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Abstract

Biodegradation of poorly water soluble hydrocarbons, such as n-alkanes and
polycyclic aromatic hydrocarbons (PAHs) is often limited by the low availability
of the pollutant to microbes. Adhesion of microorganisms to the oil-water
interface can influence this availability. Our approach was to study a range of
compounds and mechanisms to promote the adhesion of a hydrophilic PAH
degrading bacterium, Pseudomonas fluorescens LP6a, to an oil-water interface

and examine the effect on biodegradation of phenanthrene by the bacteria.

The cationic surfactants cetylpyridinium chloride (CPC), poly-L-lysine and
chlorhexidine gluconate (CHX) and the long chain alcohols 1-dodecanol, 2-
dodecanol and farnesol increased the adhesion of P. fluorescens LP6a to n-
hexadecane from ca. 30% to ca. 90% of suspended cells adhering. The alcohols
also caused a dramatic change in the oil-water contact angle of the cell surface,
increasing it from 24° to 104°, whereas the cationic compounds had little effect.
In contrast, cationic compounds changed the electrophoretic mobility of the
bacteria, reducing the mean zeta potential from —23 to —7 mV in 0.01M potassium
phosphate buffer, but the alcohols had no effect on zeta potential. This results
illustrate that alcohols acted through altering the cell surface hydrophobicity,

whereas cationic surfactants changed the surface charge density.

Phenanthrene was dissolved in heptamethylnonane and introduced to the aqueous
growth medium, hence forming a two phase system. Introducing 1-dodecanol at

concentrations of 217, 820 or 4100 mg/L resulted in comparable increases in



phenanthrene biodegradation of about 30% after 120 h incubation with non-
induced cultures. After 100 h of incubation with LP6a cultures induced with 2-
aminobenzoate, 4.5% of the phenanthrene was mineralized by cultures versus
more than 10% by the cultures containing initial 1-dodecanol or 2-dodecanol
concentrations of 120 or 160 mg/L. The production and accumulation of
metabolites in the aqueous phase responded similarly to the addition of 1-
dodecanol. Further experiments showed that the positive influence of the alcohols
could not be attributed to the changes in surface and interfacial tension or increase
in biomass concentration. The results suggest that enhanced adhesion of bacterial
cells to the oil-water interface was the main factor responsible for the observed

increase in phenanthrene biodegradation by P. fluorescens LP6a.
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1. Introduction

1.1 Scope of the Research

Hydrocarbons are continuously introduced to the environment through spills and
leakage during production, storage and transportation of fossil fuels. Many of
these compounds can react with other systems in water or soil (Shen, et al. 2006)
and can cause numerous unwanted effects (Boehm and Page 2007; Fuchsman and
Barber 2000; Maliszewska-Kordybach and Smreczak 2000). Therefore it is vital
to limit the discharge of these pollutants to the environment and to develop
methods to clean up pollution and minimize their adverse effects on environment.
Various remediation techniques have been used to remove these compounds from
aquatic and soil environments. Among these techniques, bioremediation is of
particular importance due to the fact that it is cost-effective, minimally invasive

and successful in the removing many organic pollutants.

One factor that can limit bioremediation of hydrocarbons is their low solubility in
aqueous environment. Microbes usually grow in the aqueous phase and when the
solubility of contaminant in water is extremely low, as in the case of n-alkanes
and higher molecular weight polycyclic aromatic hydrocarbons (PAHs),
bioremediation becomes limited by the aqueous solubility of the contaminant.
While bacteria generally prefer to metabolize substrates present in the aqueous
phase, they also can take up the substrate if they are in close contact with the
insoluble phase of the chemical (Bressler and Gray 2003; Efroymson and
Alexander 1991). Consequently, the interface between the hydrocarbon phase and

water becomes of supreme importance for bioremediation of these compounds.

The use of surfactants has been proposed as a promising method to enhance
bioavailability and biodegradation of compounds such as PAHs by increasing
their apparent solubility and/or desorption (Mulligan, et al. 2001; Volkering, et al.

1997). Many studies have been conducted to determine the effect of surfactants



on biodegradation of various contaminants. The conclusions reached in these
studies have varied noticeably (Bramwell and Laha 2000; Chen, et al. 2000; Laha
and Luthy 1991; Stelmack, et al. 1999). There have been several reports that
bacterial adhesion to oil-water interfaces or to the surface of a solid organic
compounds can be reduced or prevented in the presence of surfactants (Rodrigues,
et al. 2006; Stelmack, et al. 1999). When the mechanism of microbial uptake is
through direct contact to the surfaces of liquid or solid organic compounds, then
the addition of surfactants may inhibit degradation by detaching the bacteria from
the hydrophobic substrate and dispersing them into the aqueous phase. Adhesion
of bacteria to the hydrocarbon phase, on the other hand, can offer some
advantages in biodegradation of hydrocarbon degrading microorganisms (Hori, et
al. 2002; Obuekwe, et al. 2007; Ortega-Calvo and Alexander 1994; Rosenberg
and Rosenberg 1981).

Although there has been a great deal of research on microbial adhesion to
hydrophobic surfaces, there have been very few attempts at the controlled use of
microbial adhesion as a means to promote biodegradation of hydrocarbons. Use of
some additives to promote microbial adhesion to hydrocarbons can offer several
benefits for bioremediation of sparingly water soluble hydrocarbons. This
dissertation endeavors to address this issue. The objectives of the research are

outlined below.

1.2 Research Objectives and Thesis Overview

The main objective of this research was to increase our knowledge of bacterial
adhesion to the oil-water interface and its influence on biodegradation of PAHs.

More specific objectives were as follows:

1. To experimentally test different groups of chemicals to find
appropriate compounds that can promote adhesion of the PAH
degrading bacterium, Pseudomonas fluorescens LP6a, to the oil-water

interface.



2. To determine the mechanism through which these compounds

influence bacterial adhesion to the oil-water interface.

3. To investigate the effect of enhanced adhesion on biodegradation of

the concerned PAH of interest, phenanthrene.

This thesis has been divided into five chapters. Chapter 2 covers the theoretical
background information associated with the work. Chapter 3 comprises materials
and methods, results and discussion about the research objective 1. In this chapter
the influence of several compounds on adhesion of the bacteria to n-hexadecane-
water interface is investigated. In addition, effect of some of these compounds on
bacterial cell surface is examined in terms of changes in contact angle and zeta
potential values. These effects are compared with one another and different
mechanisms responsible for the observed changes are discussed. Chapter 4
describes the materials, experimental methods, results and discussion of the role
of selected adhesion promoting agents on biodegradation and mineralization by P.
fluorescens LP6a of phenanthrene. Chapter 5 summarizes the most important

results and outlines potential directions for future research in this field.
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2. Literature Review

2.1. Introduction

The widespread production, processing and handling of fossil fuels has created
serious environmental problems due to spills and leakage of crude oil and refined
products. The use of microbes to clean up these spills offers an attractive
approach in the remediation of polluted sites. Although bioremediation is
generally considered a safe and inexpensive method for the removal of
contaminants, our knowledge of the various alterations occurring in the process
remains limited and bioremediation is still regarded as a developing field (Singh
and Ward 2004). The ultimate ability of a microorganism to degrade a compound
will depend on the genetic makeup of the organism and the expression of this
genetic information. Assuming that genetically capable microorganisms exist,
such organisms cannot effectively grow and degrade the compounds unless
certain conditions are fulfilled. These can be loosely classified in three inter-
related categories: (a) The conditions that are mostly related to the
microorganism, (b) The environmental requirements to support the adequate
growth of microorganisms, (c) The conditions that are related to the
characteristics of the compounds to be degraded. Figure 2.1 is a schematic

diagram of different issues involved in bioremediation.



Microorganism Environmental Conditions

- necessary enzymes -pH
- genetic competency —_— - temperature
- metabolic diversity - - nutrients

- ability to adapt
- efficient
uptake mechanism

- environment toxicity
- environmental matrix

Contaminant
- solubility
- partitioning
- chemical structure
- physical state
- aging
- interaction with other
constituents

Figure 2.1: Schematic diagram demonstrating main determining issues in
bioremediation.

One of the important factors in biological removal of hydrocarbons from
contaminated environment is their bioavailability to an active microbial
population. In this context, bioavailability is defined as the degree to which a
contaminant can be readily taken up by the microorganism (Atlas and Philp
2005). Bioavailability of a contaminant is controlled by a number of factors such
as hydrophobicity, water solubility, sorption to environmental matrix such as soil
and diffusion. The mode of microbial uptake is also a key factor in determining

bioavailability.

When contaminants have very low solubility in water, as in the case of n-alkanes
and polyaromatic hydrocarbons, then the organic phase components will not
partition efficiently into the aqueous phase that contains the microbes. In the case
of soil, the organic phase will partition further to the soil organic matter and
become even less bioavailable. The most common method to improve

bioavailability of such hydrocarbons is addition of surfactant to enhance



desorption and solubilization of contaminants. The addition of surfactants has
been reported to have variable effects, ranging from improving bioremediation, to

no effect, to inhibition of removal of contaminants as reviewed below.

The challenge in reviewing this literature is the lack of robust experimental
methods to define the controlling mechanism. For example, addition of surfactant
can change several of the factors illustrated in Figure 2.1 simultaneously, giving
multiple possible explanations for a change in the observable rate of
biodegradation. One reason for the unpredictable effect of surfactants on
biodegradation is that microbial adhesion to the oil-water interface is an important
mechanism for increasing the access of microbes to the non-aqueous phase. The
significance of microbial adhesion to bioavailability, and the impact of different
environmental factors, is the subject of discussion in this chapter. I examine the
literature on the role of adhesion in bioremediation of liquid hydrocarbons, with
selected examination of the studies with solid hydrocarbons to illustrate how low-
solubility compounds can interact with microorganisms in an aqueous

environment.

Most studies on the nature of microbial adhesion and the forces involved have
concentrated on the adhesion to solid surfaces. Since many of the challenges faced
in these studies are also encountered in adhesion to liquids, I will briefly review
some of these studies. The theory of Marshal and co-workers proposing a two step
adhesion process has been used widely in subsequent studies (Marshal, et al.
1971). The first step involves the transport of the cells to the close vicinity of the
interface to allow initial adhesion to occur. The forces involved in this stage are
believed to be Lifshitz—Van der Waals and electrostatic forces (Meinders, et al.
1995; van Loosdrecht, et al. 1987). In this stage, the adhesion is reversible and
there is a continuous exchange between free and adhering microorganisms. The
next step is the irreversible adhesion as a bacterium robustly binds to the interface
by various molecular mechanisms including production of exo-polysaccharides

and/or specific structures, such as pili or fimbriae. The terms adhesion and



attachment are often used interchangeably. Some researchers, however, use
“attachment” to describe only the initial stage of the microbial adhesion process
(reversible adhesion). In this case attachment expresses a physical contact rather
than the subsequent complicated chemical and cellular interactions (An and
Friedman 1998). “Adhesion” is the term that has been used more frequently in
scientific literature in recent years and it usually covers both the initial reversible
and the second irreversible stages (Christensen, et al. 2000). In this thesis, we will
use the term adhesion to refer to the overall process of microbial adhesion. If a
distinction must be made between reversible and irreversible adhesion, then that

distinction will be mentioned explicitly.

