface was done to monitor 
ennoblement. Next, Fluorescent In Situ Hybridization was applied to locate the activity 
of a manganese oxidizing bacterium in a multi-species biofilm. Finally, oxygen 
microelectrodes were then used to measure oxygen concentrations through the biofilm. 
Type 316L stainless steel (SS) ennobled to an open circuit potential (OCP) of +323 
mVscE within a 5-day period due to the deposition of manganese oxides on the metal 
surface by a monospecies biofilm of L. discophora. However, the same metal 
experienced only partial ennoblement, achieving a maximum potential o f+143 mVscE 
during the same period when colonized by a 3-species biofilm containing L. discophora, 
and even this level of ennoblement by the mixed-species biofilm was only transient since 
the potential decreased to +122 mVscE shortly after achieving the maximum potential.
The mixed-species biofilm was significantly thicker (>200 pm) than the L. discophora 
monospecies biofilm (120 pm). Using 16s rRNA probes specific for L. discophora, 
fluorescent in-situ hybridization revealed cell activity was heterogeneously distributed 
throughout the monospecies biofilm. In the 3-species biofilm, 16s rRNA probes revealed 
a homogeneous layer of L. discophora activity that resided proximal to the biofilm-bulk 
solution phase. At the most distal position from the biofilm-bulk solution phase near the 
glass-biofilm interface there was very little to no activity of L. discophora.
Microelectrode studies revealed the presence of oxygen (3.85 to 4.35 mg/L) at the 
monospecies-glass substratum interface in 50% of the areas of the substratum assayed.
No oxygen was detected at the 3-species biofilm-glass interface where the thickness of 
the overlying biofilm exceeded 200 pm. This study demonstrates that the distribution of 
the activity of the manganese oxidizing bacterium L. discophora in a biofilm is 
influenced by the presence or absence of oxygen, and this distribution of microbial 
activity could possibly have profound consequences for on the corrosion of steel.



I

GENERAL INTRODUCTION 

Microbiallv Influenced Corrosion

Corrosion of metals enhanced by microorganisms stems from the modification of 

the near-surface chemistry due to microbial attachment or microbial metabolism 

(Dickinson and Lee 1997). The alteration of the near-surface chemistry is further 

complicated by water chemistry alteration by these same microorganisms (Dickinson and 

Lee 1997; Lewandowski 1994; Lewandowski and Hamilton 2002; Lewandowski et al 

1997). The modification of the near-surface water chemistry by microorganisms 

ultimately affects the electrochemistry of the metal. Specifically, many researchers are 

evaluating the electrochemistry of the metal to understand microbially influenced 

corrosion. Studies show that the microbial colonization of metals shifts the Open Circuit 

Potential (OCP) in the noble direction (Dickinson and Lewandowski 1996; Dickinson et 

al. 1996; Braughton et al. 2001).

The evaluation of the electrochemistry of a metal surface is important in 

understanding MIC. The electrochemical phenomenon under study is referred to as 

ennoblement. Ennoblement, the shift of OCP in the noble direction vs. a saturated 

calomel electrode (SCE), has become an in situ diagnostic indicator for the potentially 

destructive microbial colonization of stainless steel leading to corrosion (Dickinson et al 

1996). In marine environments, ennobled potentials can exceed critical pitting potentials 

for low-molybdenum stainless steels, and several cases of rapid loss of ennoblement have

CHAPTER I
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been attributed to localized corrosion (Dickinson et al 1996). The direct correlation of 

corrosion with ennoblement supports the use of ennoblement as a diagnostic indicator for 

potential corrosion. Furthermore, ennoblement of metal surfaces has been reported in 

seawater (Mattila et al. 1997; Dexter and Gao 1988), in a fresh water streams (Dickinson 

et al 1996), and in a hydroelectric power plant where pitting corrosion of stainless steel 

turbine runner blades was noted (Linhardt 1998).

There are many reports describing how microorganisms can alter the near-surface 

chemistry on metal surfaces. Lewandowski (2000) suggested that for an initial 

approximation, nonspecific and specific effects could distinguish the effect of 

microorganisms on the corrosion processes. Nonspecific MIC is not dependent on the 

type of organism colonizing the metal surface. Some examples of non-specific MIC may 

be attributed to production of extracellular polymeric substances (Mollica and Trevis 

1976), acidification of the metal-biofilm interface resulting from metabolic reactions in 

the biofilm (Dexter and Gao 1988), hydrogen peroxide production (Makin and Beveridge 

1996), and the production of passivating siderophores (Costerton et al. 1995). Specific 

MIC is dependent on the type of organism colonizing the metal surface such as sulfate 

reducing bacterial (SRB) corrosion and manganese oxidizing bacterial (MOB) corrosion. 

Dickinson and Lewandowski (1996) and Linhardt (1996) reported that the deposition of 

manganese oxides on the surface of passive metals would alter the electrochemistry of 

the metal.

The microbiological deposition of manganese oxide on the surface of the 

stainless steel allows the metal substratum to exhibit the equilibrium dissolution
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potential of the MnOa reaction described by the following half-reactions:

MnOa(S) + H+ + e => MnOOH(S) 

E’ = +383 mVscE

(I)

MnOOH(S) + SH+ + e‘ => Mn2++ 2H20  

E’ = +336 mVscE

(2)

leading to the overall reaction:

MnO2(S) + 4H1" +2e' =» Mn2+ + 2H20

E’ = +360 mVscE

(3)

where pH=7.2, [Mn2"1*] = IxlO-6M (Yurt et al. 2002, Braughton et al. 2001).

The potential of +360 mVscE from equation (3) is the same potential as reported in

several field and laboratory studies on the ennobled potentials (Olesen and Avci 1998; 

Dickinson and Lewandowski 1996; Dickinson et al. 1996; Yurt et al. 2002; Braughton et 

al. 2001). Therefore, the deposition of manganese oxide on a stainless steel surface is 

responsible for the observed electrochemical behavior of the metal. The reaction 

controlling the process was the same as that in alkaline batteries (Shi et al. 2002). Olesen 

et al. (2000) proposed a model that shows the sequence of microbial and electrochemical 

processes that lead to ennoblement (Figure I).

Braughton et al. (2001) published some unique results involving ennoblement 

induced by the deposition of biomineralized manganese oxides on a 316L stainless steel 

coupon surface in the field. Coupons were placed in a lake near a dam were compared 

with another set of coupons placed in a river just below the dam. The coupons in the lake 

did not ennoble whereas the coupons in the river did ennoble. The ennoblement of the
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Figure I. The proposed mechanism of ennoblement. Manganese oxidizing 
microorganisms colonize the surface of the stainless steel and deposit manganese dioxide, 
which initially increases the OCP and is subsequently reduced by electrons derived from 
anodic corrosion sites once the OCP has reached the pitting potential. The dashed lines 
represent the biological path of manganese dioxide reduction, due to activity of 
manganese reducing microorganisms. (Olesen et al. 2000)

river coupons was unexpected because the bulk water solution was the same in terms of 

dissolved oxygen concentration and soluble manganese concentration as that in the lake 

where the coupon did not ennoble (Braughton et al. 2001). It was concluded from this 

study that the high flow velocity in the river played a major role in the rate of 

ennoblement, by first increasing mixing of sediments in the water providing more 

available suspended manganese for oxidation, also by increasing the flux of oxygen and 

organic carbon to the surface where it can be metabolized by the manganese oxidizing
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microorganisms, and possibly by increasing biofilm densities (Braughton et al. 2001).

These results are important because they demonstrate that superficial 

environmental conditions alone that would be conducive to ennoblement, cannot predict 

whether ennoblement will occur or not. Rather a combined effort with an understanding 

of biofilms and their environment may shed light on ennoblement. In less controlled 

environmental settings, the sessile mode, attached bacterial populations, may contribute 

to extensive corrosion and biodeterioration of metals has been noted (Amann et al. 1992). 

These attached bacterial populations, biofilms, can alter near-surface environments by 

affecting both the bulk media and growth surface (Lewandowski 1994). Furthermore, 

microorganisms within biofilms are capable of maintaining environments at 

biofilm/surface interfaces that are radically different from the bulk in terms of pH, 

dissolved oxygen and other organic and inorganic species (Little et al. 1997). Ultimately, 

biofilms may play a key role in dictating whether ennoblement may occur, which could 

lead to microbially influenced corrosion.

Because biofilms may be involved in the ennoblement and corrosion processes, it 

is important to study their structure and distribution of the bacteria. Most microbial 

influenced corrosion in nature and in technological systems occurs in association with 

microbial aggregates or biofilms (Lee and Characklis 1993). Although there are many 

publications concluding that microbial colonization of a metal surface can increase the 

OCP, which may lead to corrosion, little is known about the location of the specific 

bacteria causing the increase in OCP within the consortium:biofilm. The lack of 

analytical techniques that can be used in a biofilm while still providing adequate
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characterization of the ennobled surface has limited the progress of understanding 

microbial corrosion (Amann et al. 1992; Lee and Characklis 1993). The processes of 

biofilm formation, ennoblement, and corrosion are interrelated, and observed corrosion 

rates, in practice, rarely correlated with pure-culture simulations (Kielemoes et al. 2002), 

To make an accurate evaluation of the influence microorganisms have on ennoblement 

which could result in MIC, it is essential to evaluate the spatial distribution of bacterial 

activity within the biofilm to establish a relationship between the bacterial activity and 

metal surface.

Biofilm Influence on Spatial Distribution of Microorganisms

Biofilms present an interesting perspective in understanding MIC and must be 

analyzed to understand MIC. Environmental microbiologists have long recognized that 

complex bacterial communities are responsible for driving the biogeochemical cycling 

that maintains the biosphere (Makin and Beveridge 1996). Direct observation of a wide 

variety of natural habitats has established that the majority of microbes associate with 

surfaces in a structured biofilm and not as free-floating organisms (Costerton et al. 1995; 

Christensen et al. 2002). In a freshwater environment studying microbially influenced 

corrosion, Dickinson et al. (1995) demonstrated that biofilm persistence caused an 

adherent phase to develop at the metal’s surface that was necessary for retention of 

ennoblement. Thus, MIC and biofilms are inherently related.

Biofilms have been defined in a number of different ways with each 

progressive definition becoming more comprehensive. Characklis and Marshall
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(1990) defined a biofilm as consisting of “cells immobilized at a substratum and 

frequently embedded in an organic polymer matrix of microbial origin”. Costerton et al. 

(1995) was more specific in stating that “matrix-enclosed bacterial populations are 

adherent to each other and\or to surfaces or interfaces”. Palmer and White (1997) stated 

that biofilms are “a collection of microorganisms (including cells in culture) and their 

associated extracellular products at an interface and generally attached to a biological 

(other cells or tissues, including matrix polymers) or abiological (mineral or synthetic) 

substratum”. However, biofilms are structurally more complex than these definitions 

infer. Most biofilms have been found to exhibit some level of heterogeneity in that 

patches of cell aggregates, not monolayers, are interspersed throughout extracellular 

polysaccharide slime (EPS) matrix that varies in density creating open areas where water 

channels are formed (Costerton et al. 1995).

Biofilm structure is not static. Although biofilm systems are diffusion limited, 

which may infer a static structure, voids and channels within the biofilm, as reviewed by 

Costerton et al. (1995), can create niches for organisms that normally could not survive in 

the deeper regions of the biofilm. The presence of voids and channels allow the transport 

of nutrient and waste products to and from the deeper layers of the biofilm (Christensen 

et al. 2002). This transport of nutrients has a great impact on the growth rate and activity 

of microorganisms in biofilms (Stoodley et al. 1999).

Regardless of how one defines a biofilm it is a very complex structure that 

consists of void, channels, heterogeneous bacterial aggregates, and extracellular 

polysaccharide (EPS) slime. Biofilm structure can greatly influence the availability
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of nutrients and the concentration of waste products within the biofilm, affecting the 

growth rate and the activity of bacteria within the biofilm. Thus, the distribution of 

bacteria within the biofihns will also be affected. Depending on the local structure, there 

will be locations in the biofilm where the conditions favor a specific species of bacterium 

over another, depending on the local structure (Christensen et al. 2002). Christensen et 

al. (2002) demonstrated that in a binary biofilm, the two populations exhibited a 

commensalism that influenced the distribution of the bacteria present, whereas in a 

suspended cell populations; they would exhibit a competitive relationship due to the 

dependency on the same carbon source.

The distribution of differing environment within a biofilm may change due to 

changing environmental pressure within the biofilm as well as within the bulk solution 

surrounding the biofilm. Because microorganisms are very much a part of the structure 

of a biofilm, their spatial distribution and activity will change with the changing biofilm 

structure. Many bacteria rely on their ability to position themselves in a niche where they 

can propagate (Davey and O’Toole 2000). Therefore, by knowing where a bacterium or 

group of bacterial activity causing ennoblement is in a biofilm will be very beneficial in 

understanding their interaction with their environment, as well as with the surface of the 

metal.

Manganese Oxidizing Bacterium: Leptothrix discovhora

■ Leptothrix discophora is a rod shaped Gram negative sheathed bacterium 

that grows in chains and can form biofilms. This organism is commonly found in
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aquatic and terrestrial habitats near oxic-anoxic interfaces where Fe and Mn are cycled 

between their oxidized (insdluble) and reduced (soluble) forms (Ghiorse and Ehrlich 

1992). L. discophora has two lifestyles. It can reside in its sheath attached to a 

substratum or it can become a swarmer by producing a polar flagella and move out of the 

sheath. Characteristic features of this organism in the attached lifestyle are its sheath and 

ability to oxidize manganese. The sheath plays a key role for this organism by protecting 

it from grazers, toxic metals, oxygen radicals, accumulation of nutrients, and for 

attachment and positioning (Emerson and Ghiorse 1993).