A critical examination of the methods of measurement used in past studies allows
proper interpretation of the literature regarding the role of adhesion in microbial
growth on and biodegradation of hydrocarbons. Some examples of adhesion-
independent and adhesion-dependent biodegradation will be presented based on
studies from the last two decades, followed by an examination of the opportunity
to directly modify bacterial adhesion, and thereby enhance the rate of

biodegradation of contaminants.

2.2 Challenges in investigating the role of adhesion in

biodegradation

Adhesion to hydrophobic surfaces is one common strategy used by
microorganisms to overcome bioavailability limitations of hydrocarbons
(Bouchez-Naitali, et al. 1999). The other natural microbial response to limited
bioavailability is biosurfactant production (Johnsen and Karlson 2004).
Biosurfactants and their role in biodegradation have attracted the bulk of the
attention in the literature (Garcia-Junco, et al. 2003; Ron and Rosenberg 2002;
Rosenberg, et al. 1999; Zhang and Miller 1994) to the point that in many cases the
role of adhesion has been ignored. The adhesion of a microbe to the oil-water

interface enhances the rate of transport of hydrocarbon from the non-aqueous
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phase to the cell by reducing the distance between microorganism and its
substrate. In an oil-water mixture, a further benefit is that the adhesion of bacterial
cells to the oil-water interface can stabilize emulsions, and thereby increase the

oil-water interfacial area (Dorobantu, et al. 2004).

In most hydrocarbon degrading organisms, the enzymes involved in the process
are intracellular. Consequently, biodegradation requires the diffusion of the
substrate from the oil phase through an aqueous phase and then across the cell
wall and cell membrane. The adhesion of cells to the oil-water interface can
minimize the diffusion distance and facilitate the diffusion of hydrophobic
compounds to the cells. A closer examination of bacterial structure, however,
exposes the complexity of this simple view. The exterior of the cell wall typically
comprises proteins and/or polysaccharides, which influence the hydrophobicity
and adhesion of the cell to interfaces (Doyle and Rosenberg 1990; Norman, et al.
2002). Additional extracellular structures can include exopolysaccharide layers,
pili, and fimbriae which can extend a considerable distance from the cell wall and
which may limit how closely the cell surface can approach the oil-water interface.
These features depend on the expression of the corresponding genes during
growth (Cooper and Kosaric 1982; Costerton, et al. 1974; Neufeld and Zajic
1984) and may have a significant effect on adhesion (Ofek and Doyle 1994). The
interaction of the cell surface compounds and structures with the other chemicals
present in the culture medium will be another factor adding to the challenges of
how to characterize the microbial adhesion in this system. In the following

sections these difficulties will be addressed in more detail.

2.2.1 Mechanisms of Microbial Adhesion

There are multiple factors involved in adhesion, including physicochemical
factors such as shear, surface charge on the hydrocarbon; species-dependent
factors like cell-surface composition and structures, biological factors within a
species such as cell age and nutrition. One source of misunderstanding is the use

of different terminologies in referring to microbial adhesion itself. Microbial
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adhesion is usually defined as the process of transferring unbound, suspended
cells from the aqueous phase to an interface (Hermansson 1999). Adhesion is
generally measured as the numbers of cells bound to the interface after a washing
and separation step, where unbound cells are removed. The process of adhesion
can be studied as a function of time (in flow systems) or as a steady-state process
after some defined time (static experiments). Researchers have frequently used the
static systems because of their simplicity, however, well defined flow systems
such as parallel plate flow chambers accompanied by on-line microscopic
detection methods provide more information and are becoming more common
(Busscher and van der Mei,Henny C. 2006; Meinders, et al. 1995; Seo and Bishop
2007).

Few studies have examined the molecular mechanism of microbial adhesion to
oil-water interfaces. Bacteria have been analyzed as living colloidal particles with
a negative surface charge (i.e. zeta potential) and their adhesion was interpreted
based on colloidal theories (Hermansson 1999; Skvarla 1993). The interfacial
tensions involved when a bacterium approaches the interface are schematically
shown in Figure 2.2. In this figure vy, is the tension at bacterium-oil interface, ypw
that at the bacteria-water interface, and vy, that at the oil-water interface; then an

equilibrium force balance equation can be written as:

7/bo :7/bw+}/0w.cosg (1)

where @ is the contact angle between aqueous phase and bacterial surface.
Equation (1), which is referred to as the Young equation, is based on a
thermodynamic equilibrium between the three phases and assumes that the

equilibrium value of the contact angle is constant and unique for the given system.
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Figure 2.2: Schematic diagram of interfacial tensions acting on the interface
between bacteria, oil and water.

In principle, € and y,, can be measured experimentally, therefore an additional

equation is required to obtain yy, and ypw. One method is to calculate the solid
surface tensions by measuring the contact angle of particles against different
liquids, as recently reviewed by Tavana and Neumann (2007). By measuring the
contact angle of the bacterial surface and obtaining the interfacial tensions, it is
possible to predict the positioning of bacteria with respect to the oil-water
interface. Such criteria have been developed based on the three interfacial tensions
listed in equation 1. (Albertsson 1986; Marshall 1986; Neufeld, et al. 1980). The
limited number of papers in this area gives some interesting observations, for
example, some very hydrophobic bacteria completely penetrate into the non-
aqueous phase by crossing the interface (MacLeod and Daugulis 2005). These
bacteria presumably carry some external water with them, but the role of
extracellular structures such as fimbriae and pilli in modifying the liquid-liquid
interface has not been reported. Measurement of the contact angle of bacteria is
also challenging due to their small size, and the heterogeneity of the cell surface.
These features suggest that the measured contact angle, &, will exhibit hysteresis

between advancing and receding liquid contact experiments, which gives
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ambiguous results from equation (1). Further complications are introduced by
changes that occur on the cell surface during sample preparation (Krekeler, et al.
1989; Neufeld and Zajic 1984). While most studies on the bacterial contact angle
measurement have been conducted on water and air systems, it is also possible to
determine the contact angles of cell layers in systems with two immiscible liquids
(Neufeld, et al. 1980). Although the measurement and interpretation of contact
angle data for microbial cells can be controversial, studies by many researchers
(Reid, et al. 1992; van Merode, et al. 2006; van Oss, et al. 1975) suggest that data
from contact angle measurements are valuable for predicting cellular interactions

at interfaces.

Most studies of microbial adhesion measure the macroscopic properties of cell
populations and overall number of cells that adhere, without considering the role
of the microbial surface components (Bos, et al. 1999). Surface structures such as
fibrils, fimbriae, capsules or flagella can vary within a bacterial community and
each of these structures can potentially interact with an oil interface (Bihari, et al.
2007; Razatos, et al. 1998). Our limited knowledge of the variety of these
structures and their role in the interaction of microorganisms with a liquid

interface prevents a clear understanding of adhesion at the molecular level.

2.2.2 Challenges in adhesion measurement

A major problem in studying the effect of adhesion on biodegradation is the lack
of appropriate methods to directly measure adhesion in situ. Methods for
measuring adhesion can be divided into those based on adhesion to solid surfaces
and those based on adhesion to liquids. Since it is easier to work with and
characterize adhesion to solid surfaces, methods belonging to the first group are
more prevalent and diverse. Early methods of this type included testing the
adhesion of bacteria to low energy surfaces like polystyrene (Rosenberg 1981). In
these methods the number of adhered bacteria was measured by direct counting.
Newer methods belonging to this group study more specific interactions, often as

a function of time (Busscher and van der Mei 2006).
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The methods for determining adhesion to liquids were used mainly to test the
adherence of microorganisms to hydrocarbons. Some early work used
radiolabelled microorganisms to quantify the number of microbes in each phase
(Zilber, et al. 1980). In 1980 the simple and convenient microbial adhesion to
hydrocarbons (MATH) test was introduced (Rosenberg, et al. 1980). The method
was based on removal of cells from aqueous solution as a result of mixing with a
liquid hydrocarbon. Although this method was semi-quantitative, later studies
showed that results of MATH usually (but not always) correlate with other
measurements of cell surface properties (Jones, et al. 1996; Rosenberg and
Kjelleberg 1986). MATH was used frequently in adhesion studies, thanks to the
advantage of simplicity and lack of need for special preparation of cells, which

can cause unknown changes in cell surface properties (Rosenberg 2006).

Most techniques for measuring microbial adhesion involve separating
microorganisms from the growth medium and measuring their adhesion under
standard conditions. Although this can provide useful information, it may not
represent the adhesion of cells in the actual media. For instance, in some cases
adhesion to solid surfaces is used to explain adhesion in liquid-liquid
biodegradation experiments (Stelmack, et al. 1999). Adhesion tests such as
MATH are usually performed in a specific environment with defined pH and
ionic strength. These conditions are rarely the same as those that exist in the
biodegradation experiment, but they can greatly change the microbial adhesion
(Babu, et al. 1986). During biodegradation, the medium composition changes as
substrates are transformed, nutrients are consumed and new compounds are
produced. Some metabolites such as long chain alcohols can influence the
adhesion of microorganisms even if they are present for a short period of time or

at low concentration (Marchesi, et al. 1994a; Marchesi, et al. 1994b).

The ideal case would be measurement of bacterial adhesion in real time. Some
new developments approach this ideal case, including recent studies (Kuehn, et al.

1998; Power, et al. 2007; Rodrigues, et al. 2003) on the real time visualization of
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bacterial adhesion to solids using confocal laser scanning microscopy (CLSM).
For instance, the growth of Pseudomonas putida was studied on solid
phenanthrene and fluorene surfaces (Rodrigues, et al. 2005). Based on their
previous work (Rodrigues, et al. 2003) on the colonization pattern of P. putida on
phenanthrene and fluorene crystals, Rodrigues et al. investigated the role of
physiological processes on the biodegradation of these PAHs. They also
conducted zeta potential and MATH measurements to characterize bacterial
surface properties. They concluded that P. putida was able to consume fluorene
and phenanthrene with two different uptake strategies. While P. putida used only
water soluble fluorene, it adhered to the solid phenanthrene and could degrade it
at a higher rate despite the fact that it has lower water solubility than fluorene.
Based on kinetic analysis of degradation data they proposed that greater adhesion
of bacteria to phenanthrene crystals promoted the availability and uptake of this

compound.

Another new method of online measurement of microbial adhesion is the quartz
crystal microbalance (QCM) technique. It is again based on adhesion to solid
surfaces. The use of QCM is based on the fact that any attachment or removal of
the biomass to the crystal's electrode causes a change in frequency of oscillating
quartz crystal, f, which is related to the mass change. Recent developments enable
researchers to obtain information about the adhesion process including the
changes in the viscoelasticity of the adhered layers during the process (Rodahl, et
al. 1997). By coupling the QCM method and microscopic visualization of the
adhered cells, it has been demonstrated that the QCM responses to cell adhesion
to hydrophilic and hydrophobic surfaces could be discriminated (Fredriksson, et
al. 1998a; Fredriksson, et al. 1998b). Although different cell species showed
different QCM responses on a single surface, there was not a clear relationship
between the QCM data and the adhesion mechanisms, and the biological
properties (such as cell surface composition) of the adhered bacteria. The effect of

flow conditions on the development and stability of biofilm formed by
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Streptococus mutans was recently studied (Schofield, et al. 2007) by combining
QCM with atomic force microscopy (AFM) measurements of surface coverage.
They concluded that the continuous flow method could result in formation of a
more floppy biofilm (loosely attached and more viscoelastic adsorbate). The
QCM technique is limited to measuring the adhesion to solid surfaces, but it
illustrates the desirable direction for investigation of the adhesion of cells to
liquid-liquid interfaces. With the advancement in understanding of the
relationship between the QCM response and physical properties of the adhered
layer this method can be utilized more broadly in applications such as monitoring

adhesion during microbial growth on hydrocarbons.

Recently the use of AFM has enabled measurements of adhesion forces and
surface properties of cells directly (Ahimou, et al. 2002; Bolshakova, et al. 2004;
Fang, et al. 2000; Wright and Armstrong 2006). AFM consists of a cantilever that
can scan a planar substrate and has the capability of imaging surface topography
under physiological conditions (which is not possible by other high resolution
methods such as electron microscopy). AFM has also been used for measuring
local physical properties such as adhesion forces and elasticity. The cantilever tip
can be modified by attaching different compounds and particles, therefore, AFM
can measure adhesion characteristics between variety of microorganisms and
other surfaces. A major advantage of AFM is that, unlike other microscopic
methods like scanning electron microscopy, it does not require an extensive pre-
treatment of the microorganisms and it can be performed under physiological
conditions. AFM provides much more detailed analysis of microbial cell surface
hydrophobicity and gives information unobtainable by other methods. For
example, AFM was employed to determine the heterogeneity of adhesion forces
on individual bacterial cell surfaces (Dorobantu, et al. 2004). Detailed information
provided by AFM can be used to better understand the various changes in surface

properties of bacteria during the growth on organic compounds.

17



Although there have been significant advancements toward developing robust and
facile measurement techniques, the available methods are still not mature enough
to be applied in real complex situations such as microbial degradation of
hydrocarbons in contaminated fields. Further developments in this regard will
play a key role in all research fields dealing with microbial adhesion including the

clarification of role of adhesion in biodegradation.

2.3 Adhesion and Microbial Growth on Hydrocarbons

Before discussing the effects of adhesion on the biodegradation process it is
useful to look at a broader relationship between adhesion and microbial growth on
hydrocarbons. Adhesion to an interface influences the bacterial activity in many
different ways, as previously reviewed (Baror 1990; Rosenberg and Kjelleberg
1986; van Loosdrecht, et al. 1990). In an extensive review of adhesion to solids
(van Loosdrecht, et al. 1990), the influence of the surface was divided into two
distinct mechanisms: direct and indirect. The direct influence was the case when a
change in a bacterial property, such as membrane permeability, was caused by
adhesion. Other factors, such as changes in medium concentration and mass
transfer were classified as indirect effects. The review concluded that none of the
reported data could be attributed to direct influences. The indirect effects were not

discussed in detail.

A number of studies considered the effect of adhesion on the growth of microbes
on n-alkanes, and examined the mechanisms of hydrocarbon uptake. In these
studies researchers tried to find specific patterns in growth kinetics amongst the
microbial cultures that were attached to the oil-water interface. The mechanism of
substrate uptake is a key point in any process involving sparingly soluble
substrates. In some fungi extracellular enzymes can gain access to and start
degradation of compounds outside of the microorganism boundaries (Krémar, et
al. 1999; Novotny, et al. 2004), but in all other cases hydrocarbon compounds

need to cross the cell membrane in order to contact membrane-bound or
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cytoplasmic enzymes (Bressler and Gray 2003). Three major uptake modes can be

proposed:

(a) Uptake through the aqueous phase in which the compound can only be used
when it is dissolved in the aqueous environment. According to this mechanism, if
substrate is present as a solid phase or as a pure organic liquid the solubility of
compound in water will be the most important factor controlling the
biodegradation rate. If the compound is present in another non-aqueous phase
liquid (NAPL) the degradation rate will depend on the rate and extent of
partitioning from the NAPL to the aqueous phase.

(b) Surfactant-mediated uptake where microorganisms excrete products that can
either increase apparent solubility or emulsify the substrates, hence making them
more available for microorganisms. For solid hydrocarbons, an increase in
dispersion and dissolution by surfactants has been reported (Edwards, et al. 1991;
Rosenberg 1981). For liquid hydrocarbons or hydrocarbons dissolved in NAPL,
surfactants can emulsify the non-aqueous phase and increase the exposure of non-

aqueous phase to the microorganisms.

(c) Direct contact mode which implies that cells attach to the substrate or the

NAPL in which substrate is dissolved.

All these mechanisms have been reported for various microorganisms. The first
uptake mode (which is also known as homogenous uptake mode) is common with,
but not limited to, substrates that are completely water soluble or have relatively
high solubility in the aqueous phase. Although surfactant-enhanced uptake can be
very important in biodegradation of hydrocarbons, the discussion of this subject is
beyond the scope of our discussion and hence it will not be covered in detail here.
There are many papers devoted to study the different aspects of surfactants role on
biodegradation. Interested readers can refer to several extensive review papers on
this topic (Mulligan, et al. 2001; Singh, et al. 2007; Van Hamme, et al. 2006;
Volkering, et al. 1997). In this chapter we will focus on the third mode, on the
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role of microbial adhesion which has long been thought to be of great importance

for direct uptake of substrate (Mudd and Mudd 1924).

As the solubility of the hydrocarbons being degraded approaches zero, the
importance of the distance for transport through aqueous phase will increase to
the point where a difference of nanometers can significantly affect the rate of
uptake (Weisz 1973). The exterior surface of microorganisms presents
macromolecular structures which may reduce the rate of diffusion from the oil
phase to the cell by controlling the distance between the cell wall and the oil
phase. Adhesion of cells to the interface will minimize the diffusion path from the
oil phase to the cell interior. This minimum distance will vary depending on the
characteristics of microorganisms and the surface they attach to. A basic diffusive
mass transfer equation for the rate of compound transfer, O, (mass/time), to the

microbial cell boundary can be written as (Harms and Bosma 1997):

Ou=k(Cq-Cp) (2)

where Cy is the aqueous concentration of the substrate (mass/volume) at the oil-
water interface, k is the mass transfer coefficient and C. is the concentration at the
cell surface. When a compound is being actively biodegraded, C. = 0, while C; =
Csoxrc, the aqueous solubility of the component multiplied by its concentration in
the oil phase. For a linear concentration gradient, the mass transfer coefficient can

be written as (Koch 1990):

k= Doy A/L 3)

in which 4 is the surface area through which the diffusion occurs, L is the distance
and D,y (area/time) 1s the effective diffusivity. Combining these relationships, the

maximum rate of diffusion of the substrate to the cell will be:

D AC_ x
Qd,max ~ = LWI = (4)
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Equation (4) shows that the mass flow will increase with a decrease in diffusion
distance (L) and increase with the surface area (A4). If O . €xceeds the rate of
enzymatic conversion within the cells, then diffusion is not a constraint. For low
solubility hydrocarbons, such as n-alkanes, the aqueous solubilities are so low that
the rate of transport to a competent degrading cell will invariably control the rate

of biodegradation.

The distance (L) and surface area (4) will depend on the nature of adhesion and
the type of surface. For example, adhesion by interaction of fimbriae with the
hydrocarbon surface can give a diffusion length of several micrometers, and an
effective area that is less than the projected area of the cell onto the interface. If
the cell wall interacts directly with the surface, then the diffusion distance could
be tens of nanometers, whereas adhesion of a capsule layer to the hydrocarbon
interface would give an intermediate diffusion length up to hundreds of
nanometers. These short distances can be very important in determining the mass
transfer rates when solubilities in water are of order 1 ppb. The second important
factor in equation (4) is the actual surface area of hydrocarbon for transport to the
microbial cell. When the substrate is in the solid state the interfacial area will be
the section of microorganism that is in contact with solid surface. In the case of
liquids the actual interfacial area can vary greatly depending on the interfacial
tensions between the aqueous phase, the organic phase and the microbial cell
surface. The orientation of the microorganism at the interface can range from
complete immersion in organic phase to just barely touching the surface. All these
cases were observed in laboratory studies (MacLeod and Daugulis 2005; Marshall
1980). Although it might appear that the complete immersion of microbes in the
organic phase would maximize the contact area and provide the best degradation
of compounds in organic phase, this situation can limit growth rate due to lack of
access to ionic species from the aqueous phase. These aspects of micro-scale and

nano-scale mass transfer determine the role of adhesion in biodegradation, but
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there is an almost complete lack of discussion of this point in the literature on

biodegradation processes.

Direct interfacial uptake has been mostly observed in cases of poorly soluble
compounds such as long chain alkanes and polycyclic aromatic hydrocarbons
(PAHS). It is often experimentally difficult to distinguish between the direct
contact uptake and uptake through aqueous phase, therefore, kinetic behaviours of
these two different mechanisms have been used as a means to differentiate which
mechanism was involved in the biodegradation process. (Dunn 1968) conducted a
simple analysis of the growth at an oil-water interface and in the aqueous phase,
and considered the two extreme cases for each mechanism. When a
microorganism only utilizes the hydrocarbon in its dissolved form (homogenous
uptake) the growth is exponential with two extreme cases. At very low cell

population the growth is only limited by the number of cells, so:

dX
—=uX 5

M )
with X being the cell concentration (gram of cells per volume of aqueous phase)
and U being the specific growth rate of the microorganism. At high cell density
the hydrocarbon transfer from organic phase to the aqueous phase would be rate

limiting and the equation would be:

ax _

=k (6)

where £ is a coefficient containing effects of many variables including mass

transfer and the specific growth rate and 4 is the total oil-water interfacial area.