There have been may theories developed as to why microorganisms oxidizes 

manganese. The synthesis of ATP was reported to be coupled to the oxidation process 

(Ehrlich and Salerno 1990). The detoxification of harmful oxygen species like 

superoxide or hydrogen peroxide (Archibald and Fridovich 1981; Nealson et al. 1989), as 

well as the detoxification of heavy metals (Adams and Ghiorse 1985) has been discussed. 

Sunda and Kieber 1994 demonstrated that the presence of manganese oxides could 

possibly provide another carbon source by lysing complex humic substances. Finally, the 

oxidation of manganese would provide a terminal electron acceptor for a variety of 

processes (de Vrind et al. 1986a; 1986b; de Vrind-de Jong et al. 1990). Nonetheless, the 

ability of L. discophora to oxidize manganese makes it an important organism in the 

Geochemical cycling of manganese. Siering and Ghiorse (1997) noted an association 

between an increase in number of cells of L. discophora and an increase in 

particulate Fe and Mn oxides in wetlands, therefore indicating L  discophora’s 

involvement in manganese cycling.
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The oxidation of manganese is catalyzed by a protein. Adams and Ghiorse (1987) 

characterized this manganese oxidizing protein, and Siering and Ghiorse (1997) and 

Corstjens et al. (1997) isolated the gene encoding this protein. Within the manganese 

oxidizing protein, Mof A, there exist short regions of identity with two multicopper 

oxidase proteins (Siering and Ghibrse 1997). Others have found four sequence regions 

that putatively function as copper binding domains in another manganese oxidizing 

protein Mnx G (Waasbergen et al. 1996, Koikeda et al. 1993). The reoccurrence of the 

copper binding domains in a manganese oxidizing protein suggests that this may be a 

characteristic feature of manganese oxidizing bacteria, and may suggest that these 

domains suggests that the copper binding domains may play a key role in manganese 

oxidation. The presence of copper domains is consistent with the role of the manganese 

oxidizing protein that involves the transfer of electrons from oxygen to manganese 

(Adams and Ghiorse 1988). This would suggest that molecular oxygen would be the 

only terminal electron acceptor for microbial manganese oxidation. Tebo, 1998, reported 

that the oxygen atoms in the manganese oxides do come from molecular oxygen, 

furthermore, Tebo and Emerson (1985) showed that oxygen is a limiting factor in 

microbially catalyzed manganese oxidation. Thus, molecular oxygen is not only used by 

L. discophora as a terminal electron acceptor in aerobic respiration, but it is also used to 

oxidize manganese. The dependence of L  discophora on oxygen for survival as an 

electron acceptor could play a key role in the distribution of this microorganism in 

biofilms. The distribution of oxygen in a biofilm would create a niche for this 

microorganism to survive in a biofilm.
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Model System for Microbial Influenced Corrosion

To understand MIC, a model system needs to be developed for the lab that would 

provide results equivalent to what was obtained in the field. Dickinson et al. (1996) 

reports that exposed 316L stainless steel coupons to Roskie creek in Bozeman, Montana, 

reached ennoblement of +350mVscE in 160hr and was maintained for 500hr. Manganese 

oxides were recovered from the surface of the coupon and were the cause of the 

ennoblement. However, these coupons were exposed to a natural system where there 

may exist one or more organisms involved in the oxidation of manganese. Hamilton 

(1985) observed that corrosion and microbial corrosion are complex phenomena and 

seldom, if ever, involve a single mechanism or a single species. Therefore, the challenge 

was to develop a laboratory model that would mimic ennoblement in field studies but 

would present a less complex system that could easily be studied.

Analysis of the stainless steel coupons exposed to the Bozeman stream water 

revealed that mineral-encrusted sheathed bacteria were present on the surface of the 

ennobled coupon (Dickinson and Lewandowski 1996a). The sheathed organisms 

exhibited characteristics of Leptothrix species and Siderocapsa treubii. Therefore, 

Leptothrix discophora SP-6 from ATCC was chosen over strain SS-I as the model 

organism because it retains the ability to form a sheath in axenic cultures while strain SS- 

1 lost the ability to produce a sheath. Stainless steel (SS) coupons were mounted in a 

reactor and sterilized. Through a series of controls, Dickinson and Lewandowski (1996b) 

demonstrated that ennoblement could be achieved in the lab and that the ennoblement
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was due to the deposition of biomineralized manganese by L. discophora.

Olesen et a t (1998) developed a batch reactor system with the same conditions as 

Dickinson and Lewandowski (1996b) that promoted ennoblement of stainless steel 

coupons. Interestingly, in both of these lab experiments, ennoblement was achieved in 

approximately the same period as the environmental studies. However, these studies 

evaluated the manganese oxides on the metal surface and surface chemistries of the 

metals. The biofilms were not evaluated in these studies.

To study the microbial spatial distribution of manganese oxidizing bacteria within 

a biofilm that would be capable of causing ennoblement, a reactor system that could grow 

reproducible biofilms was needed. Jackson et al. (2001) described a reactor system that 

does reproduce biofilms in terms of viable cell counts per unit surface area and biofilm 

areal porosity with supporting analysis of fractal dimension, textural entropy, and. 

diffusion distance. This reactor system also provided a surface that the biofilm structure 

could also be evaluated. The reactor used in the previous study was a flat-plate, open 

channel flow cell reactor. One modification of this reactor system was made for 

application to this current study. A saturated calomel electrode and a 316L stainless steel 

coupon were inserted through the cover of the flat-plate reactor. This was done to 

monitor ennoblement during the operation of the reactor. As with the previous 

studies, L. discophora did ennoble the coupon in this reactor system and achieved 

ennoblement within the same time as the environmental studies. This reactor system 

would provide a more suitable surface for evaluating biofilm structure while at the same 

time allowing for monitoring of ennoblement.
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Goals

There were three main goals of this study. The first goal of the study was to 

establish a bacterial biofilm that would contain microorganisms that would not precipitate 

manganese, but would actively compete with L. discophora for nutrients and electron 

acceptors. This was achieved by selecting microorganisms that grew on a similar media 

as L. discophora, and developing growth curves demonstrating that the selected 

organisms could grow and not produce manganese oxide in the media specified for L. 

discophora. The second goal of this study was to evaluate the spatial distribution of L. 

discophora in a L  discophora monospecies biofilm and a 3-species biofilm. To evaluate 

the distribution of L. discophora in a biofilm, there needs to be the presence of multiple 

organisms that cannot only survive, but propagate with the selected nutrient media as 

well as actively compete for their niche in the system. We accomplished this goal by 

using fluorescent in situ hybridization (FISH). Siering and Ghiorse (1997) developed 

FISH probes and procedures for whole cell and environmental studies specified for L. 

discophora SP-6. These probes and procedures were modified for use in the 

monospecies biofilms and 3-species biofilms. The final goal of this study was to evaluate 

oxygen profiles in both types of biofilms since oxygen could be a limiting factor of 

microbial activity and microbial manganese oxidation. Oxygen microelectrodes were 

used to measure oxygen concentrations in IOpm steps through the biofilms. 

Accomplishment of these goals should establish the relationship between L. discophora 

distribution and oxygen concentration in a biofilm, and the impact on ennoblement.
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CHAPTER 2

DEVELOPMENT OF 3-SPECIES BIOFILM FOR ENNOBLEMENT STUDIES

Introduction

Bacteria are not only found as suspended cell populations in natural 

environments, but are also often found attached to surfaces within a structured biofilm 

ecosystem. Although microorganisms can have an independent planktonic existence, an 

interdependent lifestyle in which they function as an integral part of a population or 

community is also possible and is, in fact, more typical (Davey and O’Toole, 2000). 

Christensen et al. (2000) demonstrated that the niche or spatial distribution and activity of 

one organism, P. putida R l, was influenced by the location of Acinetobacter strain C6 in 

a competitive biofilm. The activities of manganese oxidizing bacteria activity have been 

shown to be affected by the presence of other organisms. Greene and Madgwick (1991) 

suggest that the algal presence in a microbial manganese oxidizing environment increases 

the level of manganese oxidation. Therefore, biofilms and their structure play a critical 

role in bacterial survival by creating a niche in which a bacterium may survive.

Recent investigations have shown that many biofilms have a heterogeneous 

structure with microorganisms aggregated in clusters, forming physiological microniches 

within the biofilm where local chemistries are distinctly different from the surroundings 

(Lewandowski 2000). This biofilm heterogeneity influences the rates of nutrient 

transport and consumption near and within the biofilm and therefore, influences biofilm
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activity (Lewandowski 2000; Stoodley et al. 1999). Influences on biofilm activity can 

lead to changes in structure. The structure of a biofilm is affected by both the microbial 

biology and environmental parameters (Castenholz et al. 1991, Garcia-Pichel et al. 1994, 

Davey and O’Toole 2000,). The rate of transport of nutrients and other solutes into the 

biofilm and the removal of waste products from the biofilm may have a profound 

influence on the chemistry of the local microenvironment (Stoodley et al. 1999). This in 

turn may influence the spatial arrangement of physiologically distinct groups of 

organisms existing in the biofilm (Stoodley et al. 1999). As an organism uses up its 

nutrients, or nutrients become limited by diffusion characteristics of a biofilm, organisms 

can move to another location. Positioning of bacteria for survivability in a biofilm may 

be achieved by flagellar motility, sliding, and gliding (Davey and O’Toole 2000). As the 

bacteria move within a biofilm, the structure consequently changes.

In addition to the changes in the spatial arrangement of bacterial clusters, 

environmental parameters such as flow can affect biofilm structure. For example, 

biofilms grown in a laminar flow cell were composed of circular cell clusters, whereas 

biofilms grown in the turbulent flow cell formed elongated streamers (Stoodley et al. 

1999). Furthermore, a turbulent flow can cause biofilm structures to migrate downstream 

while remaining associated with a surface (Stoodley et al. 1999).

To date, most microbial influenced corrosion (MIC) involving the study of 

manganese oxidizing bacteria biofilm in the laboratory has been completed using 

Leptothrix discophora as the model microorganism in our lab. In laboratory biofilms 

and/or corrosion experiments, pure cultures are often used to obtain a better
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understanding of the mechanisms of bacterial adhesion, biofilm formation, and corrosion 

in more complex industrial systems (Kielemoes et al. 2002). However, field studies on 

ennoblement that have been completed would involve a consortium biofilm comprised of 

many naturally occurring bacteria (Dickinson et al. 1996). The influence of other 

microorganisms and/or flow may affect the spatial distribution and activity of a 

manganese oxidizing bacterium (MOB) within a consortium biofilm. Ultimately, the 

biofilm structure may have a profound effect on ennoblement. Braughton et al. (2001) 

reported this possible phenomenon when evaluating ennoblement of stainless steel 

coupons in a lake and in the river just below the dam where water conditions were nearly 

identical with flow rate being the greatest difference. Although laboratory ennoblement 

and field ennoblement studies have had many similar results (Dickinson and 

Lewandowski 1996a; Dickinson and Lewandowski 1996b; Olesen et al. 1998) not much 

is known about the distribution of the manganese oxidizing bacteria within these 

consortium biofilms or the effect of the biofilm on the ability of manganese oxidizing 

bacteria to ennoble stainless steel coupons.

This work describes the development of a competitive 3-species biofilm to study 

the affect that other microorganisms may have on the spatial distribution of L  

discophora, which in pure culture, is capable of depositing manganese oxides and 

ennobling a stainless steel coupon. A batch reactor was set up to first evaluate that K. 

pneumoniae and P. fluorescens can grow on a mineral salt medium with the presence of 

Mn2+ and utilize pyruvate as the sole carbon source. The growth curves from these 

suspended cell studies were also used to identify the best time to sample and test the
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specificity of the fluorescent in situ hybridization (FISH) probes. A flat-plate open 

channel reactor was utilized to study the biofilm growth and presence of these organisms 

as a 3-species biofilm. Finally, the ability of each organism to oxidize manganese was 

tested by plating each organism on plates that contained manganese to visually inspect 

for brown precipitate formation, thus indicating biotic manganese oxidation.

/ Material and Methods

Organism and Growth Conditions

Leptothrix discophora ATCC 51138 was obtained from American Type Culture 

Collection (ATCC), Rockville Maryland. Klebsiella pneumoniae ATCC 700831 and 

Pseudomonas fluorescens ATCC 700829 were environmental isolates cultured by our 

research group and registered with the ATCC. All organisms were stored at -IO0C in 

media recommended by ATCC for each organism. L. discophora was revived in 

modified 1917 MSPV media at room temperature. Modified 1917 MSPV contains the 

following components: 0.24 g/L (NFL^SC^, 0.06 g/L MgSO^HzO, 0.06 g/L 

CaCl2̂ H 2O, 0.02 g/L KH2PO4, 0.05 g/LNa2HP04-7H20 , 1.2 g/L.HEPES Buffer, 1.0 ml 

of 10.0 mM FeSO4 (0.278 g FeS04*7H20  to 100 ml distilled water), and 984 ml of 

distilled water. The pH of the culture medium was adjusted to 7.2 with I M NaOH and 

autoclaved at 121 °C for 20min. The medium was then cooled to approximately SO0C 

before adding I ml of vitamin solution (20.0 mg/L biotin, 20.0 mg/L folic acid, 50.0 

mg/L thiamine HC1, 50.0 mg/L D-(+)-calcium pantothenate, 1.0 mg/L vitamin B12, 50.0 

mg/L riboflavin, 50.0 mg/L nicotinic acid, 100.0 mg/L pyridoxine HC1, 50.0 mg P-
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aminobenzoic acid, 1000 ml filter-sterilized distilled water), 1.0 ml of a 10.0 mM MnSO4 

(1.69 g MnSO4-HaO in 10.0 ml of distilled water), and 1.0 ml of 20% pyruvate solution 

(0.4 g sodium pyruvate in 100.0 ml filter-sterilized distilled water) were added using a 

0.2pm syringe filter from Coming (#431219, Coming Inc. Coming, NY). Solid medium 

for bacterial enumeration was prepared as above with the addition of 15 g Noble Agar 

(Difco) prior to sterilization.