In the case of interfacial growth it was argued that cell division occurs while the

cell is at the interface and the equation would be:

— = puX (7)
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where X is the cell concentration at the interface (the total number of cells that
are located at interface). Writing equation 7 in terms of the fractional area

coverage (o) and the area occupied by unit mass of microorganism (a) gives:

dX A
E = ,U~(;)-U )

Assuming a Langmuir isotherm mode for the adsorption and desorption of cells to

the interface gives:

bX
O =
1+bX

9)
where b is the adsorption equilibrium constant. Equation (8) can be rewritten as:

a4
dt 'u'a

bX
(— 10
) (1 ) X) (10)
Considering the two limiting cases, for low cell concentration at the interface the
increase in X with time will result in greater interfacial area coverage and the
growth rate would be proportional to the both interfacial area and total cell
concentration. Equation (10) would then reduce to:
dX A
— = u.(—).bX 11
M ( " ) (11)
At high cell concentration, when the interface is fully covered, equation (10)
would become:
dX A
— = u(— 12
7 H( » ) (12)
In this case, the growth rate is proportional to the interfacial area and independent
of the total cell concentration. The predictions of the two above mentioned
models, illustrated in Figure 2.3, suggest that it is possible to distinguish between

the two mechanisms using kinetic data. For the interfacial mechanism at lower
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growth rate (dX/dt)

cell concentrations according to equation (11) the plot of growth rate versus X will
be logarithmic and would change proportional to the interfacial area. For the
homogeneous model, however, it will not depend on the area at similar cell
concentration range, as indicated by the equation (5). It is crucial to consider that
this distinction could only be made when the cell concentration is sufficiently low
and all substrates are in high concentrations (to have a constant p-value).
Otherwise, the rate will change with interfacial area for both models according to
equations (12) and (6). The other important point to consider is the fact that this
distinction requires obtaining data for the initial rate of degradation which can be

difficult in many cases.

a) Kinetic model for homogeneous uptake b) Kinetic model for interfacial uptake
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Figure 2.3: Schematic diagram of growth rate versus cell concentration:
(a) homogeneous uptake: based on equation (5) and (6) for low and high cell
concentrations, respectively and (b) interfacial uptake: based on equation (10)
(adapted from (Dunn 1968))

Another experimental method to distinguish between interfacial and homogenous
uptake modes is based on comparing cell growth at high cell populations.

According to equations (6) or (12), at high cell concentrations the growth rate is
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controlled by interfacial area and/or the mass transfer. The method is based on
discriminating between these two factors, and was first proposed during a study of
bacterial production of menthol, when the substrate was provided as an
immiscible organic liquid (Westgate, et al. 1995). Two racemic isomers of
menthyl acetate were provided to the bacteria, but only one of them was used as
substrate and the other one was not metabolized. It was observed that the menthol
production rate was proportional to the organic phase volume, both when
substrate was provided as a pure isomer and when the organic phase was a
racemic mixture of isomers. Comparing equal volumes of the racemic and single
enantiomeric substrates, the interfacial area was the same but the rate of mass
transfer of the actual substrate to the aqueous phase was expected to be less for
the racemic mixture. They showed that the menthol production rate was
proportional to the interfacial area (i.e. volume of the liquid for the actual
substrate) and was independent of the enantiomer concentration. It was then
concluded that the rate was controlled by the direct access of bacteria to the
interface and not by mass transfer to the aqueous phase. The authors
recommended a general method to distinguish between mass transfer and surface
area controlled mechanisms based on the dilution of substrate with a structurally
similar but non-metabolizable compound. This would provide an opportunity to
set up two parallel experiments having the same interfacial area but different mass
transfer rates. Comparable reaction rates under both cases would mean that

interfacial uptake and not the mass transfer is the controlling step.

Other experiments were intended to clarify some features of uptake mechanisms,
but failed to give discrimination. For example, addition of a co-solvent to
increase the solubility of the organic substrate was used to determine the
controlling mechanism in high cell concentration in the same experiment
described above (Westgate, et al. 1995), but the authors were unable to

completely rule out direct effects of the cosolvent on the microbes.
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In some cases studying the interaction between growth on a water soluble
compound and uptake of a sparingly water soluble organic substrate can also
provide useful information. For instance, the effect of presence of an organic
phase (both metabolizable and non-metabolizable) on bacterial consumption of
glucose was used to demonstrate the affinity of bacteria toward a non-aqueous
phase (MacLeod and Daugulis 2005). These experiments should be interpreted
carefully since multiple factors can control the outcome while some of them (like
NAPL inhibition of microbial growth, mixing and emulsification) are not
controlled or monitored during these experiments. Different approaches are taken
in applying the kinetic and mass transfer analysis to distinguish the controlling
mechanism in biodegradation. The experimental conditions do not usually allow
examination of all these criteria in a particular system. It is important to note that,
although inferring these criteria can suggest the bacterial uptake mode, these
criteria often do not provide sufficient evidence to prove a particular mechanism.
The other point to consider is the fact that in an agitated culture cells are in a
dynamic equilibrium between attached and planktonic phases (i.e. the Langmuir
isotherm in equation is an equilibrium relationship). Therefore, as will be seen in
some of the reviewed studies in sections 2.3 and 2.4, it is quite possible to have
different uptake modes that prevail in different stages of growth. To sum up, it
can be said that the interfacial growth mechanism is usually too complicated for
analysis by macroscopic kinetics data. It is very important to combine
microscopic observation with kinetic measurements and also examine all the

assumptions of kinetic models before applying these models into any of the cases.

2.4 Reports of adhesion-independent biodegradation

In this section we give some examples of the reported studies in which microbial
adhesion was not found to be a major factor. Table 2.1 shows a list of main
references in this regard. These studies are classified into two groups: (a) studies
on biodegradation of n-alkanes and (b) studies on biodegradation of PAHs. The

effect of adhesion is believed to be much more important in case of n-alkanes
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because of their extremely low solubility. For instance, tetradecane (C;4H30) has
an aqueous solubility that is more than 40 times lower than that of phenanthrene
(C14H0) (Eganhouse and Calder 1976; Mackay, et al. 1975). Nevertheless, the
absence of a major adhesion effect in n-alkane degradation was reported in some
cases as will be discussed in this section. For papers grouped in part (a) adhesion
was not a major factor, but it was mostly due to the presence of surface active
compounds. The early results were qualitative (Chakravarty, et al. 1975; Yoshida,
et al. 1971) but efforts continue to gain better insights.
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Table 2.1: Studies in which microbial adhesion was reported not to be a major factor in biodegradation

References

Main substrate

Supply mode

Microorganism used

Main result and comments

(a) Papers showing absence of major adhesion effect for n-alkanes

Yoshida, et al. 1971

n-alkanes (C¢-Ci3g)

Liquid or vapor

hydrocarbons

Candida tropicalis

Hydrocarbon uptake by direct contact
mode was negligible; however, the
paper lacks quantitative data to support

the claim.

Chakravarty, et al. 1975

Mixture of dodecane

and hexadecane

Liquid hydrocarbons

Candida maltosa

Biodegradation was modeled based on
the uptake from aqueous phase. Effects
of existing surface active metabolites
on the cell surface and adhesion were

not addressed.

Chrzanowski, et al. 2005

Dodecane and

hexadecane

Liquid hydrocarbons

Candida maltosa EH 15

Correlation between adhesion and
biodegradation was examined in
presence of surfactants. The
interference of surfactants with

measurement of adhesion was ignored.
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Pijanowska, et al. 2007 Dodecane and Liquid hydrocarbon Pseudomonas & Decrease in adhesion was correlated
hexadecane Bacillus sp. with the best biodegradation by some
species. Experiments lacked proper
controls.
Mohanty and Mukherji |Diesel fuel containing n-|  Liquid diesel fuel Exiguobacterium Adhesion did not show a major impact
2007 alkanes aurantiacum and on biodegradation. Adhesion data were

Burkholderia cepacia

not reported.

(b) Papers that demonstrate absence of major adhesion effect for PAHs (mostly due to their sufficient aqueous concentrations)

Wodzinski and Coyle Phenanthrene Solid crystals Pseudomonas sp. Phenanthrene was utilized in the
1974 dissolved state.
Bouchez, et al. 1995 Phenanthrene Both solid crystal and | Pseudomonas sp, S Phe | No interfacial uptake was observed.
dissolved in NAPL Nal
Efroymson and Naphthalene and Dissolved in NAPL Arthrobacterium sp. Adhesion was not an important factor
Alexander 1991 hexadecane for biodegradation of naphthalene.
Foght and Westlake Phenanthrene and Dissolved in NAPL Pseudomonas Hydrophilic microorganism that
1988 anthracene fluorescens LP6a degrades variety of PAHs

29




Because of the presence of surface active compounds in most of the studies in part
(a), the conclusions claimed in papers should be examined cautiously. In some
cases the claims have to be disqualified due to lack of proper controls over
interference of surfactants with experimental measurements. When the surface
active compounds are present in a biodegradation experiment, their influence on
the bacterial uptake mode should be considered along with their role on increasing
solubility or dispersion of hydrocarbons. The failure to address these multiple
effects can be observed in some of the papers in group (a). An example is a study
examining the relationship between adhesion and n-alkane biodegradation by the
yeast Candida maltosa (Chrzanowski, et al. 2005). In this study various types of
natural and synthetic surfactants were investigated for their influence on growth,
cell surface hydrophobicity and hydrocarbon degradation. The MATH method
was used to characterize cell surface hydrophobicity. In the case of non-ionic
synthetic surfactants it was demonstrated that the higher degradation rate
corresponded to lower MATH values. This correlation was not true for natural
surfactants. The authors failed to consider the effect of surfactants in the MATH
tests and this point disqualifies the results of the study. The presence of surface
active agents can reduce the hydrocarbon droplet size and during the MATH test
could lead to higher hydrocarbon surface area for microbial adhesion. The
outcome of MATH then will be determined not only by the cell surface
hydrophobicity but also by the differences in hydrocarbon-water interfacial area
in various surfactant concentrations. This factor has not been accounted for in the
above mentioned paper. A contact angle measurement could have provided more
useful information on this condition, since it could have measured the cell surface
hydrophobicity distinct from interfacial area. The same group recently published
another study on the effect of the phytogenic surfactant Quillaya saponin on the
biodegradation rates of different bacterial strains (Pijanowska, et al. 2007). In this
study dissimilar correlations between hydrophobicity and degradation rates were
found for different bacteria, however, the same problem still existed in their study
and no clear comments can be made in terms of effect of adhesion on

biodegradation rates based on these results.
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In a recent study (Mohanty and Mukherji 2007), two bacterial cultures,
Exiguobacterium aurantiacum and Burkholderia cepacia, were investigated for
their rate of diesel fuel biodegradation. Although the exact uptake mechanisms
had not been revealed in the paper it was stated that neither bacteria produced any
external biosurfactant or bioemulsifiers. It was also mentioned, but not proven,
that both bacteria uptake oil through direct contact by enhancing cell surface
hydrophobicity. The non-ionic surfactant Triton X-100 was used at twice the
critical micelle concentration. This surfactant is a well known adhesion inhibitor
(Efroymson and Alexander 1991; Stelmack, et al. 1999). It is generally believed
that such a surfactant reduces or even prevents the biodegradation of extremely
low solubility n-alkanes by hydrophobic cultures (Efroymson and Alexander
1991; Zhang and Miller 1994). None the less, in this study a significant
enhancement in diesel oil biodegradation was observed in the presence of Triton
X-100. The decay rate of all n-alkane components of diesel oil was dramatically
increased in both cultures when Triton X-100 was used. The fact that the authors
did not present any adhesion or emulsification measurements parallel to
degradation tests makes it difficult to comment on the significance of different
factors, including adhesion, on the final outcome. Nevertheless, it can be
cautiously concluded that, even for hydrophobic microorganisms that use highly
insoluble compounds, the effect of adhesion may not be vital, and even greater
degradation rates could be achieved with less adherence if solubilization and
emulsification are enhanced. As we will mention later this conclusion should not

be generalized to other cases.

Papers in part (b) reported the absence of major influence of adhesion in
biodegradation of PAHs. This lack of a role for adhesion is mainly due to
sufficient aqueous concentration of the substrate in the studied cases. Generally
speaking, when the same number of carbon atoms in a molecule is considered,
PAHs have higher aqueous solubilities than n-alkanes, but their ubiquitous
presence, their persistence in environment, and their potential dangers for human
health have led to many studies of bioavailability. For example, in analyzing the

effect of phenanthrene availability on biodegradation (Bouchez, et al. 1995),
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different means of supplying the substrate (crystal versus dissolved in non
aqueous solvents) were used and the kinetic of microbial growth and degradation
were analyzed. The evaluation of growth curves showed two growth phases in all
systems with the first exponential phase followed by a limited growth phase. The
maximal specific growth rates (umax) were independent of the method of
providing the substrate (crystals or dissolved in NAPL with different interfacial
areas in each case), indicating that the transfer to the aqueous phase was not a
limiting factor. This behavior is expected for homogeneous growth as it was
shown in Figure 2.3a. The authors hypothesized that in the second growth phase,
the biomass density increased so that the demand for substrate exceeded the rate
of transfer to the aqueous phase and the rate was limited by dissolution. They
conducted some additional experiments with various concentrations and
compared the patterns of biodegradation kinetics with a mathematical model that
was developed based on transfer-controlled growth. A close correspondence
between growth kinetics and rate of substrate transfer in second phase was
observed. The results demonstrated that in these experiments, phenanthrene had to
be transferred to the aqueous phase for degradation to occur and the interfacial
transfer of phenanthrene to bacteria (and hence the adhesion to organic phase) did

not play an important role.

In some cases it was revealed that adhesion had a mixed effect on biodegradation.
Efroymson and Alexander (1991) studied degradation of hexadecane and
naphthalene using an Arthrobacter strain. They found that when the bacterial
adhesion was prevented by addition of a non-ionic surfactant, the hexadecane
mineralization was completely inhibited. In a separate experiment they showed
that naphthalene degradation rate and extent was increased in presence of the
same surfactant that prevents adhesion of cells to NAPL. In other words while
adhesion to oil phase was necessary for hexadecane degradation, it had no

positive impact on naphthalene degradation rate.

Many PAH-degrading bacteria are not hydrophobic and do not exhibit significant

adhesion to the oil-water interface. For instance, Pseudomonas fluorescens strain
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LP6a utilizes a variety of polycyclic aromatic hydrocarbons including
phenanthrene and anthracene as sole carbon and energy source (Foght and
Westlake 1996; Foght and Westlake 1988). This bacterium is proved to be a
hydrophilic microorganism both in terms of MATH test and contact angle
measurements (Dorobantu, et al. 2004). These hydrophilic bacteria, however,
degrade the more soluble PAH compounds rather than n-alkanes. For compounds
with extremely low aqueous solubility the microbes need a mechanism other than
uptake from the aqueous solution in order to sustain biodegradation. If there is no
adhesion, then the cells need a surface active agent that facilitates the compound

availability.

2.5 Reports of adhesion-dependent biodegradation

The positive influence of adhesion on biodegradation has been reported in a
number of different studies (Table 2.2). These studies are classified in three
groups. Group (a) includes some of the earlier studies in this field. These papers
mostly focused on studying adhesion as a characteristic of microbial populations
without showing what, if any, role adhesion had in the biodegradation process.
Group (b) consists of papers that followed the growth kinetics and specified how
adhesion and interfacial uptake changed the pattern of biodegradation and growth.
These papers usually did not focus on mechanisms of adhesion or microscopic
schemes by which the adhesion stimulates biodegradation of hydrocarbons. Group
(c) includes papers that mostly focused on the mechanism of biodegradation and
its relation to adhesion. These papers deal with issues such as the specific changes
in microbial cell membrane or interaction of cells with hydrocarbons due to

adhesion.
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Table 2.2: References reporting microbial adhesion as an important factor in biodegradation

References

Main substrate

Supply mode

Microorganism used

Main result

(a) Earlier papers focused on adhesion as a property specific to hydroc

arbon degrading microorganisms

Bos and de Boer, 1968 Unspecified Liquid Unspecified yeast | Nearly all cells were observed to be attached to
hydrocarbons hydrocarbons the hydrocarbon droplets
Kennedy, et al. 1975 | Various alkanes and Liquid Acinetobacter sp. | Adhesion of microorganism to hydrocarbons was
alkenes hydrocarbons thought to be exclusive to hydrocarbon degraders.
Nakahara, et al. 1977 Hexadecane Liquid hydrocarbon| Candida lipolytica | More than half of cells were attached to large oil
ATCC 8662 drops. Cells dropped the interfacial tension.
Miura, et al. 1977 n-Decane and n- Liquid Various yeasts Hydrocarbon degrading cells showed more
tetradecane hydrocarbons adhesion to hydrocarbons than non-degraders.
Nakahara, et al. 1981 Hexadecane Liquid hydrocarbon|  Pseudomonas Surfactants did not affect degradation rate in the
aeruginosa & yeast case of more adherent microorganism
(b) Papers that are based on analyses of kinetics data for growth and biodegradation
Ortega-Calvo and Naphthalene Dissolved in NAPL| Arthrobacter sp. | Degradation occurred in two stages involving free
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Alexander 1994

and attached microbes

Bouchez, et al. 1997 Pyrene and Dissolved in NAPL| Rhodococcus sp. | Data indicated uptake by both adsorbed and free
fluoranthene cells with the interfacial uptake being predominant
Bouchez-Naitali, et al. Hexadecane Dissolved in NAPL| Rhodococcus equi | Interfacial kinetics and effect of cell flocculation
2001 on kinetics pattern were explained.
MacLeod and Various PAHs Dissolved in NAPL| Mycobacterium Kinetic data confirmed the interfacial growth.
Daugulis 2005 PYR-1 Cells were also observed in organic phase.

(c) Papers that are focused on mechanisms of biodegradation or mechanism of adhesion influence

Rosenberg and Hexadecane Liquid Acinetobacter Adhesion was a prerequisite for biodegradation
Rosenberg 1981 hydrocarbons calcoaceticus
Bouchez-Naitali, et al. Hexadecane Liquid hydrocarbon| Various alkane 47% of the 61 isolates growing on hexadecane
1999 degraders used exclusive direct contact uptake
Wick, et al. 2001 Anthracene Solid crystals Mycobacterium sp. | Substrate uptake occurred from aqueous solution,
LB501T and through biomass formation.
Garcia-Junco, et al. Phenanthrene Solid and dissolved|  Pseudomonas  |Biosurfactant production and attachment increased
2001 in NAPL aeruginosa 19S] PAH biodegradation.
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Wick, et al. 2002 Anthracene Solid crystals Mycobacterium sp. | Anthracene-grown cells was more adherent to
LB501T hydrophobic surfaces
Johnsen and Karlson |Phenanthrene, pyrene| Solid crystals Various PAH Biofilm formation were predominant mechanism
2004 and fluoranthene degrading bacteria for substrate uptake
Song, et al. 2006 Various PAHs and Liquid Marine PAH and Biodegrdation of larger PAHs and C10-C36
alkanes hydrocarbons or | alkane degradaing |alkanes was associated primarily with the oil films
dissolved in NAPL bacteria and predominant bacteria adhered to the oil-coated
adsorbents during biodegradation
Bihari, et al. 2007 Hexadecane Liquid hydrocarbon|  Acinetobacter Substrate uptake occurred through fimbriae-
haemolyticus AR-46 mediated cell contact with n-alkane droplet
Obuekwe, et al. 2007 Crude oil, Liquid Pseudomonas Cells exist as a mixture of hydrophilic and
hexadecane and hydrocarbons aeruginosa hydrophobic forms with different abilities to
phenanthrene degrade hydrocarbons.
Obuekwe, et al. 2007 Crude oil, Pure and mixed Paenibacillus sp. Cells exist as a mixture of hydrophilic and

hexadecane and

phenanthrene

liquid hydrocarbons

and solid crystals

RO032A and
Burkholderia

cepacia

hydrophobic forms with different abilities to
degrade
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Obuekwe, et al. 2008 Crude oil, Pure and mixed Pseudomonas Hydrophobic subpopulations of the bacteria had
hexadecane and  [liquid hydrocarbons aeruginosa greater hydrocarbon-utilizing ability than
phenanthrene and solid crystals hydrophilic ones, or the parental strain.
Obuekwe, et al. 2009 Crude oil Various Various Significantly high correlation between the ability
hydrocarbon hydrocarbon to degrade crude oil and CSH was observed

degrading bacteria

degrading bacteria

among 46 crude oil degrading isolates.

37




Early studies of yeast cells growing in a medium containing liquid hydrocarbons
demonstrated that most of the cells attach to the hydrocarbon droplets (Bos and de
Boer, 1968). The authors did not directly measure the adhesion of cells to
hydrocarbon; however, based on microscopic observation of an unspecified lipid
layer around attached yeast cells they concluded that the direct contact was the
main mechanism of hydrocarbon up-take. Kennedy, et al. (1975) and Miura, et al.
(1977) found that the ability of tested microbes to adhere to hydrocarbon
correlated with their ability to utilize them. Other researchers, using different
microorganisms, showed that degradation of hydrocarbons was not related to
direct contact between microorganisms and hydrocarbons (Wodzinski and Coyle
1974; Yoshida, et al. 1971). These discrepancies raised questions about the
mechanism of interactions between biodegradation and adhesion. Studies that
analyze the kinetics patterns of biodegradation can provide some further insights

into the uptake mode of hydrocarbons bay microorganisms.