K. pneumoniae and P. fluorescens were brought out of storage at room 

temperature in Mineral Salts Medium containing the following components: 1.825 g/L 

Na2HPO4, 0.35 g/L KH2PO4, 0.01 g/L MgSO4-TH20 ,1.0 g/L (NH4)2SO4. Mineral Salt 

Medium was autoclaved at 121 °C for 20 min. Glucose (5 g/L) and yeast extract (0.1 g/L) 

were autoclaved separately at 121 °C for 20min then added to the Mineral Salts Medium. 

A micronutrient solution (Iml/L) containing: 527.0 mg/L MnCl2"4H20, 228:0 mg/L 

CuC12'2H20, 317.0 mg/L CoCl2iOH20 ,231.0 mg/L Mo7O24̂ H 20 ,127.0 mg/L 

Na2B4O7iIOH2O, 363.0 mg/L ZnCl2, 3.7 g/L CaCl2, and 2.16 g/L FeCls dissolved in 1.0 L 

of 0.1 M HCl was added to the Mineral Salts Medium using a 0.2pm syringe filter from 

Coming (#431219, Coming Inc. Coming, NY).

Three microfuge tubes, each containing Iml of frozen cell suspension of L 

discophora, K. pneumoniae, and P. fluorescens respectively, were thawed at room 

temperature. The thawed I ml cell suspensions were then used to inoculate three separate 

Erlenmeyer flasks containing 100 ml of respective media. Revival of the organisms was 

performed at room temperature for 24 hr. After the organisms were revived, I ml of each
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24 hr bacterial suspension was used'to inoculate a separate batch reactor (figure 2) 

containing 500 ml of 1917 MSPV broth media.

Assessment of Manganese Oxidation and Enumeration of Suspended Cell Ponulations

Thirty six-hour batch cultures of each organism were assessed for manganese 

oxidation and cell density. Five or IOml samples from each culture were first 

homogenized for I min using a Janke and Kunkel IKA Labortechnik T25 basic 

homogenizer with a 100 mm x 8 mm O.D. tip that had been sterilized by dipping the tip 

in 20% ethanol and passing through a flame, and rinsed in 10 ml sterile distilled water for 

I min prior to and between use for each sample. The homogenized samples were 

serially diluted and plated using a standard drop plate method (Hoben and Somasegaran, 

1982) on 1917 MSPV agar. The plates were incubated for 24-48hr at room temperature 

before colonies were enumerated. Colonies were also examined for presence of a brown 

precipitate indicative of manganese oxidation activity.

Differentiation of K. vneumoniae and P. fluorescens.

K. pneumoniae and P. fluorescens were differentiated by the oxidase test. K. 

pneumoniae produces a negative oxidase reaction, and P. fluorescens produces a positive 

oxidase reaction. L. discophora was distinguished from K. pneumoniae and P. 

fluorescens by colony morphology. L. discophora produces an amorphous fibrous 

colony whereas K. pneumoniae and P. fluorescens produces convex round mucoid 

colonies. The soluble Mn(II) concentrations in the culture were measured by the 

ammonia-formaldoxime method according to Dickinson et al, 1997. Reagent A is
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Figure 2. Batch reactor set up. Nutrients were fed into the reactor to achieve a final 
volume of 500ml, and then feed was turned off. Samples were taken through the outflow 
line. Recirculating pump was used to maintain a constant temperature in the tank. (Note: 
Although the set up can be operated as a chemostat, experiments proceeded as a batch 
reactor without a continuous feed.)

made by adding 10.Og hydroxylamine hydrochloride to 200ml deionized water. To this 

mixture, 5.0ml 39% formaldehyde was added. Finally, deionized water was added to 

achieve a final volume of 250.0ml. To 20.0ml NH4OH, 50.0 ml of reagent I was added 

and this mixture was titrated with concentrated HzSO4 to pH 9.1. This is the working 

solution. (Note: This titration is extremely volatile, place ammonia mixture in an ice bath 

prior to titration to cool solution and titrate slowly.) A 1.5 ml sample was removed from 

each feed line and reactor, and filtered through a 0.2 pm-pore-size cellulose acetate filter 

to remove suspended solids. The 1.5 ml sample was divided into 0.5 ml, and 1.5 ml of
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mixed ammonia-formaldoxime reagent was added to each 0.5 ml of sample and 

incubated for 30 min. The sample absorbance at 450 ran was measured with a Shimadzu 

2101PC spectrophotometer. The spectrophotometer was calibrated with Mn(II) (Fisher 

Scientific).

Flat Plate Reactor Design and Operation

A flat plate open channel reactor was used to culture bacterial biofilms. The 

design and operation followed that of Jackson et al. (2001) with minor modifications. A 

schematic of the experimental system is presented in figure 3. The reactor contained a 

polycarbonate channel, 2.5 cm wide, 4.0 cm deep and 34.5 cm long (figure 4), and had a 

working volume of 150 ml, including the volume in all of the tubing. The tubing for the 

growth media and the sterile deionized water were Masterflex® 6401-16 (Cole Parmer, 

Chicago, IL), while the recycle, air and waste line were all Masterflex® 6402-16 (Cole 

Parmer). Peristaltic pumps (Cole Parmer) were used to deliver nutrients and maintain 

nutrient flow and recycle rates. The tubing delivering air had an in-line bacterial air vent 

filter (Pall-Gelman Laboratory, Ann Arbor, MI) with a pore size of Ipm to remove 

bacterial contaminants from the gas stream. Glass microscope slides were placed in the 

bottom of the reactor, waterproof weather stripping was placed along the top edge of the 

reactor, and the lid was secured in place with tie straps. The reactor was disinfected with 

a 20% Clorox® bleach solution for 2h. Following sterilization, the reactor was flushed 

with 10L of sterile deionized water (autoclaved at 121°C for 5h). The feed rate was 0.4 

ml/min. and the recycle ratio was set to 300 for the duration of the experiment. The
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Figure 3. Schematic view of the experimental set-up. (I) Growth medium; (2) recycle 
loop: (3) peristaltic pump; (4) Level work bench; (5) flat-plate reactor; (6) saturated 
calomel reference electrode; (7) air filter; (8) feed line; (9) air in; (10) outflow; (11) flow 
breaker; (12) stainless steel coupon holder. Glass microscope slides were placed on the 
bottom of the reactor and used to analyze the biofilm. (Jackson et al. 2000)

reactor was continuously aerated using compressed air at 3 L/h. The reactor was 

operated for 5 days prior to inoculation, and samples were removed from the effluent line 

and plated according to previously stated plating procedure to evaluate the sterility of the 

reactor.

Prior to inoculation, the sterile water in the reactor was replaced with freshly 

prepared sterile growth medium. Reactors were inoculated aseptically with 15 ml of a 

24-30 h revived cultures K. pneumoniae and P. fluorescens and 15 ml of a 36 h revived 

culture of L  discophora. A needle and syringe were used to introduce the inoculum into
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output
recycle

Figure 4. The reactor was constructed of polycarbonate (1/4 in. thick). All fittings had 
3/8 in. opening width with 1/8 in. plastic pipe thread (ACE® Hardware). All fittings were 
centered and placed close to the edge except the output line, which was positioned above 
the recycle line. All dimensions are in centimeters and the figure is sketched without 
scale. (Jackson et al. 2000)

the culture medium feed line that entered the reactor. During the inoculation, the flow of 

growth media, the recycle loop, and the airflow were stopped and the waste line was 

clamped. Approximately I h after inoculation, the recycling was resumed and continued 

for 24 h before the feed pump was turned on. At that point, the airflow was restored to 

the reactor, the effluent clamp was removed, and the reactor was operated as described by 

Jackson et al, 2001. The inoculation density of bacterial cells in the reactor inoculum
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was approximately 2.IxlO8 for AT. pneumoniae, 2.3x108 for P. fluorescens, and 1.2x107 

for L. discophora as determined from drop plate method.

Evaluation of Populations in Mixed Species Biofilms

The presence of each population in the mixed species biofilm was evaluated 5 and 

7 days following reactor inoculation. Microscope glass slides were removed from the flat 

plate reactor and the biofilm was removed from the glass slides with a sterile Chemware 

PTFE Fluoropolymer Resin Policeman and transferred into a sterile beaker. Slides were 

then rinsed twice with 5 mL of sterile nanopure water, and the policeman was agitated in 

the collected volume to dislodge attached cells. The cell suspension was homogenized, 

diluted, and plated as previously described. The resulting colonies were subjected to the 

tests to differentiate the three bacterial populations to confirm the presence of each 

population in the biofilm.

Results

Evaluation of Suspended Cell Populations

Both K. pneumoniae and P. fluorescens grew readily in the 1917 MSPV medium 

achieving a final cell concentration of 8.41 and 8.47 logic cfu/ml, respectively. Log 

phase of growth for both of these organisms began approximately 7 h after inoculation 

and proceeded through 30 h. Mid log phase of growth was achieved between 18 and 24 h 

after inoculation (figure 5). L. discophora log phase growth began approximately 12 h
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after inoculation and extended through 48 h. Mid log phase growth was achieved 

approximately 3Oand 36 h after inoculation (figure 5).

Evaluation of Manganese Oxidation and Establishment of 3-Species Biofilm

Both K. pneumoniae and P. fluorescens grew on MSPV agar plates and as 

indicated by the lack of brown precipitates on or around colonies, did not precipitate the 

manganese present. K. pneumoniae grew mucoid colonies and were oxidase negative. P. 

fluorescens grew a semi-transparent colony giving a positive oxidase reaction. L  

discophora grew amorphous colonies on MSPV agar plates with a dark brown 

precipitate with fibrous edges. The brown precipitate indicated manganese oxidation had 

occurred. Non-inoculated plates were free of growth and did not have any brown 

precipitation.

Analysis of the 3-species biofilm using MSPV agar plates indicated that all three 

microorganisms were present. A brown precipitate was noticed in all dilutions up to IO'7, 

where there was also amorphously shaped fibrous colonies, indicating the presence of Z. 

discophora. Several mucoid colonies were selected for the oxidase test. There did exist 

colonies that gave a positive oxidase reaction as well as negative oxidase reaction, 

indicating that K  pneumoniae and P. fluorescens were present in the batch reactor.

The mixed ammonia-formaldoxime test of the growth solution prior to inoculation 

and after retrieving samples, revealed that most of the soluble manganese was removed 

from the solution achieving a final concentration ranging from 0.4 to 1.0 ppm.
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Time (hrs)

Figure 5. Cell densities of bacteria grown in separate batch reactors. ■ L  discophora, 
♦  K. pneumoniae, and •  P. fluorescens.

Biofilm 3-Species Evaluation

The 3-species biofilm was grown in a flat-plate open channel flow cell reactor 

and analyzed in the same fashion as the batch reactor for the presence of all three 

bacteria. Drop plating of the biofilm samples demonstrated the presence of amorphous 

colonies with brown precipitate as well as mucoid colonies presenting both positive and 

negative oxidase tests through a dilution of IO"7.

Discussion

The analysis of stainless steel coupons exposed to natural environments during 

field studies evaluating ennoblement, revealed the presence of many microorganisms. 

Therefore, the establishment of a 3-species biofilm to evaluate the effect other organisms 

and biofilms have on ennoblement is important in furthering our understanding of
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microbial influenced corrosion. To establish a 3-species biofilm, organisms had to be 

selected that would grow in the conditions that already demonstrated the ennoblement of 

stainless steel by L. discophora, and the organisms could not oxidize manganese so that 

ennoblement was directly due to the manganese oxidation by L. discophora. Therefore, 

we selected K. pneumoniae and P. fluorescens, which were environmental isolates 

cultured in our lab, to be tested for these properties.

Previous environmental field studies and lab studies using a mixed ammonia- 

formaldoxime reagent and atomic adsorption spectrophotometry demonstrated that the 

brown precipitate was indeed a manganese oxide (Dickinson et al. 1996-116, Dickinson 

et al, 1997-5). The brown precipitation, manganese oxidation, was observed on the drop 

plates of L. discophora. The control, non-inoculated plates, presented no manganese 

oxidation, which indicates that the observed manganese oxidation was due to L  

discophora and not to the other organisms or abiotic manganese oxidation.

Growth curve analysis indicated that K. pneumoniae and P. fluorescens were able 

to use pyruvate as the sole carbon source as well as live on the mineral salts media of 

1917 MSPV. When combined L. discophora, K. pneumoniae and P. fluorescens were 

able to successfully grow and remain a presence in the 3-species. This indicates that 

there is the potential to create a multispecies biofilm with these three particular 

microorganisms. Although the growth curve established from batch reactor studies, 

suggests that K. pneumoniae and P. fluorescens may out compete L. discophora due to 

their much faster growth rate and higher cell density at the end of the growth experiment, 

we proceeded to mix the organisms together to establish the 3-species biofilm.
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Christensen et al. (2002) demonstrated that although an Acinetobacter strain C6 had a 

higher growth rate and total cell density than P. putida in a chemostat, P. putida actually 

grew to a higher cell density in biofilms due to its ability to use two carbon sources rather 

than one in which Acinetobacter sp. was limited. The results of the batch reactor 3- 

species biofilm indicates that L. discophora was present in the biofilm due to the 

presence of the brown precipitate and amorphous fibrous appearing colonies, and 

were not out competed by K. pneumoniae and P. fluorescens. The oxidase test was 

preformed on round white mucoid colonies. The results of the oxidase test gave both 

positive and negative reactions indicating the presence of both K. pneumoniae and P. 

fluorescens. Analysis of the drop plates of the 3-species biofilm sample from a fiat-plate 

open channel reactor indicated that, as in the batch reactor, all three organisms were able 

to persist in a flow cell system. Furthermore, the only colonies capable of manganese 

oxidation, as determined from the brown precipitate and colony morphology, were L. 

discophora.

Different selective media were used to evaluate numerically the individual species 

comprising the 3-species batch reactor and biofilm. However, any alteration in 1917 

MSPV media affected the growth of L. discophora. The attempt to culture L  discophora 

on other media resulted in a decrease of colony forming units in comparison to the same 

sample being cultured,on 1917 MSPV plates. Therefore, we simply describe the 

presence of the microorganisms in the batch reactor and biofilms used in this study, due 

to the limitations, at this point, of using a numerical analysis.

In summary, these data show that we could successfully grow a biofilm with
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K. pneumoniae, P. fluorescens, and L  discophora, and that all of the organisms were able 

to persist in the biofilm, thus developing a 3-species biofilm. Furthermore, we 

demonstrated that the only manganese oxidation that was observed was due to the 

biological action of L. discophora. This establishment of a 3-species biofilm will allow 

us to evaluate the effect that other microorganisms and biofilms have on the distribution 

of a manganese oxidizing microorganisms, L. discophora, that has been previously 

shown to ennoble stainless steel coupons.
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CHAPTER 3

FLUORESCENT IN-SITU HYBRIDIZATION OF AN ENNOBLING AND NON
ENNOBLING BIOFILM

Introduction

Fluorescent in-situ hybridization (FISH) has brought about a change in the study 

of environmental microbiology because it allows researchers to visualize an in situ 

bacterial community without destroying the community. FISH accomplishes this by 

taking advantage of a cell’s genetic material whether DNA or RN A, which is inherent to 

every living cell. Conceptually, FISH is the hybridization of short oligonucleotide 

sequences tagged with a fluorescent marker to a specific genetic sequence.

A fundamental observations made in microbial physiology is the strong 

correlation between rRNA and growth rates (Poulsen et al. 1993). In addition to this, 

Amann and Ludwig (2000) argue that there are several reasons to use rRNA types of 

probes: (I) There is a large amount of rRNA in cells, (2) there exists a lack of lateral gene 

transfer in rRNA, and (3) there exists good lengths of nucleotides with variable regions 

and highly conserved regions. Therefore, the FISH technique provides a powerful tool to 

evaluate visually a microbial community because the target is ubiquitous to all living 

organisms.

One of the biggest advantages of this technique is the ability to study unculturable 

bacteria. A combination of polymerase chain reaction-assisted direct retrieval of rRNA
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sequences and fluorescent in situ probing enabled the specific detection and identification 

of hitherto uncultured bacteria (Amann et al. 1991). By alleviating the pressure of 

cultivating bacteria for study, which could possibly present a bias in the actual 

community population (Ferris et al. 1996), a more realistic picture of the environment 

under study can be produced. In addition to the bias of cultivation studies, some of the 

bias of cultivation-independent studies can be overcome with FISH. Davey and O’Toole 

(2000) state that FISH alleviates the selective bias of cultivation-independent 

comparative rRNA analysis by eliminating extraction and amplification steps that can 

give rise to artificial sequence diversity. Thus, the application of FISH to environmental 

studies is a very powerful tool, and as Okabe et al. (1999) argues with 16s-rRNA probes, 

it is now possible to analyze complex in situ microbial community structures in 

environmental and engineered systems. Furthermore, this technique does not limit study 

to one or two organisms. Amann et al. (1996) demonstrated that at least seven possible 

rRNA sequence types, with closely related microorganisms, could be visualized with 

FISH. Therefore, FISH has become an indispensable tool in visualizing microbial 

communities by overcoming both cultivation and cultivation-independent limitation.

The application of FISH to microbial communities has the potential for further 

applications. Cellular ribosome content can also be inferred from the results of 

hybridization of fluorescent probes to cellular rRNA (Poulsen et al. 1993). From the 

analysis of cellular ribosome content, FISH could then be used to evaluate microbial 

activity. The rRNA content of cells is proportional to growth rates, and the amount of a 

universal probe hybridized per unit of biomass could provide an estimate of metabolic
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activity (Giovannoni et al. 1988). Another application of this tool would be to identify 

community structure. Nucleic acid probes currently allow the taxonomically most 

precise and quantitative description of microbial community structures (Amann and 

Ludwig 2000; Giovannoni et al. 1988). Amann and Ludwig (2000) further state that 

rRNA-targeted oligonucleotide probes are ideally suited to investigate the composition of 

complex microbial communities. Other researchers have used identification of cells 

hybridized in situ with fluorescent rRNA-targeted probes to study the diversity and 

spatial distribution of populations within the community (Davey and O’Toole 2000). 

Finally, not only the exact spatial distribution of cells is revealed by FISH, but also the 

morphology is revealed in a community structure (Amann et al. 1992). In terms of 

microbially influenced corrosion (MIC), Poulsen et al. (1993), state another application 

might be the use of this measure to evaluate the growth or activity status of different 

attached microbial populations associated with corrosion and biodeterioration.

In this study, we demonstrate the application of FISH to a Leptothrix discophora 

monospecies biofilm and to the 3-species biofilm containing Leptothrix discophora to 

evaluate the effect of biofihns composed of different populations have on the 

ennoblement of a stainless steel coupon.

Material and Methods 

Organisms and Growth Conditions

Leptothrix discophora ATCC 51138 was obtained from American Type Culture 

Collection (ATCC), Rockville Maryland. Klebsiella pneumoniae ATCC 700831, and
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Pseudomonas fluorescens ATCC 700829 were environmental isolates cultured by 

our research group and registered with the ATCC. All organisms were stored at -70°C in 

freeze media recommended by ATCC for each organism. All organisms were revived in 

modified-1917 MSPV media at room temperature in sterile covered Erlenmeyer flasks 

and grown to mid-log phase as described in chapter 2.

Media Solution

Modified 1917 MSPV was prepared as follows: 2.4 g/L (TSIEL̂ SO,*, 0.6 g/L 

MgSO4̂ H 2O5 0.6 g/L CaCl2̂ H 2O5 0.2 g/L KH2PO4, 0.5 g/L Na2HP04-7H20 , 12 g/L 

HEPES Buffer510 ml of IOmM FeSO4 (0.278 g FeS04*7H20  to 100 ml distilled water), 

and 9.84 L of distilled water. The medium solution pH was adjusted to 7.2 with I M 

NaOH and autoclaved at 121 °C for 6 h. The solution was then cooled to approximately 

50°C and 10 ml of vitamin solution (see material and methods chapter I for preparing 

solution), 10 ml of a 10 mM MnSO4 (see material and methods chapter I for preparing 

solution), and 10 ml of 20% pyruvate solution (see material and methods chapter I for 

preparing solution) were added using a 0.2 pm syringe filter from Coming (#431219, 

Coming Inc. Coming, NY).

Flat-Plate Reactor Inoculation

Biofihns were grown using the flat-plate, open channel reactor by Jackson et al. 

(2001), as previously described. Reactors were inoculated aseptically with 15 ml of a 24- 

30 h revived cultures K. pneumoniae andP. fluorescens and 15 ml of a 36 h revived 

culture of L. discopfora. Just before inoculation, the sterile water in the reactor was
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replaced with freshly prepared sterile growth medium. The reactor was inoculated 

aseptically, via needle and syringe, through the line in which the growth media entered 

the reactor. During the inoculation, the flow of growth media, the recycle loop, and the 

airflow were stopped and the waste line was clamped. Approximately I h after 

inoculation, the recycling was resumed, the airflow was restored, the effluent clamp was 

removed, and reactor continued to operate as described by Jackson et al (2001). The 

reactor was operated in this fashion for 24 h, after which time the feed pump was turned 

on.

Biofilm Analysis for the Presence of Microorganisms

One of the four microscope glass slides was removed from the flat plate reactor at 

the end of the experiment and the biofilm was scraped off the glass slides with a sterile 

Chemware PTFE Fluoropolymer Resin Policeman into a sterile beaker. Slides were then 

rinsed twice with 5mL of sterile deionized water, and the policeman was agitated in the 

collected volume. The solution was homogenized as previously stated. The 

homogenized samples were serially diluted and plated using drop plate method onto 1917 

MSPV agar. The plates were incubated for 24 -  48 h at room temperature. The presence 

of L. discophora, K  pneumoniae, and P. fluorescens were evaluated as previously stated 

using the oxidase test, colony morphology, and precipitation of manganese.

Oligonucleotide Probe Design

The oligonucleotide probes used in this study; Fz-1, universal probe, Fz-2, 

negative control, and Psp-6, Leptothrix discophora SP-6 specific, were supplied by
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Integrated DNA Technologies (Coralville, IA). All probes were labeled at the 5’ end 

With Oregon Green 488. Base sequence for nucleotide probes are as follows with 

corresponding position in E. coli 16s rRNA sequence: Fz-1, 5’-og 488- 

gWATTACCgCGGcKgCTC-518 (Giovannoni et al. 1988); Fz-2, 5’-og 488- 

gTgCCAgCMgCCgCgg-3’ (Giovannoni et al. 1988); Psp-6, 5’-og 488- 

ggCTATCCCCCACTACTg-138 (Siering and Ghiorse, 1997).

Bacteria Fixation and Thin Sectioning

Fluorescent in-situ hybridization (FISH) was performed on mid-log phase 

suspended cultures of L. discophora (36-40 hr), and for K. pneumoniae (18-22 hr), and P. 

fluorescens (18-22 hr) used as inocula for the flat plate reactors. The cultures were 

chilled on ice and fixed for a minimum of 15 min by the addition of 0.1 volume of 

formalin, (37% formaldehyde solution containing 10 to 15% methanol, Siering et al, 

1997). Fixed samples were then centrifuged, and the pellet was washed twice with an 

equal volume of phosphate-buffered saline (PBS), which contained 130 mM NaCl and 10 

mM sodium phosphate buffer, pH 7.2. Pellets were resuspended in enough PBS to yield 

a slightly turbid solution. Cell smears were made by spotting 10 pi of fixed sample on 

gelatin-coated glass slides treated with chromate (Delong 1993) and allowed to air dry. 

The slides were then flooded with a 90:10 ethanohformaldehyde solution for I min to 

permeabilize the cells, and washed according to Braun-Howland et al. (1992). Slides 

were then briefly rinsed with sterilized deionized water and allowed to air dry a final

time.
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Fixation was performed on biofilms using a similar approach as that described 

above for suspended populations except that the fixation time was extended to 2-4 h. 

Five-day biofilms were washed 2x each for 3 minutes in a beaker containing sterile 

deionized water to remove fixing solution. Excess water was wicked away by touching 

the edge of the slide to a paper towel. After fixation, biofilm samples were embedded in 

OCT media 4583 (Tissue-Tek, Sakura Finetek, Torrance, CA) and frozen on a block of 

dry ice. Embedded biofilm was lifted off the substratum by gently twisting slide.

Sections of biofilm, IOpm thickness, 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 (Delong, 1993).

Fluorescent In-Situ Hybridization ('FISH')

In situ hybridization of the suspended cell population followed the optimized 

protocol established by Siering et al. (1997). The optimized protocol was as follows: 

labeled probes were dissolved to a concentration of 10 ng/pl in filter-sterilized 

hybridization solution of Poulsen et al. (1993) which was comprised of 30% formamide, 

0.9 M NaCl, 20 mM Tris pH 7.2, and 0.1% sodium dodecyl sulfate (SDS). The 10 ml of 

hybridization solution was made fresh prior to each FISH performed as follows: 1.8 ml of 

5 M NaCl, 200 pi of I M Tris-HCl ph 7.2, 3 ml of formamide, 4.95 ml sterile deionized 

H2O, 50 pi SDS. (Note: The hybridization solution was added to each component in the 

order presented to prevent precipitation of SDS). Hybridization mix (15pl) was spotted 

onto dried smears, and slides were placed into PAP Jars (Evergreen Scientific, Los



43

Angeles, CA.). Tubes were place in a polycarbonate rack specially designed to 

hold tubes and place in a water bath set at 37° C for 4 h. After hybridization, unbound 

probe was removed by flooding the slide with ice-cold 5x SET (0.750 M NaCl, 0.100 M 

Tris-HCl pH 7.8, and 0.005 M EDTA). Slides were then washed 2 times in lx SET and 

one time in 0.2x SET for 5 min respectively at 37° C. After washing the slides with SET, 

cells were countered stained with 4 pg/ml propidium iodide and rinsed with sterile water. 

Slides were then mounted using a mounting media containing 6 ml Glycerol and 6 ml of 

0.5 M HCOa'iCOs2' buffer pH 8.6 and 0.1 M sodium azide (final concentration) to 

decrease fading of fluorescence during microscopy.

Biofilm fluorescent in situ hybridization was performed accordingly to the 

suspended cell protocol except all incubations were performed for a minimum of 8h at 

48° C. Ice cold 5x SET wash was performed for I min, and 2-lx SET washes were 

performed for 5 min at 46° C. No 0.2x SET washes were performed on biofilm FISH.