The interfacial uptake mechanism was investigated for degradation of pyrene
dissolved in NAPL by a Rhodococcus strain (Bouchez, et al. 1997) using oxygen
consumption rate. The authors claimed that oxygen consumption corresponded
with substrate uptake and that respirometric data can be used to track microbial
growth and degradation kinetics. Two successive phases of exponential oxygen
consumption during the degradation of pyrene were observed. The rate of
substrate uptake was estimated through these data. In the first exponential phase
the pyrene uptake rate was consistent with the rate of pyrene partitioning from
NAPL to the aqueous phase under abiotic conditions. In the second exponential
phase, however, the rate increased to values higher than expected from abiotic
experiments. The specific growth rate (estimated using oxygen consumption data)
in the second exponential phase was independent of pyrene concentration but
increased with the volume of NAPL. These data suggest that increased interfacial
area and hence the uptake from the interface increased the degradation rate. It was
also concluded that the pyrene degradation cannot be solely explained by the

abiotic partitioning data. A dynamic equilibrium was observed between the
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adsorbed and planktonic cells with the interfacial uptake being predominant in the
experiments. Authors investigated the degradation of fluoranthene in the same

work and discovered a similar pattern.

Biodegradation of PAHs by a Mycobacterium PYR-1 was also investigated using
kinetic data obtained in a two phase partitioning bioreactor (MacLeod and
Daugulis 2005). The impact of agitation speed, substrate concentration and
simultaneous presence of a water soluble substrate and PAHs were examined in
this study. Higher agitation speed was found to favour the degradation rate due to
the increase in surface area due to better mixing. No significant change was
perceived in biodegradation rate when different concentrations of PAHs were
used. When glucose was provided as a water soluble substrate along with a
metabolizable organic solvent (Bis(ethylhexyl)sebacate), the uptake of glucose
was inhibited. A non-toxic non-metabolized organic solvent (HMN) also hindered
the glucose uptake, indicating affinity of microorganism toward the NAPL
interface even when there was no substrate present in the NAPL. Microscopic
examination of the bacterial culture using fluorescence microscopy revealed that
bacteria not only adsorbed to the interface, but also appeared inside the organic
phase. Contact angles of around 90° were measured for the cell surface. The high
contact angle values were thought to be the main reason for bacterial adhesion and
transfer to oil, and explained the reduction and inhibition of glucose degradation
in presence of an organic phase. According to the kinetic behaviour previously
described for interfacial growth models (Figure 2.3b), the positive influence of
agitation rate, the inability to change linear growth rate with increasing substrate
concentration, the negative effect of solvent on aqueous compound degradation
along with very hydrophobic nature of Mycobacterium PYR-1, all suggested an

interfacial mode of growth.

In a different study focused on kinetics of hexadecane degradation, the growth
kinetics were analyzed for different strains of Rhodococcus equi (Bouchez-
Naitali, et al. 2001). None of the four studied strains were biosurfactant producers.

In microscopic observation of cultures (without showing the data) authors stated
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that most of the bacterial cells were found around oil drops or as aggregates in the
oil phase. All strains, except one, showed adhesion of higher than 80% as
measured by the MATH test. The one strain with 77% adhesion did not form
many aggregates and was dispersed in the aqueous medium. The flocculating
strains demonstrated a very short exponential growth phase (as characterized by
oxygen consumption data) and the specific rate was not a function of the
interfacial area. Although they showed a second linear phase of growth, the
growth rate during this linear phase was not a function of interfacial area. In
contrast, the non flocculating culture gave a longer exponential growth phase and
the specific growth rate depended on the volume of NAPL (as in Figure 2.3b). For
the second phase of the bacterial growth, linear growth was only observed for
some NAPL volumes. No explanation was offered in this regard. The authors
concluded that while the flocculating cultures did not behave according to an
interfacial kinetic model, the non flocculating culture was in good agreement with
that. This study suggests that factors such as flocculation can be as important in
determining biodegradation kinetics as adhesion to the oil-water interface.
Flocculation of the microbes will give much poorer transport of low-solubility
substrates and this can counter the positive impact of adhesion to increase the
mass transfer. In this case macroscopic kinetics will not be enough to identify the

uptake mechanism and more detailed mechanistic analysis is required.

In investigating the interfacial uptake of hydrocarbons in oil-water systems,
measurement and control of surface area poses an enormous challenge. The
studies mentioned above dealt with interfacial area qualitatively by controlling
volume of NAPL, mixing intensity or concentration of solid substrate. There are
very few studies that conducted an accurate surface measurement during liquid-
liquid biodegradation. One exception examined the effect of dispersing the oil
phase on the biodegradation by Acinetobacter sp. of n-heneicosane(C,1Hay)
dissolved in non-biodegradable NAPL (pristane) was assessed in a stirred tank
bioreactor (Hori, et al. 2002a). The primary goal of the paper was to investigate
the role of impeller speed on the specific area of the oil phase and the

biodegradation of NAPL dissolved n-heneicosane. The reactor was operated with
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impeller speeds of 300, 600 and 900 rpm, and the growth and biodegradation were
measured at various time intervals. The authors measured the droplet size
distribution using an innovative sampling device they had developed earlier (Hori,
et al. 2002b). This enabled them to calculate specific surface area of oil phase in
each case. Parallel biodegradation experiments demonstrated that in spite of an
increase in the specific surface area, both the growth rate of bacteria and the rate
of n-heneicosane degradation decreased with the increase in impeller speed. The
number of free cells and the number of attached bacteria was measured and
control experiments ruled out the possibility of direct cell damage by shear stress.
Analysis of the number of attached cells in different experiments also revealed
that the ratio of adhered cells to total cells was higher at 300 rpm than at 900 rpm.
Addition of surfactant at concentrations below the CMC inhibited the
biodegradation rate. These results show that at high shear caused by enhanced
impeller speed, adhesion is compromised and hence the biodegradation rate is
reduced. It indicates that any effort to increase the specific surface area should
also consider the possible role of cell adhesion and the uptake mode of bacterial

population.

Another method to assess biodegradation mechanisms is to analyze the
differences in cell surface properties of pure or mixed bacterial population.
Bouchez and co-workers studied the relative distribution of substrate uptake
modes among the long chain alkane degrading bacteria (Bouchez-Naitali, et al.
1999). They measured cell hydrophobicity (by MATH test), interfacial and
surface tensions and production of glycolipidic extracellular biosurfactants in
order to characterize the hydrocarbon uptake mode. These properties were
examined in cultures on an insoluble (hexadecane) and on a soluble (glycerol or
succinate) carbon source for a 23 representative bacterial strains. It was assumed
that substrate uptake from the aqueous solution was not possible because of the
extremely low solubility of long chain alkanes. The direct contact and the
biosurfactant-facilitated uptake modes were the only possible mechanisms to
supply substrate to bacteria. Combination of the two mechanisms was also

considered to be a likely case. The important point to consider about this paper is
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the fact that all the uptake characterizations were based on measuring interfacial
properties and were not coupled with the biodegradation measurements, i.e. the
uptake was considered to be through direct interfacial mode only because of
bacterial hydrophobicity and lack of surfactant production while no microscopic
observation or biodegradation tests were conducted to support the inferred uptake
mode. A somewhat similar study conducted recently in which biodegradation tests
were conducted along with measurements of cell surface hydrophobicity (CSH)
(Obuekwe, et al. 2009). Results showed a strong correlation between CSH and the
ability to significantly degrade hydrocarbons. Out of 46 hydrocarbon degrading
bacteria, 74% of isolates that degraded more than 40% of crude oil possessed high
level of CSH. In fact the growth kinetics, as we mentioned before, can be based
on much more complicated mechanisms and may not be predicable by measuring
some macroscopic cell surface properties. The fact that a bacterial strain is
characterized hydrophobic by some macroscopic measurements shuch as MATH
test, does not always implies a particular uptake mode. For instance, in a recently
published paper, the isolation of a hydrophilic alkane-degrading Acinetobacter
haemolyticus strain was reported where the isolated cells were characterized as
hydrophilic since a majority of cells were planktonic (Bihari, et al. 2007) and not

associated with the alkane phase.

Existence of physiologically different sub-populations within a single culture was
also pointed out during studies of axenic cultures (Ortega-Calvo and Alexander
1994). An interesting approach to both separate these different sub-populations
and get a better insight in the effect of adhesion in their growth on hydrocarbons
was offered using MATH test (Rosenberg and Rosenberg 1981). In this study
authors performed sequential MATH tests to isolate a mutant of Acinetobacter
calcoaceticus RAG-1 that was deficient in its ability to attach to hydrocarbons. In
its natural state, RAG-1 adheres avidly to a wide range of hydrocarbons
(Rosenberg, et al. 1980). The authors observed that sequential multi-step
partitioning of bacterial cells in an octadecane-water system and successive
enrichment of the cells remaining in the aqueous phase led to a hydrophilic strain,

MR-481, which showed no significant adhesion to hydrocarbons. Later
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experiments showed that mutant MR-481 was very similar to the wild type in
terms of production of extracellular emulsifying agent during growth on ethanol,
colony and cell morphology, and sensitivity to two specific bacteriophages. The
two strains also showed very similar growth kinetics when grown on water
soluble carbon sources. Nonetheless when hexadecane was used as sole carbon
and energy source, the non-adhering mutant did not exhibit growth for 54 hours
while RAG-1 grew with no significant lag. When an emulsifying agent was added
to the medium, strain MR-481 started to grow on hexadecane after about six
hours. Based on these observations authors concluded that adhesion was a
prerequisite for growth on liquid hydrocarbons when there was limited

emulsification.

A similar method was used by (Obuekwe, et al. 2007; Obuekwe, et al. 2007;
Obuekwe, et al. 2008) to fractionate three different bacterial strains (Paenibacillus
sp. RO032A and Burkholderia cepacia and Pseudomonas aeruginosa). Unlike the
previous work (Rosenberg and Rosenberg 1981), four different variants were
separated from each bacterial strain by performing sequential MATH tests. These
variants were then used in degradation of crude oil, hexadecane and phenanthrene.
The degradation experiments revealed that the ability of the variants to grow on
all three hydrocarbons correlated their hydrophobicity. The more hydrophobic the
variant and the better the adhesion, the higher the degradation rate. The study
went further by looking at the structural differences in cell surface between
variants of one bacterial strain, the Pseudomonas aeruginosa (Obuekwe, et al.
2007). Observation of cell surface by both scanning and transmission electron
microscopy revealed that the most hydrophobic variant was densely covered by
fimbriae whereas the hydrophilic variant was enclosed with an amorphous
exopolymeric polysaccharide. The parent strain was covered by mixture of
surface structures. The authors showed that when different cell fractions are
regrown in nutrient broth (immediately after fractionation), they maintained their
relative differences. Based on this fact, it was argued that these differences are

sufficiently stable and support the existence of genetically diverse clones of the
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organisms within parental strains. This study illustrates the significance of the

extracellular structures on bacteria for their attachment to oil-water interfaces.