Microscopy

All samples were examined using a Leica TCS NT confocal laser scanning 

microscope equipped with a 488 nm-wavelength argon laser and a 563 nm-wavelength 

argon/krypton laser. Samples were viewed using a 40x-oil immersion objective lens and 

magnified 2x using confocal microscope software. Laser power was set for the 488 and 

563 at 50% and 100% respectively. Photomultiplier tube settings were 710-764 for the 

red level and 690-710 for the green level. The biofilm was imaged using Leica TCS NT 

software scanning Ipm thick sections vertically through the 10 pm Mofilm cryosection
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twice to reduce background noise. Images were stored on a host computer for further 

analysis. Biofilm images was reconstructed using Metamorph software (Universal 

Imaging Corp., Westchester, Pennsylvania) and the Ipm section image taken at 4pm,

5 pm and 6pm, of the IOpm thick vertical cryosection were saved for further pixel 

analysis. From visual analysis, image sections obtained at I -  3 pm and 7 -  IOpm depths 

of the IOpm thick cryosection consistently gave decreased fluorescence and were not 

used in this study. Pixel analysis of scanned image 4pm, 5pm, and 6pm depths of the 

IOpm thick cryosection sample were performed from the top of the biofilm to the 

substratum in each image using Scion imaging software (Scion Corporation, Fredrick, 

Md). 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 elimination 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-spQcific or universal FISH probe. Probing efficiency of the universal probe 

for P. fluorescens and K. pneumonia was determined from suspensions and biofilms of 

pure cultures of each of these organisms as a percentage of the number of green pixels 

divided by the number of red pixels in each image x 100. Probing efficiency of the L. 

discophora-spQciffc, probe for suspended and biofilm cells of L  discophora were assessed 

in the same manner as the universal probe for the K. pneumoniae and P. fluorescens by 

comparing the number of red pixels vs. green pixels.
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Evaluation of Biofilm Ennoblement

Biofilm ennoblement was monitored using 316L stainless steel (SS) coupon as 

described by Dickinson et al. (1997). Type 316L stainless steel coupons (1.6 cm 

diameter; Metal Samples, Inc., Munford Ala.) were epoxy embedded in hollow 

polycarbonate tube (1.9 cm diameter by IO cm). Coupons were abraded according to 

Dickinson et al. (1996). Prior to the exposure, coupons were abraded on wet 600 grit 

silicon carbide paper, rinsed, and sonicated in distilled water, rinsed with 95% ethanol, 

and air dried. The coupons were mounted in the reactor such that only one face was 

exposed to the test medium, and electrical connection was made to the coupons by fixing 

conductive copper tape to the unexposed side. The exposed coupon is face downward to 

prevent suspended solids from settling onto the surface. A standard calomel reference 

electrode (SCE) (Fisher Scientific, Pittsburgh, PA.) was mounted through the top cover 

and sealed with rubber washers and silicon. The potential of the 316L stainless steel 

coupon was determined by attaching the copper tape which was in contact with the 

stainless steel to the (-) terminal of a multimeter (Wavetek Corp., San Diego, Ca.), and 

the standard calomel reference electrode was attached to the (+) terminal of the same 

multimeter. The potentials were then read from the multimeter in units of voltage.

Results and Discussion

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 I) (Figure
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6). Negative control probe, Fz-2, (Figure 7) had an average hybridization efficiency of 

<1% for each of the 3 populations of suspended pure culture cells (Table I). L  

discophora specific probe Psp-6 only reacted with L  discophora (Figure 8), with 

hybridization efficiency of 64% and with K. pneumoniae and P. fluorescens with an 

average hybridization efficiency of <1% (Table I). Although all samples received the 

same stringency of washing, the hybridizing efficiency of both the Fz-I probe and the 

Psp-6 probe to L. discophora is slightly lower in comparison to the hybridization of Fz-I 

probe to the other bacteria. When comparing the controls that received no probes and the 

negative control probe, Fz-2, against the universal probe, Fz-1, it is clear that the 

universal probe hybridized to all three organisms, and the specific probe, Psp-6, only 

hybridized to L. discophora in our system.

These results are in agreement with previously published literature. Siering et al. 

(1997) demonstrated the specificity of this probe against other closely related organisms 

of which Psp-6 only hybridized to L  discophora SP-6. The hybridization efficiencies 

ranged between 64% and 78%. Siering et al. (1997) demonstrated that ribosomal 

abundance, rather than cell envelope permeability, is a major controlling factor affecting 

FISH results of proteobacteria. A reasonable explanation for the decreased probing 

efficiency cannot be provided at this time.

Fixation, permeation, and hybridization conditions 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 consisting of L. discophora only, Fz-1, Fz-2, and Psp-6 probes had a
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Probe Organism Pixels red Pixels green % hybridization Average
hybridization

control kp 727.44 16.33 2.24
control Id 1298.33 58.78 4.53 2.26
control Pf 292.67 0 0.00
fz-1 kp 1467.33 1048.56 71.46
fz-1 • Id 2817.89 1933.89 68.63 72.69
fz-1 Pf 2032.33 1584.89 77.98
fz-2 kp 1984.67 2.44 0.12
fz-2 Id 1633.11 8.67 0.53 0.83
fz-2 Pf 1845 33.78 1.83
psp-6 kp 1255.33 7.89 0.63
psp-6 - Id 1313.89 846 64.39 64.39
psp-6 Pf 2125 26.44 1.24

Table I. Hybridization efficiency of all oligonucleotide probes used in this study. 
Control probe is FISH performed as previously stated but in the absence of a fluorescent 
probe. These cells were counter stained with propidium iodide. The abbreviations used 
are as follows: kp (K. pneumoniae), pf (P. fluorescens), and Id (L. discophora).

hybridization efficiency of 50.3 +/- 6.8%, 1.3 +/- 0.3%, and 53 +/- 6.3% respectively. 

Hybridization of efficiency of Fz-I and Psp-6 was evaluated as a function of total cells 

enumerated (Figure 9). This evaluation of hybridization efficiency was performed to 

determine mathematically the confidence of the established probing procedure. Probe 

Fz-I demonstrated a regression curve confidence of 0.94 where as probe Psp-6 

demonstrated a confidence of 0.71.

Analysis of the monospecies biofilm of L. discophora with probe Fz-I 

demonstrated that L. discophora was heterogeneously distributed throughout the biofilm 

including across the glass substratum (Figure 10), although the highest density of 

organisms was located approximately between 130 and 180 pm from the surface of the 

biofilm (biofilm-bulk solution interface)(Figure 11). Negative control probe Fz-2 gave a 

1.3% hybridization, which demonstrates that the washing procedure for biofilms
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Figure 6. Fluorescent in situ hybridization of (A.) K. pneumoniae, (B.) P. fluorescens, 
and (Cv) L. discophora with Fz-I universal probe. Red signal depicts cells that were 
stained with propidium iodide, and green depicts cells that react positively with the 
fluorescent FISH probe. Yellow indicates green and red overlay. Scale bar is 20pm.



49

Figure 7. Fluorescent in situ hybridization of (A.) K. pneumoniae, (B.) P. fluorescens, 
and (Cv) L  discophora with Fz-2 negative control probe. Red signal depicts cells that 
were stained with propidium iodide, and green depicts cells that react positively with the 
fluorescent FISH probe. Yellow indicates green and red overlay. Scale bar is 20|am.
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Figure 8. Fluorescent in situ hybridization of (A.) K. pneumoniae, (B.) P. fluorescens, 
and (Cv) L  discophora with Psp-6 L  discophora specific probe. Red signal depicts cells 
that were stained with propidium iodide, and green depicts cells that reacted positively 
with the fluorescent FISH probe. Yellow indicates green and red overlay. Scale bar is 
20pm.



51

A. B.

300

250

0) 200 
.Q
2
CL

5  150

y = 0.5598x 
R2 = 0.9436

Total cells

2  100

Total cells

Figure 9. Leptothrix discophora biofilm cells positively reacting with probe vs. total 
cells. A. Probe FZ-1, B. Probe PSP-6.

was removing all unbound probe (Figure 12). Psp-6 probe analysis of the same biofilm, 

different section, demonstrated once again the heterogeneous distribution of the 

microorganisms throughout the biofilm (Figure 13) with the highest density of 

microorganisms occurring between 50 and 130pm from the biofilm-bulk solution 

interface (Figure 14). A large nodule was detected in the biofilm where most of the 

organisms were located with the Psp-6 probe (Figure 13). This nodule formation has 

been noted by a number of researchers and the reason for its formation is unknown 

(Dickinson et al. 1997, Dickinson et al. 1996). In all pictures taken, L. discophora was 

found on the glass substratum.
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Figure 10. FISH analysis of L. discophora monospecies biofilm with universal probe Fz- 
1 demonstrating the heterogeneous distribution of organisms in a biofilm. Scale bar = 
50pm. (Red signal depicts cells that were stained with propidium iodide, and green 
depicts fluorescent FISH probe. Yellow indicates green and red overlay.)
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Figure 11. (A.) Pixel analysis of FISH with probe Fz-I in a monospecies biofilm plotted 
as a number of pixels vs. depth. ♦  Propidium iodide counterstain indicating total cells 
in biofilm, and ■ probe Fz-I indicating L  discophora cells that are active. (B.) Plot of 
the total cells vs. probed cells, demonstrating a linear correlation between probed cells 
and total cells.

FISH of the 3-species biofilm with probe Fz-I demonstrated a probing efficiency 

of 51.5 +/- 7.7%. From visual analysis of the biofilm, all the species of bacteria appeared 

to react positively with the probe as determined by visual observation of the cell 

morphology (Figure 15). Pixel analysis revealed that the majority of cellular activity was 

localized in the top 20 -  85 pm, with a peak of cellular activity occurring between 20 -  

40pm. An analysis of pixels for hybridization efficiency gave a linear relationship with 

an R2 value of .94 (Figure 16). These results are very similar to the results obtained with 

suspended populations, which indicate that the modifications to the procedure to address
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Figure 12. FISH analysis of L. discophora monospecies biofilm with Fz-2 negative 
control probe demonstrating that washes were effectively removing unbound probe 
throughout the biofilm. Scale bar = 25pm (40x magnification). (Red signal depicts cells 
that were stained with propidium iodide, and green depicts fluorescent FISH probe. 
Yellow indicates green and red overlay.)

biofilms problems were effective and accurate. The hybridization efficiency is lower in 

comparison to the suspended cell population hybridization efficiency. This is, however, 

to be expected since this biofilm was harvested after 5 days and cells were in a more 

stationary phase, thus the abundance of target rRNA would be lower than in the 

suspended cell test which were harvested in mid log phase intentionally to maximize 

cellular rRNA content.

Hybridization of the negative control probe, Fz-2, to the 3-species biofilm
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Figure 13. FISH analysis of L. discophora monospecies biofilm with L. discophora 
specific probe Psp- 6  demonstrating the heterogeneous distribution of organisms in a 
biofilm. A. Scale bar = 50pm (40x magnification). B. Scale bar = 25pm (2 X 40x 
magnification). Red signal depicts cells that were stained with propidium iodide, and 
green depicts fluorescent FISH probe. Yellow indicates green and red overlay.

resulted in 1 .2 % hybridization efficiency, which is virtually identical to the monospecies 

biofilm results further indicating that the procedure was effective in removing all 

unbound probe (Figure 17).

Analysis of the 3-species biofilm with Psp- 6  probe indicated that L  discophora 

activity is localized in the top 40% of the biofilms determined from the biofilm-bulk 

solution interface. Evaluation of a thin section approximately 10 pm down from the 

biofilm-bulk solution boundary was comprised of 36.3% of the total L. discophora active 

population in the biofilm as determined from the specific probe, Psp-6 , (Figure 18). The 

biofilm depth of this image from the biofilm-bulk solution interface to the substratum,
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Figure 14. (A.) Pixel analysis of FISH with probe Psp- 6  probe in a monospecies biofilm 
plotted as a number of pixels vs. depth. ♦  Propidium iodide counterstain indicating 
total cells in biofilm, and ■ probe Psp- 6  indicating L. discophora cells that are viable. 
(B.) Plot of the total cells vs. probed cells, demonstrates a linear correlation between 
probed cells and total cells.

the glass slide, was approximately 100pm. The layer of active L  discophora cells 

extended from the biofilm-bulk solution interface to 40 pm with 61.3% of the active 

microorganisms located between 10 and 40 pm, and <1% of the active L. discophora 

population existed in the bottom 2 0  pm of the biofilm, as measured from the glass- 

biofilm interface (Figure 19a). In another representative thin section where active L  

discophora cells comprised 30% of the total bacterial activity, the dense layer of 

L  discophora active cells were located between 20 and 60 pm from the biofilm-bulk 

solution interface, in a 120 pm thick biofilm (Figure 20). Between 20 and 40 pm from 

the biofilm-bulk solution interface, 58.9% of the total cellular activity of L  discophora 

was located in this zone. At the substratum, the glass-biofilm interface, there existed
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Figure 15. FISH of 3-species biofilm with Fz-I universal probe. A. Scale bar = 50pm 
(40x magnification). B. Scale bar = 25pm (2 X 40x magnification). Red signal depicts 
cells that were stained with propidium iodide, and green depicts fluorescent FISH probe. 
Yellow indicates green and red overlay.

<1% of the total L  discophora population (Figure 19b).

Hybridization efficiency in the 3-species biofilm using probe Fz-I was 51.5%. 

The regression curve of the probed cells vs. total cells gave a confidence of 0.9419. A t- 

test of the regression slope generated from the pixel data of the monospecies biofilm Fz-I 

and Psp- 6  data and the 3-species Fz-I probe data indicate that there is no significant 

difference between these three hybridization experiments evaluating the hybridization of 

the probes vs. depth of the biofilm.