Bacterial strategies to promote bioavailability were also thoroughly investigated
for uptake of PAH from crystals (Johnsen and Karlson 2004; Tongpim and
Pickard 1996; Wick, et al. 2002; Wick, et al. 2001). Since the focus of our study is
on adhesion to oil-water interface we do not review these papers in detail, but
these studies showed that formation of biofilm on PAH crystals was a major
mechanism to overcome low substrate bioavailability. As in the study by (Hori, et
al. 2002a) of adhesion of bacteria to droplets in an agitated reactor, these studies

found that biofilm formation depends on experimental conditions such as mixing.

The preceding discussion shows that microbial adhesion to the oil-water interface
can play an important role in biodegradation of less soluble hydrocarbons. The
importance of adhesion varies from case to case depending on the microorganism,
substrate and experimental conditions. While each experiment approach reveals
different features of the interactions between adhesion and biodegradation, more
definitive results have been obtained by studies that are focused on microscopic

mechanisms rather than macroscopic analyses of microbial growth.

2.6 Modifying microbial adhesion

The efforts to modify the cell-surface properties have been made for different
reasons. In many medical applications it is desired to change these properties to
prevent the adhesion to biomaterials and body implants (Jansen, et al. 1987;
Katsikogianni and Missirlis 2004). There are few applications in which promoting
microbial adhesion could offer some benefits. Increasing the adhesion of bacteria
to oil has resulted in the development of two-phase water and oil mouthwashes
that remove bacteria from the mouth (Goldberg and Rosenberg 1991). Recently
bacterial cells have been seriously considered as flotation and flocculation agents
in mineral processing. The fact that microorganisms can modify the surfaces of
minerals made them a potential candidate for applications such as flotation

collectors, flotation depressants and activators. These applications are based on
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the selective adhesion of bacterial cells to the mineral particles. Separation of fine
hydrophobic materials from hydrophilic mineral particles in coal production
(Raichur, et al. 1996) and removing pyrite from mixtures of sulfide minerals
(Nagaoka, et al. 1999) are just some of the many examples of these applications
(Smith and Miettinen 2006). Modification of surface hydrophobicity of
microorganisms can make them more suitable and specific for this separation
processes and can offer significant improvement in dealing with these issues.
Stimulation of microbial adhesion to the oil-water interface has also potential
implications for bioremediation of less soluble hydrocarbons. In spite of extensive
research on the possible relation between microbial adhesion and biodegradation
of hydrocarbons, controlled enhancement of cell adhesion to promote oil

biodegradation or bio-processing has received little attention.

While many compounds have been reported to inhibit microbial adhesion to
hydrophobic surfaces (Babu, et al. 1986; Chen and Zhu 2004; Stelmack, et al.
1999), only a few have been found to promote this phenomenon. Some examples
of the latter group are simple ionic compounds such as ammonium sulphate
(Rosenberg 1984), cationic surfactants like cetylpyridinium chloride (CPC)
(Goldberg, et al. 1990b), cationic polymers like poly-L-lysine or chitosan
(Goldberg, et al. 1990a), and long chain alcohols like 1-dodecanol (Marchesi, et
al. 1994a; Marchesi, et al. 1994b; Neumann, et al. 2006). Goldberg and coworkers
(Goldberg, et al. 1990a; Goldberg, et al. 1990b) studied the effects of several
cationic compounds on adhesion of disparate species of bacteria using the MATH
test to characterize hydrophobicity of microbial surfaces. Research on the effect of
long chain alcohols originated from a study conducted to investigate the adhesion
of a microbial population to sediments in response to biodegradation of sodium
dodecyl sulphate, SDS (Marchesi, et al. 1994a). During this study, Marchesi and
coworkers noticed that the presence of 1-dodecanol, a primary intermediate of
SDS biodegradation, increased the proportion of microorganisms adhered to
hydrophobic sediments. The same group later used hydrophobic interaction
chromatography and the MATH test to characterize hydrophobicity of the cell

surface (Marchesi, et al. 1994b). They showed that a correlation exists between
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adhesion and concentration of 1-dodecanol, but the effect of alcohols on bacterial

cell surfaces was not systematically investigated in these studies.

Microbial adhesion can offer an interesting opportunity on selection and genetic
modification of microorganisms for environmental applications. Advances in
genetic engineering have encouraged researchers to design superior
microorganisms for bioremediation purposes (Chen and Wilson 1997; Haro and
de Lorenzo 2001; Pieper and Reineke 2000). With the current progresses in the
identification of the functional genes and biological mechanisms that influence
microbial adhesion (Robleto, et al. 2003; Tobe and Sasakawa 2002;
Vacheethasanee, et al. 1998) this information can be combined with other genetic
modifications to design engineered microorganisms for bioremediation of less
soluble compounds. The large scale application of these genetically engineered
microorganisms (GEMs) is still very restricted by civic regulations and hence it is
better to concentrate at present on enrichment of naturally existing strains and/or

chemical modification of cell surface.

Adhesion to hydrocarbons has to be taken into consideration when selecting
appropriate strain for biodegradation of oil pollutions, as it has been shown the
non-adherent variants of bacteria may not grow well on less soluble hydrocarbons
(Obuekwe, et al. 2007; Obuekwe, et al. 2007; Rosenberg and Rosenberg 1981).

This is especially important for in situ applications where mixing is very limited.

There are still many unexplored areas in the field of modifying microbial cells to
enhance adhesion. These studies could provide a new approach towards a better
understanding of how adhesion can affect different activities of microorganism,
and also can open a new window to employ microbes in fields they have not been

primarily thought to be useful.
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2.7 Overall discussion on the importance of adhesion in

biodegradation

Microbial adhesion is a multi-factorial phenomenon since it involves and depends
on various biological, physical and chemical features. This chapter was aimed at
analyzing the numerous studies devoted to the assessment of the microbial
adhesion and its influence on the microbial activities on hydrocarbons. Different
kinds of influences have been reported throughout various studies that make it
impossible to draw a simple conclusion. In an early review book published in
1984 (Marshal 1984), the authors came to a conclusion that although attachment
to a surface is an important factor in microbial activity the mechanism and extent
of this factor is not completely known based on the knowledge at the time. In the
context of hydrocarbon biodegradation and microbial adhesion, this statement still
holds today. Although we now have much more information about adhesion to
oil-water interface and to the solid hydrocarbons, as is usually the case in science,
new questions are arising while we try to answer the old ones. For the sake of our
discussion, some of the facts about the role of adhesion in biodegradation can be

outlined as follows:

a. Adhesion to hydrocarbons is not limited to hydrocarbon degrading

microorganisms.

b. In most cases, adhesion to hydrocarbons is not a prerequisite for
hydrocarbon degradation. Different hydrocarbon utilising bacteria have
been found that have very poor adhesion to their substrates and are able to

use poorly water soluble compounds.

c. Detaching the microorganism cells from the oil-water interface can reduce

the rate of growth and degradation.

d. Microbial adhesion can benefit growth on and degradation of
hydrocarbons, especially in case of very poorly water soluble
hydrocarbons such as n-alkanes and larger PAHs. The effect of adhesion

has been shown to be more profound in environments with limited
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emulsification. In the absence of significant emulsification agents,
adhesion is expected to be a necessary condition for growth on extremely

low solubility hydrocarbons.

Natural populations of hydrocarbon degrading bacteria are found to be
heterogeneous regarding their cell surface hydrophobicity and adhesion
characteristics. As a result, in a condition of low solubility and low
emulsification, the cells with higher adhesion ability can become
dominant. As a result the role of more adherent bacteria can increase in
bioremediation of less soluble hydrocarbons, perhaps beyond what is
already predicted from laboratory experiments based on overall bacterial

population.

Although some correlations have been found for the growth and
biodegradation kinetics of adherent bacteria, reliable conclusions can not
be derived by the presence or lack of these kinetic evidences unless they
are coupled with either direct observation of bacteria at the interface or

accurate measurement of bacterial adhesion to oil-water interface.

The actual importance of adhesion in biodegradation processes may have been

downplayed in many studies. Most studies have been focused on the role of

surface active compounds to increase mass transfer, without considering their

counter effect on spreading the contaminant in the environment and possibility of

detaching cells from the interface. Laboratory experiments are usually conducted

at small scale with adequate mixing, however, in large scale bioremediation

applications this is rarely the case. At a contaminated site, the contaminant is

usually spread over large area and the economic considerations prevent using any

artificial mixing facilities. These conditions amplify the importance of adhesion

role in the process. In other words, in large scale projects for hydrocarbon

bioremediation, the microbial adhesion may offer a better approach to overcome

bioavailability limitations and play much more important role in increasing the

overall mass transfer of hydrocarbons to the microorganisms. This fact reveals the
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value of conducting more research in developing bioremediation strategies that

consider using the adhesion as an asset to benefit the process.

New and innovative techniques to measure and characterize microbial adhesion
continue to emerge. Differentiation of the various biological and physico-
chemical transformations that take place at the same time as the adhesion process
is still a significant challenge. The development of new techniques in future will
enhance our knowledge of adhesion mechanisms and their interaction with other
biological and physical processes. There is a great need to sharpen the focus on
details of the microbial adhesion and obtain more deterministic data about the role
it plays in different processes, and to enable the development of innovative

approaches to bioremediation and bioprocessing of hydrocarbons.
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3. Improvement of Microbial Adhesion to the Qil-Water

Interface’

3.1 Introduction

Studies on microbial adhesion to the oil-water interface date back to over 80
years, when Mudd and Mudd published their work in 1924 (Mudd and Mudd
1924a; Mudd and Mudd 1924b). There are many applications for microbial
attachment, but most studies to date on this field have focused on the medical and
biofilm areas. In spite of extensive research on microbial adhesion, controlled
enhancement of this phenomenon to promote oil biodegradation or bio-processing
has not received significant attention. The physico-chemical and biological factors
involved in adhesion are not yet clearly defined (Busscher, et al. 1995;
Hermansson 1999; Ishii, et al. 2006; Katsikogianni and Missirlis 2004; van der
Mei, et al. 1995). Factors affecting this process can be grouped into three
categories: characteristics of microbial cells (including charge, hydrophobicity
and composition of cell surface), properties of the oil surface, and environmental
factors like ionic strength, pH and presence of specific compounds such as
surfactants. In order to control the microbial adhesion, one needs to understand
contribution of these factors to the forces between bacterial cells and the oil-water

interface.