Ennoblement of the 316L stainless steel coupon only occurred in the L  

discophora monospecies biofilm. After 5 days, an average OCP was +323mVscE in this
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Figure 16. (A.) Pixel analysis of FISH with probe Fz-I of 3-species biofilm plotted as a 
number of pixels vs. depth. ♦  Propidium iodide counterstain indicating total cells in 
biofilm, and ■ probe Psp- 6  indicating L. discophora cells that are viable. (B.) Plot of the 
total cells vs. probed cells, demonstrating a linear correlation between probed cells and 
total cells.

monospecies biofilm (Figure 21). In contrast, the biofilms grown from the inoculation 

with K. pneumoniae and P. Jluorescens demonstrated no rise in coupon (Figure 21).

The biofilms grown from the inoculation with all 3 populations produced a partial 

ennoblement of the stainless steel coupon after 5 days, achieving a maximum potential of 

+143mVscE. Shortly after reaching a potential of+143mVscE , the potential dropped to 

+122mV sce (Figure 21). Therefore, in the 3-species biofilm, the OCP potential did not 

reach +3 OOmVsce and the coupon was not ennobled.

A L  discophora only biofilm with the presence of manganese precipitates did 

ennoble the 316L stainless steel coupon. This is in agreement with previously reported
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Figure 17. FISH of 3-species biofilm with Fz-2 negative control probe. A. Scale bar = 
50pm (40x magnification). B. Scale bar = 25pm (2 X 40x magnification). Red signal 
depicts cells that were stained with propidium iodide, and green depicts fluorescent FISH 
probe. Yellow indicates green and red overlay.

literature. Manganese oxides deposited by L. Discophora on 316L coupons increase the 

open circuit potential to +375mVscE, ennobling the coupon (Dickinson et al. 1996, 

Dickinson and Lewandowski 1996, Dickinson et al. 1997, Olesen et al. 1998). 

Surprisingly, the 3-species biofilm comprised of L. discophora, K. pneumoniae, and P. 

fluorescens only partially ennoble the stainless steel coupon, even though manganese 

oxide precipitates (presumably formed by L  discophora) were detected by visual analysis 

in parts of the biofilm distal from the metal substratum. Furthermore, the lack of Mn(II) 

in the bulk solution in the reactor as determined by the formaldoxime test supports the 

conclusion made by the visual analysis that manganese oxidation did occur. Dickinson
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Figure 18. FISH of 3-species biofilm with Psp- 6  L. discophora specific probe. A. Scale 
bar = 50pm (40x magnification). B. Scale bar = 25pm (2 X 40x magnification). Red 
signal depicts cells that were stained with propidium iodide, and green depicts fluorescent 
FISH probe. Yellow indicates green and red overlay.

and Lewandowski (1996) demonstrated that a manganese oxide paste placed on the 

surface of stainless steel could increase the OCP in the noble direction. In addition, 

ennoblement develops when as little as 1 0 % of metal surface is covered by biodeposits 

(Dickinson et al. 1996). This demonstration argues that direct deposition of manganese 

oxides by L  discophora on the 316L stainless steel surface is needed to ennoble the steel 

coupon.

Conversely, the partial ennoblement of the stainless steel coupon by the 3-species 

biofilm would suggest that very little oxide was deposited on the 316L stainless steel 

surface. The initial rise in OCP for the 3-species biofilm does indicate the direct
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Figure 19. (A.) FISH analysis of pixels with probe Psp- 6  L  discophora specific probe 
for figure 18 with a 3-species biofilm plotted as a number of pixels vs. depth.
♦  Propidium iodide counterstain indicating total cells in biofilm, and ■ probe Psp- 6  

indicating L  discophora cells that are viable. (B.) FISH analysis of pixels with probe 
Psp- 6  L. discophora specific probe in a repeated experiment (figure 19) with a 3-species 
biofilm plotted as a number of pixels vs. depth. ♦  Propidium iodide counterstain 
indicating total cells in biofilm, and ■ probe Psp- 6  indicating L. discophora cells that 
are viable.

deposition of manganese oxide on the surface of the stainless steel coupon. However, 

due to the incomplete ennoblement of+143mV, and the immediate decrease of potential 

to +122mV after 5 days, arguments can be made that manganese oxidation was not 

occurring at the surface of the stainless steel coupon and perhaps, the oxide that was 

present was being reduced. The conclusion based on the OCP data that manganese 

oxidation was not occurring at the surface of the stainless steel coupon could be 

supported by the FISH analysis of the biofilm that developed on the glass substrata which 

indicated that the distribution of L discophora was identified in the top 40% of the
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Figure 20. FISH of 3-species biofilm with Psp- 6  L  discophora specific probe. A. Scale 
bar = 50pm (40x magnification). B. Scale bar = 25pm (2 X 40x magnification). Red 
signal depicts cells that were stained with propidium iodide, and green depicts cells 
positively reacted with fluorescent FISH probe. Yellow indicates green and red overlay.

3-species biofilm after 5.

In summary, the OCP data show that a L. discophora only biofilm can ennoble a 

316L stainless steel coupon, and that the manganese oxide deposited by this 

microorganism is in electrical contact with the stainless steel surface. Furthermore, FISH 

analysis of the biofilm grown in the same reactor, but on a glass substratum, using L  

discophora specific probe, Psp-6 , support the conclusion that active L. discophora cells 

could be distributed proximal to the stainless steel surface. However, in a 3-species 

biofilm that was not able to ennoble a 316L stainless steel coupon, FISH analysis of the 

biofilm grown in the same reactor, but on glass substrata, using L. discophora
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Figure 21. Ennoblement of 316L stainless steel coupon in a ■ 3 species biofilm, and
♦  L  discophora monospecies biofilm. A  K. pneumoniae and P. Jluorescens biofilm. 
OCP of 316L stainless steel is +300mVscE- L. discophora monospecies biofilm achieved 
a final OCP of +323mVscE-

specific probe, Psp-6 , suggests that active L  discophora cells, are distributed distally 

from the stainless steel surface. Therefore, K. pneumoniae and P. Jluorescens did 

affect the structure of the biofilm grown on glass substrata, causing the distribution of the 

manganese oxidizing bacteria activity to be distally located to the glass slide.

Although microbial attachment to steel surfaces and glass surfaces may differ, the OCP 

data suggest that the deposition of manganese oxides occurred distally to the coupon, 

diminishing the electrical contact needed for ennoblement to occur, ultimately resulting 

in incomplete ennoblement of the stainless steel coupon.
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CHAPTER 4

OXYGEN MICROELECTRODE STUDIES OF MONOSPECIES BIOFILM AND 3-
SPECIES BIOFILM

Introduction

Oxygen distribution in biofilms could have a profound effect on the corrosion of 

metal surfaces. The patchy distribution of reduced and oxidized zones in a well- 

developed biofilms may initiate pit corrosion on metal surfaces, and the oxygen 

distribution is of importance for metal deterioration in aquatic environments (Ford and 

Mitchell 1991). In a biofilm that oxidizes manganese, the anoxic environment is 

conducive to corrosion because it lowers the redox potential. Manganese oxides are 

thermodynamically stable in oxygenated waters, but are reduced to manganese under 

anoxic condition in the presence of reducing agents (Stone 1987). Furthermore, 

Dickinson and Lee (1987) state the area under the manganese oxide deposit formed by 

manganese oxidizing biofilms is more likely to serve as a microgalvanic cathode to 

surrounding areas that are made anodic by biological oxygen depletion. Specifically, in 

the presence of chloride ions, the passive layers of the stainless steel becomes 

compromised allowing the conduction of electrons through the steel, the anode, to 

manganese oxides, the cathode, reducing the oxide to Mn(II). The zero valence metal 

that loses the electron now becomes soluble resulting in pit formation. To resolve the 

heterogeneous distribution and dynamics of solutes like oxygen within such a community
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that may affect corrosion of steel, techniques with a high spatial and temporal resolution 

are required (De Beer et al. 1994).

A high spatial and temporal resolution of solutes, which are important in 

understanding microbial activity, can be achieved with the use of microelectrodes. 

Microelectrodes are sensors that make it possible to monitor metabolic reactions on a 

scale relevant for study (Schramm et al. 1996), and as Okabe et al. (1999) discusses, 

microelectrodes have been applied to the study of spatial distributions of various 

microbial activities in biofilms.

Microelectrodes and FISH are powerful tools that can be combined to relate the 

spatial distribution of bacteria with solute gradients. Important ecological information on 

the physio-chemical environment of individual identified microbial cell, and their niche, 

is obtained using FISH and microelectrodes (Amann and Ludwig 2000). Furthermore, 

the combination of FISH with microsensor technique provides reliable and direct 

information about community structure and metabolic function (Schramm et al. 1996; 

Okabe et al. 1999). By obtaining information about community structure and metabolic 

function, a better understanding about structure/function relationship in microbial 

communities can be obtained (Christenson et al. 2002). Finally, one of the most 

important applications of these two techniques is that it provides researchers with non- 

invasive means to monitor populations in situ (Davey and O’Toole 2000).

Stone (1987) points out, the. development of chemical microgradients within 

sedimentary particles has a significant impact on rates of geochemical transformations in 

sediments. The manganese oxidizing bacterium, L. discophora, has been implicated in
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the geochemical cycling of manganese. Tebo (1998) demonstrated that the source of 

oxygen atoms in microbially formed oxides came from molecular oxygen. The 

concentration of oxygen throughout the biofilm could have an effect on this cycling of 

manganese since L. discophora is dependent on oxygen as an electron acceptor when 

reduced forms of manganese are used as an electron donor. Although other parameters 

such as pH, nutrients, manganese concentrations, and surfaces have been shown to affect 

the rate and extent of manganese oxidation by bacteria, oxygen has been shown that it 

can be a limiting factor in microbial oxidation of manganese (Tebo and Emerson 1985). 

Ultimately, the presence of oxygen for microbial oxidation or the absence of oxygen 

creating a reductive environment, will have an effect on microbially influenced corrosion, 

specifically, pit initiation.

This work describes the application of an oxygen microelectrode to both a 

monospecies biofilm and a 3-species biofilm. Biofilms, as discussed earlier, are a very 

complex heterogeneous structure that are diffusion limited, but are filled with voids and 

channels that can supply and remove solutes in the deeper depths. This structure does 

have an impact on bacterial spatial distribution. Stoodley et al. (1999) points out that the 

rate of transport of nutrients and other solutes into the biofilm and their removal of waste 

products from the biofilm may have a profound influence on the chemistry of the local 

microenvironment, ultimately, influencing the spatial arrangement of physiologically 

distinct groups of organisms existing in the biofilm. The two types of biofilms, 

monospecies and 3-species biofilm, were grown on microscope coverslips mounted in a 

flat-plate open channel flow cell. Stainless steel coupons were introduced into the reactor
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through the cover to monitor ennoblement through the course of the study. Finally, 

oxygen microelectrodes with built in guard cathode were built with a 1 0  jam tip to 

evaluate the oxygen microgradients through the biofilms. With the determination of 

oxygen gradients in a monospecies and a 3-species biofilm combined with a 

representation of the spatial distribution of microorganisms in these biofilms, specifically 

the manganese oxidizing bacterium L. discophora, a more formal analysis of how 

microorganisms influence the surface of stainless steel that may ultimately lead to 

corrosion can be obtained.

Material and Methods 

Organisms and Growth conditions

Leptothrix discophora ATCC 51138 was obtained from American Type Culture 

Collection (ATCC), Rockville Maryland. Klebsiella pneumoniae ATCC 700831, and 

Pseudomonas fluorescens ATCC 700829 were environmental isolates cultured by our 

research group and registered with the ATCC. All organisms were stored at -IO0C in 

freeze media recommended by ATCC for each organism. All organisms were revived in 

modified 1917 MSPV media at room temperature in sterile covered Erlenmeyer flasks 

and grown to mid-log phase.

Media Solutions

Modified 1917 MSPV was prepared as follows: 2.4 g/L (NFL^SO/t, 0.6 g/L 

MgSCWH2O, 0.6 g/L CaCWH2O, 0.2 g/L KH2PO4, 0.5 g/L Na2HPOWH20 , 12 g/L
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HEPES Buffer, 10 ml of IOmM FeSO4 (0.278 g FeSO4-TH2O to 100 ml distilled water), 

and 9.84 L of distilled water. The medium solution pH was adjusted to 7.2 with I M 

NaOH and autoclaved at 121 °C for 6hr. The solution was then cooled to approximately 

50°C and 10 ml of vitamin solution (see material and methods chapter I for preparing 

solution), 10 ml of a 10 mM MnSO4 (see material and methods chapter I for preparing 

solution), and 1 0  ml of 2 0 % pyruvate solution (see material and methods chapter I for 

preparing solution) were added using a 0.2 pm syringe filter from Coming (#431219, 

Coming Inc. Coming, NY).

Flat-Plate Reactor Inoculation

Biofrlms were grown using the flat-plate, open channel reactor by Jackson et al. 

(2001), as previously described. Reactors were inoculated aseptically with 15 ml of a 24- 

30 h revived culture of K. pneumoniae and P. fluorescens and 1.5 ml of a 36 h revived 

culture of Z. discophora. Prior to inoculation, the sterile water in the reactor was 

replaced with freshly prepared sterile growth medium. A needle and syringe were used 

to introduce the inoculum into the flat-plate reactor via the culture medium feed line that 

entered the reactor. During the inoculation, the flow of growth media through the 

system, including the recycle loop, was stopped and the waste line was clamped. Airflow 

to the reactor system was also halted during inoculation. Approximately I h after 

inoculation, flow between the reactor and recycle loop was resumed and continued for 24 

h before the feed pump to the reactor from the bulk media supply was turned on. In 

addition, at that point, the airflow was restored to the reactor, the effluent clamp was
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removed, and reactor continued to operate as described by Jackson et al (2001). 

Evaluation of Biofflm Ennoblement

Ennoblement of 316L Stainless Steel coupon by the developing biofilm was 

monitored as described by Dickinson et al. (1997). Type 316L stainless steel coupons 

(1.6 cm diameter; Metal Samples, Inc., Munford Ala.) were epoxy embedded in hollow 

polycarbonate tube (1.9 cm diameter by 10 cm). Coupons were abraded according to 

Dickinson et al. (1996). Briefly, prior to the exposure, coupons were abraded on wet 

600-grit silicon carbide paper, rinsed, and sonicated in distilled water, rinsed with 95% 

ethanol, and air-dried. The coupons were mounted in the reactor such that only one face 

was exposed to the test medium, and electrical connection was made to the coupons by 

fixing conductive copper tape to the unexposed side. The exposed coupon is oriented 

face-down to prevent suspended solids from settling onto the surface. A standard 

calomel reference electrode (SCE) (co.) was mounted through the top cover and sealed 

with rubber washers and silicon. The potential was read with a multimeter (Wavetek 

Corp., San Diego, Ca.).

Construction of Dissolved Oxygen ('DOl Microelectrode

The design and construction of the DO microelectrode was based off 

microelectrodes constructed according to Revsbech (1989) with some modification as

described below.
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Preparation of Outer Casing of DO Microelectrode: A disposable glass Pasteur 

pipette (Fisher # 13-678-20C) was scored with a triangular file approximately halfway 

down the shaft of the thick portion of the pipette and broken at the score. The thin end of 

the outer casing was placed through the heating element and into the alligator clip 

positioned above the heating element on the micropipette puller (Stoelting Co., Cat. 

#51217). The pipette should be dangling straight up and down so a straight pull can be 

made. The heating element was connected to a variac (Powerstat, type 116B, input 

voltage: 120, output voltage: 0-140,10 Amp) and a transformer (Chicago Standard 

Transformer, Catalog #FMS-620. 6.3 V, 20 Amp, max 100 V). The heating element was 

turned on and adjusted to begin melting the thin end of the Pasteur pipette. As the glass 

begins to melt, the pipette drops slowly so that the dropping glass will pull the tip of the 

pipette to a thickness less than 10 pm. This forms the outer casing. The outer casing 

was then mounted in modeling clay on a microscope stage and the tip of the outer casing 

was gently jammed into a glass ball rod mounted directly opposite the outer casing on the 

same microscope stage until the tip of the outer casing is trimmed to 10 pm. Using the 

same glass ball that was used to trim the tip of the outer casing, a small amount of silicon 

was applied to the glass ball. The tip of the outer casing was then moved into the silicon. 

The silicon rubber was allowed to advance up the tip of the outer casing, by capillary 

action, until the silicone had advanced 1 0  pm into the tip.

Preparation of Inner Cathode Capillary Tube. A glass tube (Coming 8161, 600 C

softening temperature) that is 1.5 mm in outer diameter was washed with acetone, DI
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water, and again with acetone. The acetone was allowed to evaporate fully, then the glass 

tube was cut into sections that were approximately 1 0  cm in length by scoring the glass 

with a file and breaking. The Coming glass tube was then held with the middle section of 

the glass tube over a flame, and. rotated slowly. The glass ends were pulled apart as the 

glass softened when it was heated. Pull the ends apart straight, so the small capillaries 

that are formed are not bent.

Preparation of Platinum (Pf) Wire for Inner Cathode. A saturated KCN etching 

solution (8.0 g of KCN in 10 ml DI water) in a scintillation vial was prepared for etching 

a platinum wire for the inner cathode. The scintillation vial was placed in a fume hood 

near an AC voltage source and the KCN solution was allowed to dissolve completely 

before etching the inner cathode. The voltage source used was custom made so the user 

can manually control the voltage between 2 - 10 V with 0.1 V precision. Pt wire of .002 

(50 cm) was cut into 2-4 cm sections and cleaned with DI water. A graphite rod 

(Aldrich, 49654-5, 3mm in diameter) was inserted into the etching solution (KCN 

solution) as the counter electrode, and the Pt wire to be etched was attached to the 

positive electrode of the circuit. The voltage source was turned on, beginning at a 

minimum level, and the Pt wire when inserted approximately Icm into the solution. The 

voltage was slowly increased until air bubbles became visual, then the Pt wire was slowly 

moved up and down in the cyanide solution. The tip of the Pt wire was etched to a size 

of 5 -  10 pm range. After etching, the Pt wire was removed and rinsed with DI water. 

Residual cyanide was removed by rinsing Pt wire tip in dilute H2SO4 (0.1 -  0.5 M)
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solution and again with DI water. (Note: The etching process and rinsing needs to be 

performed in a fume hood and gloves must be worn.)

Assembly of Inner Pt Cathode. The etched end of the Pt wire was inserted into 

the inner cathode capillary that was made previously. (Note: Be careful to insert the wire 

without bending the fragile etched tip. If it bends, a new one must be made.) The 

cathode capillary with the inserted Pt wire was then placed in molding clay and 

positioned on a microscope stage. The end of the etched tip of the Pt wire was located 

and the position of the etched Pt wire tip in the capillary tube was marked with a sharpie. 

This assembly was placed into a microelectrode puller by placing the capillary end into 

the clip, making sure that the inner cathode assembly hangs straight through the heating 

element. The assembly was then positioned so that the wire’s position mark that was 

made by the sharpie was just under and in the top of the field of view of the 

stereomicroscope. The heating element was turned on until the element was glowing red- 

hot. As the glass melted and the electrode began to drop, the capillary tube clipped into 

the micromanipulator was raised simultaneously by adjusting the micromanipulator up to 

assure that the only a thing coating of glass coats the Pt cathode. The Pt wire coated with 

glass was inspected for air bubbles, dirt, or debris trapped in between the melted glass 

and the Pt wire electrode. If any air bubbles, dirt, or debris was trapped in between the 

melted glass and the Pt wire electrode, a new electrode was made. Glass around the tip 

of the inner cathode was removed by placing the inner cathode in a micromanipulator in

line as viewed under the microscope with a heating element attached to the stage of the
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microscope. The heating element was turned on until it was glowing red-hot and the 

electrode was slowly advanced toward the heating element. The glass covering the tip of 

the electrode was allowed to melt, exposing about 5 - 20 pm of the Pt wire.

Gold Plating Tin of Inner Pt Cathode. The inner cathode was left in place and the 

heating element was replaced with an electroplating device (Pasteur pipette with a silver 

wire extending just short of the tip, which was soldered to an insulated copper wire). The 

tip of the electroplating device was touched to DI water allowing the water to move up 

the tip of the device by capillary action. The tip of the electroplating device filled with 

water was then touched to the gold chemical (KAuCLpSHzO Sigma, #G-4022) which 

dissolved into the DI water in the tip. The Pt wire on the back of the electrode was 

connected to the wire coming off the negative terminal of the battery. A large resistor 

(about I MG) was inserted into the circuit coming from the positive terminal of the 

battery to prevent the deposition of an excessive amount of gold, and this wire was 

connected to the silver wire coming off of the electroplating device. A 0.5 -1.0 V was 

applied to the cell. The tip of the cathode was slowly inserted into the liquid solution in 

the tip of the electroplating device. The tip was left in the gold solution until the ball at 

the end of the Pt wire was approximately 5 - 1 5  pm in diameter, at which point the tip 

was rinsed with DI water.

Preparation of AgiAgCl Reference Wire. A piece of silver wire (0.25 or 0.5 mm 

in diameter, Aldrich #32703-4) was cut approximately 3-7 cm in length; The surface of
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the silver wire was scratched with 600-grit sandpaper, then dipped into 3 M HNO3, and 

rinse with DI water. The silver wire was connected to the anode of an electrometer, 

and a carbon rod (Aldrich 49654-5) to the cathode of the electrometer. Both the silver 

wire and the carbon rod were placed into a 0.1 M HCl solution. The electrometer was 

turned on, and the voltage was set between 0.1 and 0.5 V. Finally, the silver wire was 

left in the HCl for about 90 min.

Preparation of Electrolyte Solution. A pH of 10.3 electrolyte solution was made 

of 0.3 M K2CO3 (41.46 g/L), 0.2 M KHCO3 (20.02 g/L), and 1.0 M KCl (74.55 g/L), and 

will be used as the internal electrolyte solution and was made fresh prior to final 

assembly of microelectrode. (Before adding electrolyte to the microelectrode, be sure 

that the solution does not contain air bubbles. If there were air bubbles, use a sonicator to 

remove them.)

Final Assembly of DO Microelectrode. The outer casing was mounted on the 

microscope stage, and the cathode assembly was mounted on the micromanipulator using 

a glass rod with an alligator clip at the end. The tip of the cathode assembly was brought 

into focus under the microscope. The cathode was moved slowly and carefully into the 

outer casing, while manipulating the microscope stage so the tip of the cathode remains 

in the field of view at all times, until the tip is - 1 0  pm from the silicone rubber 

membrane. Quick setting epoxy, I -min epoxy) was mixed and placed on the cathode, 

and the cathode was moved back into position, where its tip is 1 0  pm away from the 

silicone and epoxy was allowed to dry. A space was left for the insertion of the reference



77

electrode and electrolyte solution. The reference electrode, AgrAgCl wire, was inserted 

about halfway down the length of the outer casing, and a drop of epoxy was applied to 

hold it in place. After epoxy was allowed to dry, one drop of electrolyte solution was 

placed inside the outer casing as close to the tip as possible using a syringe and. a 

stretched tube. This assembly, with the drop of the electrolyte, was placed into a test tube 

using a slit stopper to hold the electrode, and the test tube was placed into a vacuum flask 

and vacuum was applied. The assembly was left in there for two minutes, and the tip of 

the assembly was checked under a microscope to make sure there were no air bubbles left 

near the silicone membrane. The rest of the outer casing was then filled with the 

electrolyte and sealed shut with epoxy or silicone rubber.

Measuring Oxygen Gradients in the Biofilm

A -0.8 V was applied between the cathode (Pt wire) and anode (Ag/AgCl wire) of 

a DO microelectrode (Figure 22) and the current was measured between them. A 

Hewlett Packard 4140B pA meter/DC voltage source was used to measure the current.

The data were collected with a Keithley data acquisition unit (Cleveland, Oh). The 

microelectrode was mounted to a Narishige micromanipulator, which can be moved 

simultaneously while measuring the current using a custom written software package 

known a Vscan that is integrated to a Oriel stepper motor 18503 (Stratford, CT.) using an 

Oriel integration unit (Stratford, CT.) A Nikon Diashot 300 (Melville, NY.) was used to 

visualize the tip of the microelectrode at the top of the biofilm and at the substratum so 

that the step distance could be set (Figure 23). The measured current was directly
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Figure 22. Schematic diagram of dissolved oxygen microelectrode.
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Figure 23. Setup of dissolved oxygen microelectrode to measure the oxygen 
microgradients in monospecies biofilm and 3-species biofilm. Positioner was computer 
operated to move through the biofilm in I Opm increments.

proportional to the oxygen concentration near the microelectrode tip. Operation of 

oxygen measurements with microelectrode was performed in a Faraday cage to eliminate 

any background noise that would interfere with measurements. The oxygen 

microelectrodes were calibrated in water by aeration and subsequent purging with pure
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nitrogen. The measured current was typically in the range 1 0 -1 5 OpA for N2 and 100- 

700 pA for air-saturated water. The dissolved oxygen concentrations were 0 mg/L and 

6.8 - 7.8 mg/L in water (at 250C and Iatm pressure) saturated by pure N2 and air 

respectively. Two-point calibration was sufficient in N2 and air saturated water because 

the calibration curve is linear.

Results and Discussion

Oxygen microgradients were evaluated in two types of biofilms. The first 

biofilm, a monospecies biofilm consisting, of only L. discophora cells, ennobled a 316L 

stainless steel coupon in 5 days reaching a potential of +323 mV. In this biofilm, oxygen 

microelectrode studies revealed oxygen at the glass-biofilm interface, (Fig. 24a and 24b), 

in two separate positions in the biofilm. In these two different positions, the biofilm 

appeared as a thin film with a light brown precipitate when viewed with a diashot 

microscope. The oxygen concentration at the biofilm-glass interface in the first position 

was 4.35 mg/L, and 3.85 mg/L at the biofilm-glass interface in the second position. 

However, two other profiles from different locations where the biofilm contained a thick 

dark brown precipitate as viewed through the diashot microscope revealed that oxygen 

was only able to penetrate approximately 325 pm into the biofilm where the anoxic zone 

dominated the remaining 475 pm (Fig. 24c). At the beginning of the fourth profile to be 

measured, bulk solution oxygen concentrations were not the same as measured during the 

previous three profiles. However, the fourth profile (data not shown) taken did not 

measure oxygen at the biofilm-glass interface. The electrode was raised out of the
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Figure 24. Microprofiles of oxygen in a Leptothrix discophora biofilm. 316L Stainless 
Steel coupons were ennobled to +323mv. (a) and (b) profiles from film area 
demonstrating aerobic substratum, (c) profile from microcolony demonstrating anaerobic 
substratum as observed from dissecting. Profiles were measured at different points in the 
same biofilm.

biofilm and positioned in bulk solution where there was no biofilm to re-measure the 

bulk solution oxygen concentration. The microelectrode measured saturated bulk 

solution oxygen concentrations of 7.1 mg/L. The ability of the electrode to measure
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appropriate levels of oxygen in the bulk solution suggests that the microelectrode was 

working appropriately, and that the electrode was already in the biofihn prior to the 

measurement of the fourth profile or that there may have been a piece of biofilm attached 

to the tip of the microelectrode at the beginning of the run.

The diffusive boundary layer was determined by the level where the concentration 

at which oxygen dropped below its bulk solution concentration to 90% or less of its total 

gradient (Jorgensen and Des Mariais 1990). This established the top of the biofilm to 

range from approximately 620 pm -  800 pm, suggesting that the biofilm was too thick to 

be oxic at the glass-biofilm interface. However, determination of the diffusive boundary 

layer in the two oxygen profiles indicated oxic conditions at the glass-biofilm interface is 

about 200 pm -  400 pm thinner. The oxic conditions at the glass-biofilm interface could 

due to diffusion from the bulk solution to the bottom of the biofilm or could be due to the 

presence of a void or channel that was carrying oxygen to the deeper levels of the 

biofilm. De Beer et al. (1994) demonstrated that oxygen concentrations in the voids were 

significantly higher than in the adjacent cell clusters, suggesting that the voids were 

acting as transport channels.

The second biofilm that was evaluated by oxygen microsensor was the 3-species 

biofilm. This biofilm only partially ennobled a 316L stainless steel coupon to a potential 

o f+143 mV. Although the 316L stainless steel coupon was only partially ennobled with 

this biofilm, from visual observation, there existed manganese oxidation since there was 

heavy brown precipitate located throughout the reactor. Furthermore, formaldoxime tests 

of the samples representing the bulk solution taken from the waste line waste
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indicates complete Mn(II) removal from the bulk solution. Four oxygen profiles 

were taken from the biofilm on the glass slides, of which none demonstrated oxygen at 

the substratum (Fig. 25). The diffusive boundary layer and top of biofilm were 

determined as in the previous monospecies biofilm. Profiles were taken from random 

locations that resembled the visual appearance and description as the previously 

described biofilm. The biofilm depth ranged from approximately 580 pm thick to 900 

pm. The area with light brown precipitate did not exhibit an oxic zone at the substratum, 

as did the L. discophora biofilm. An interesting oxygen profile was revealed in figure 

25d. Oxygen concentrations were decreasing as the microelectrode moved through the 

diffusive boundary layer and into the biofilm. At 40 pm into the biofilm, the oxygen 

concentrations increased to 6.81 mg/L, which is almost equivalent to bulk phase 

concentrations. This increase in oxygen concentrations occurred through the next 120pm 

into the biofilm. From a position 160 pm into the biofilm, oxygen concentrations began 

to decrease again and reached 0 mg/L approximately 220 pm from the substratum. This 

fluctuation in the oxygen microgradient could be due to a piece of the biofilm detaching 

as the microelectrode moved through the biofilm. There could also exist a channel or 

void at this point where oxygen concentrations would increase. Nonetheless, this profile 

once again revealed an anoxic environment at the substratum.

Although the biofilm structure and physiology was determined on a glass 

substratum, the results obtained under these conditions offer insight to the ennoblement 

phenomenon on SS observed in the presence of biofilms formed by same bacteria. 

Specifically, the initial increase in the OCP could be due the presence of L. discophora
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Figure 25. Microprofiles of oxygen in a 3-species biofilm with the presence of 
Leptothrix discophora. 316L Stainless Steel coupons was only partially ennobled to 
+143mv. All four profiles taken demonstrate an anaerobic substratum. Profiles were 
measured at different points in the same biofilm, (a) and (b) profiles from film area, (c) 
and (d) profiles from microcolony as observed from diashot microscope.
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depositing manganese oxides directly on the surface of the steel when oxygen has access 

to the surface. However, as the biofilm developed, the potential decrease would then be 

due to a reduction of oxides across the stainless steel surface affecting the surface 

chemistry. Lewandowski et al. (1997) demonstrated that, biofilm dynamics could affect 

the surface chemistry. As the biofilm develops, oxygen is consumed by the developing 

biofilm, creating anoxic regions across the glass-biofilm interface as revealed by oxygen 

profiles. An anoxic zone would lower the redox potential creating several reduction 

pathways for the manganese oxides. One pathway might be the reduction of manganese 

oxides by organics that are present at the glass-biofilm interface. Reductive dissolution 

of manganese III and IV oxides has been shown to occur through reactions with organics 

(Stone 1987). The presence of the microorganisms could influence the distribution and 

concentration of the organic compounds (Stone 1987). Alternatively, there exists the 

possibility that the pitting potential could have been reached if there were enough 

aggressive ions such as Cl'present. Pitting of the stainless steel surface may involve a 

cathodic reaction that involves the reduction of the manganese oxides. The manganese 

oxide deposit would fix the site for the cathodic reaction and the metal substratum would 

be the site for the anode reaction. With the localized Oxygen depletion at the metal- 

biofilm interface, the redox potential would be diminished raising the risk of exceeding 

the critical pitting potential leading to localized attack on the metal substratum 

(Dickinson et al. 1996). However, this second possibility would be difficult to support 

since the OCP did not reach complete ennoblement levels according to the measurements 

performed. Therefore, the manganese oxides were initially deposited on the surface
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of the stainless steel coupon as indicated by the rise of OGP , but due to the 

depletion of oxygen at the substratum by the developing 3-species biofilm as 

demonstrated by the oxygen profiles, oxides were reduced as confirmed by the OCP 

decrease at the end of the experiment.

In summary, these data show that the presence of oxygen at the substratum is 

important for two reasons. First, the presence of oxygen at the substratum creates a niche 

for the presence of a manganese oxidizing microorganisms. In the 3-species biofilm, 

oxygen profiles revealed an anoxic substratum in all location measured. Furthermore, 

FISH of the same biofilm revealed no L. discophora at the substratum. Secondly, the 

presence of oxygen at the substratum would serve as a terminal electron acceptor for the 

microbial oxidation of manganese leading to the deposition of manganese oxides directly 

onto the substratum, which could ultimately affect the metal’s integrity. FISH of the L. 

discophora biofilm demonstrated the presence of this organism at the substratum-biofilm 

interface. With the presence of this organism and oxygen at the substratum-biofilm 

interface as demonstrated by FISH and oxygen profiles, respectively, oxides can be 

deposited directly onto the substratum. As previously discussed, the deposition of 

manganese oxides on a SS surface would increase the OCP, which could ultimately result 

in localized pitting corrosion. Alternatively, an anoxic substratum would increase the 

possibility for reduction of the manganese oxides by lowering the redox potential, 

possibly preserving the metal integrity.
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CHAPTER 5 

SUMMARY

Microorganisms can have a profound influence on the corrosion of stainless steel 

ultimately affecting the structural integrity of the metal. To further our understanding of 

microbially influenced corrosion, knowledge of the mechanisms, environmental 

parameters, and microorganisms involved must be acquired. The main objective of this 

research was to study the influence microorganisms have on the ennoblement of stainless 

steel, and to study the influence that oxygen concentration may have on microbial
I

influenced corrosion. There were three main goals of the study: I) to establish a 3- 

species bacterial biofilm that would contain the 2 populations of microorganisms that 

propagate along with L. discophora in the biofilm to evaluate the effect other 

microorganisms have on the distribution of L. discophora within a biofilm; 2) to evaluate 

the spatial distribution of the activity of L. discophora in a L. discophora monospecies 

biofilm and a 3-species biofilm and to evaluate the ennoblement of stainless steel with 

respect to the two types of biofilm; 3) evaluate oxygen profiles in both types of biofilms.

With respect to first goal, the results may be summarized as follows:

I.) L. discophora, K. pneumoniae, andP. fluorescens were able to utilize 1917 

MSPV media for growth and achieved a final cell concentration of 7.4, 8.4, and 8.5 logic 

cfu/ml when grown as monocultures on this medium.
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2. ) L  discophora, K. pneumoniae, and P. fluorescens were all present in a biofilm as 

determined by colony morphology for L. discophora, and the oxidase test for K. 

pneumoniae, and P. fluorescens.

3. ) K. pneumoniae and P. fluorescens, together or alone, do not precipitate 

manganese oxides as determined from visual analysis and formaldoxime test.

The second goal of this study was to evaluate the spatial distribution of L. discophora in a 

L. discophora monospecies biofilm and in a 3-species biofilm and evaluate the 

ennoblement of stainless steel in the presence of these different types of biofilm. With 

respect to this goal, the results were summarized as follows:

1. ) FISH probe FZ-1, universal probe, could hybridize to L. discophora, K. 

pneumoniae, and P. fluorescens in both suspended cell populations and biofilms.

2. ) FISH probe FZ-2, the negative control probe, did not hybridize to L. discophora,

K. pneumoniae, and P. fluorescens in both suspended cell populations and biofilms

3. ) FISH probe PSP-6, L. discophora specific probe, would only hybridize to L. 

discophora in both suspended cell populations and biofilms
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4. ) FISH revealed that active L. discophora cells in a monospecies biofilm are 

heterogeneously distributed throughout the biofilm being identified both at the top, 

biofilm-bulk solution interface, and at the substratum, the glass-biofilm interface.

5. ) In a 3-species biofilm, the activity of L. discophora is homogeneously distributed 

across the top of the biofilm, the biofilm-bulk solution interface and is not located at the 

substratum, glass-biofilm interface.

6. ) Only the L. discophora monospecies biofilm was able to ennoble a stainless steel 

coupon to +SOOmVscE- The 3-species biofilm was only able to ennoble the stainless steel 

coupon to +143 mVScE-

The final goal of this study was to evaluate oxygen profiles in both types of biofilms 

since oxygen could be a limiting factor of microbial activity and microbial manganese 

oxidation. With respect to this goal, the results were summarized as follows:

1. ) In a monospecies biofilm containing only L. discophora, oxygen was present at 

several locations across the substratum, the glass-biofilm interface.

2. ) In a 3-species biofilm, oxygen was not present at the substratum.
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This study demonstrates that the distribution of the activity of the manganese 

oxidizing bacterium L  discophora in a biofilm is influenced by the presence or absence 

of oxygen. Previous studies have demonstrated that manganese oxides must be in contact 

with the stainless steel surface to ennoble a stainless steel coupon. The combination of 

the results of this study with these other previously reported results would suggest that L. 

discophora must be active on or in close proximity to the stainless steel to deposit oxides 

directly on the steel surface driving ennoblement of the stainless steel. In addition, this 

study suggests that oxygen, which is a terminal electron acceptor for the microbial 

manganese oxidation process as well as for the respiration of L. discophora, plays a 

pivotal role in the corrosion process by influencing the activity L. discophora, which is 

responsible for ennoblement within the biofilm. However, the lack of oxygen in regions 

of the biofilm near the surface of the stainless steel would result in the lack of 

ennoblement of the stainless steel because active L. discophora would not be present 

within the proximity of the stainless steel to deposit the manganese oxides. Active L. 

discophora would actually be located in other regions of the biofilm distal from the 

anoxic substratum oxidizing and depositing manganese in these other regions that are 

distal to the substratum.

The data presented here suggests that oxygen plays a key role in microbial 

influence corrosion and establishes the relationship between the distribution of active 

populations of L. discophora and oxygen concentration in a biofilm, and the potential 

impact both have on ennoblement. According to a possible scenario in a monospecies 

biofilm, the initial increase of OCP would be due the presence of L. discophora
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depositing manganese oxides directly on the surface of the steel utilizing the oxygen 

available at the substratum as the terminal electron acceptor in the oxidation of Mn(II). 

This process would continue if active populations of L. discophora as well as Mn(II) and 

oxygen continued to diffuse through the biofilm, fully ennobling the stainless steel 

coupon. However, in a developing multi-species biofilm, where other microorganisms 

may be in competition for the available oxygen depleting oxygen levels near or at the 

substratum- metal interface, active populations of L. discophora may move or be 

displaced away from the steel surface to stay within the oxic zone of the biofilm. Thus, 

manganese oxides would not be deposited onto the stainless steel surface to drive 

ennoblement and the stainless steel would fail to ennoble. Furthermore, a developing 

biofilm and the creation of anoxic zones across the metal-biofilm would lower the redox 

potential creating several fates for the manganese oxides deposited on the stainless steel 

surface. First, the manganese oxides would be reduced by the organics present in the 

anoxic zone, lowering the OCP below the Epit, thus eliminating the possibility for 

corrosion. Second, the manganese oxide on the ennobled stainless steel would be 

reduced by electrons from the stainless steel compromising the integrity of the steel. In 

this type of reduction of manganese oxides, the manganese oxide deposit acts as a 

cathode and the steel acts as an anode. With the presence of an aggressive ion such as Cl' 

, the passive layer thickness enveloping the metal surface is reduced out allowing for the 

flow of electrons from the anode to the cathode, reducing manganese oxides to Mn(II) 

and solubilizing the iron in the steel causing pit formation. Ultimately, the formation 

of pits will lead to corrosion. Thus, microbial influenced corrosion in terms of



manganese oxidation is directly influenced by the distribution of oxygen and the activity 

of the manganese oxidizing bacteria.

This work provides the first visual observation of the distribution of the activity of 

a manganese oxidizing bacterium within a biofilm in relation to the concentration of an 

environmental parameter, oxygen, which may further our understanding the influence 

environmental parameters have on microbial influenced corrosion. The laboratory model 

used here to study MIC provides insight into a very complex system. However, to fully 

understand microbial influenced corrosion, more work needs to be performed in the 

laboratory and on field samples. The work presented here has the potential for 

application to field studies, and this ultimately will provide further insight into microbial
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influenced corrosion.
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