Modifying the cell surface without harming its biological function is a difficult
task. While many compounds have been reported to inhibit microbial adhesion to
hydrophobic surfaces (Babu, et al. 1986; Chen and Zhu 2004; Stelmack, et al.
1999) only a few have been found to promote this phenomenon. Some examples
of the latter group are simple ionic compounds such as ammonium sulphate
(Rosenberg 1984), cationic surfactants like cetylpyridinium chloride (CPC;
Goldberg, et al. 1990b), cationic polymers like poly-L-lysine or chitosan

! A version of this chapter has been published: Abbasnezhad H, Gray MR, Foght JM (2008),
Colloids and Surfaces B: Biointerfaces, 62:36-41.
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(Goldberg, et al. 1990a), and long chain alcohols like 1-dodecanol (Marchesi, et
al. 1994b; Owen, et al. 1997). However, none of these studies clearly
demonstrated the mechanism of adhesion. Goldberg and coworkers (1990a;
1990b) studied the effects of several cationic compounds on adhesion of disparate
species of bacteria using the microbial adhesion to hydrocarbons (MATH) method
to characterize hydrophobicity of microbial surfaces. Research on the effect of
long chain alcohols originated from a study conducted to investigate the adhesion
of a microbial population to sediments in response to biodegradation of sodium
dodecyl sulphate (SDS; Marchesi, et al. 1994a). During this study, Marchesi and
coworkers noticed that the presence of 1-dodecanol, a primary intermediate of
SDS biodegradation, increased the proportion of microorganisms adhered to
hydrophobic sediments. The same group later used hydrophobic interaction
chromatography and the MATH method to characterize hydrophobicity of the cell
surface (Marchesi, et al. 1994b). They showed that a correlation exists between
adhesion and concentration of 1-dodecanol, but the effect of alcohols on cell

surfaces was not systematically investigated in these studies.

Previous studies altering cell surface hydrophobicity have focused on different
behaviours of disparate species, mainly using adhesion-based techniques to
characterize cell surface hydrophobicity. Our approach in this study was to use
different compounds to promote adhesion of the hydrophilic bacterium
Pseudomonas fluorescens LP6a to the oil-water interface. To define the effect of
these compounds on the bacterial surface, we have used both MATH and contact
angle methods, along with electrophoretic mobility measurements to understand
the mechanism of the enhancement of adhesion to an oil-water interface in this

model system.

3.2 Materials and Methods

3.2.1 Microorganisms, growth conditions
Pseudomonas fluorescens LP6a was used as the test microorganism for this study.
It is known to have a hydrophilic surface (Dorobantu, et al. 2004). This Gram-

negative bacterium uses a variety of polyaromatic hydrocarbons (PAHs) and was
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originally isolated from a petroleum condensate-contaminated soil (Foght and
Westlake, 1996). Acinetobacter venetianus RAG-1 (Reisfeld, et al. 1972), a
Gram-negative bacterium, was also used for comparison. RAG-1 is reported to
have a hydrophobic surface in its early stationary growth phase (Dorobantu, et al.

2004).

The cultures were grown at 28°C in tryptic soy broth (TSB; Sigma-Aldrich,
Chemical Co.) on a rotary shaker at 200 rpm; then cells were harvested at the
beginning of their stationary phase by centrifugation at 12,000 x g. Cells were
washed twice and resuspended in potassium phosphate buffer at pH 7 at the
specified molarity. Bushnell Haas (BH) Medium (g/l: magnesium sulfate 0.2;
ammonium nitrate 1.0; ferric chloride 0.05, potassium hydrogen mono phosphate
1.0, potassium dihydrogen phosphate 1.0, calcium chloride 0.02; pH adjusted to
7-7.2) was used for degradation experiments with specified additives as sole

carbon source.

3.2.2 Chemicals

n-Hexadecane (> 99%), chlorhexidine gluconate (CHX; 20 % aqueous solution),
and poly-L-lysine (0.1% w/v in water) were purchased from Sigma-Aldrich
Chemical Co. CPC (96.01-101.0%), 1-dodecanol (98.0 %), 2-dodecanol (99.0%)
and farnesol (mixture of isomers of C;,H,30, 96%) were purchased from Acros
Organics (NJ, USA). N,N-Dimethylformamide (DMF) was purchased from
Anachemia (Montréal, QC, Canada). N,O-bis(trimethylsilyl)-trifluoroacetamide
(BSTFA) was purchased from Pierce Chemical Company (Rockford, IL,
USA).All other reagents were laboratory grade, purchased from Fisher Scientific
Co.

3.2.3 Degradation and toxicity measurements

In order to test the degradability and toxicity of cationic compounds, solutions of
each compound in water were prepared individually and sterilized using 0.22
micrometer pore sized filters (Millipore Corp, Billerica, MA) before addition to

the cultures. Solutions of long chain alcohols, 1-dodecanol, 2-dodecanol and
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fsarnesol, in DMF were prepared for concentrations lower than 820 mg/L. For
higher concentrations (1g/L to 10 g/L) the alcohols were added directly to the
culture in a volume corresponding to the required concentration (all alcohol
concentrations were calculated based on the total volume of the culture media
which included both organic and aqueous phases). The experiments were

conducted in a series of 250 ml Erlenmeyer flasks.

For degradation tests (where additives served as the sole carbon and energy
sources), BH Medium was used. To investigate the toxicity of additives, TSB
medium was used with the additives serving as supplemental carbon and energy
sources or toxicants. Cultures were acidified at the end of each experiment and
were extracted thrice with dichloro methane. All extracts were analyzed using an
Agilent Technologies 5890 gas chromatograph. An HP-1 capillary column (25 m
x 0.322 mm x 0.17 um) was used to determine concentration alcohols in the
extract (organic phase). When alcohols were present, the samples were derivatized
with BSTFA in order to get sharp peaks for alcohols. Tetradecanol served as

extraction and internal standards for all alcohols.

3.2.4 Adhesion Experiments

Washed bacterial suspensions were adjusted with phosphate buffer to an optical
density at 600nm (ODg) of 0.6 for use in the MATH test, slightly modified from
the original method (Rosenberg, et al. 1980). When required, cationic compounds
were dissolved in milli-Q water at different concentrations and a constant volume
of 0.4 mL was added to 1.2 mL cell suspension. Undiluted 1-dodecanol, 2-
dodecanol or farnesol in a volume corresponding to the required concentration
were added directly to cell suspensions and mixed for 1 min (i.e. 20 uL 1-
dodecanol was added to 90 mL cell suspension to obtain the final concentration of
182.2 mg/L; 1.2 mL of this suspension was used for MATH test). When killed
cells were required in adhesion test, HgCl, was added to the cell suspension at
concentrations of either 0.1mM or 0.2mM and incubated for 1 h before

performing the MATH test.
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In the MATH test, 1.0 mL of n-hexadecane was added to each 13 mm x 150 mm
test tube containing 1.2 mL cell suspension and the mixtures were incubated at
30°C for 10 min then mixed by vortex at maximum speed for 2 min. After 15 min
settling time, 0.2 mL of aqueous phase was transferred to one well of a 96-well
microplate and ODgop was measured spectrophotometrically. Adhesion percent
was expressed as the difference in the turbidity of aqueous phase before and after

mixing with n-hexadecane (i.e.22.—9D, _,,,; subscripts 0 and t indicate
(@)

b
conditions before and after mixing, respectively). Three pseudoreplicates (i.e.,
three aliquots of a single washed cell preparation) were used for each MATH test.
The order in which compounds were added was an important factor in the
adhesion test. In all experiments alcohols were added to and mixed with the cell

suspension prior to addition of n-hexadecane.

3.2.5 Contact Angle Measurement

Contact angle was measured for LP6a cells treated with 1-dodecanol or CPC and
for untreated cells. In the case of 1-dodecanol or CPC, the cell suspension was
mixed with a given concentration of these compounds for 10 min before the
measurement. Washed cell suspension (30 mL) was filtered through a 0.22 um
pore size polyvinylidene difluoride membrane filter (Millipore, Fisher Scientific
Ltd., Nepean, Ontario) leaving a smooth bacterial lawn deposited on the filter
paper. The cell deposit was dried at room temperature for about an hour, a time
determined in previous trials to be sufficient to obtain a constant value for contact
angle measurement. The filter was then mounted on a Teflon support and
immersed in a hexadecane bath. Immediately after placing a 20-puL sessile drop of
milli-Q water on the bacterial lawn, the contact angle at both left and right sides
was measured using a Kriiss drop shape analysis system (DSA 10-MK2; Kriiss
USA, Charlotte, N.C.).

The contact angle was measured through the water phase at 1-sec intervals for 1
min. The average value was recorded as the surface contact angle. Measurements

were made on at least two separate locations for each sample, and on at least three
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independently deposited layers for each experimental series (Dorobantu, et al.
2004; Neufeld, et al. 1980). Parallel control measurements were conducted on

filter papers without bacterial cells present.

3.2.6 Zeta Potential Measurement

To investigate the effect of buffer molarity and different pre-treatments on surface
charges of cells, P. fluorescens LP6a cells were suspended at ~10” colony-
forming units (cfu)/mL in 10 mM potassium phosphate buffer (pH 7). The lower
molarity was used to prevent interference between the electrical field and
presence of ions (Li and McLandsborough 1999). This helped us to obtain more
reliable data. The CPC solution or 1-dodecanol was added to the cell suspension.
Zeta potentials then were measured immediately at room temperature by laser
Doppler velocimetry using a Zetaphoremeter 4.20 (CAD Instrumentation, Les
Essarts-le-Roi, France) equipped with a rectangular glass electrophoresis cell, a

CCD camera and a viewing system (Li and McLandsborough 1999).

3.3 Results

The effect of ionic strength on bacterial adhesion to n-hexadecane was
investigated by washing and re-suspending LP6a and RAG-1 in buffers of
different molarities. In the case of P. fluorescens LP6a, adhesion increased from 8
% in 10 mM potassium phosphate buffer to about 30% in 250 mM buffer (Table
3.1). For A. venetianus RAG-1 the change in buffer molarity and, consequently, in
ionic strength did not result in a large change: adhesion to n-hexadecane was
greater than 90% in both buffers. To clarify the effect of ionic strength on
adhesion, NaCl or MgSO,4 were used to raise the ionic strength of 10 mM buffer
to the same value as for the 250 mM buffer. Results in Table 3.1 illustrate the
increased adhesion of P. fluorescens LP6a with increased ionic strength. Whereas
addition of MgSOj resulted in a slightly higher adhesion than NaCl (40.5% =+ 7.95
compared to 32.1% + 6.12 for NaCl), results were not significantly different from
the value for 250 mM buffer medium (33.2% =+ 2.92). Further investigation of
LP6a cells under the microscope showed that bacteria formed aggregates in higher

buffer molarities, therefore, the higher ionic strength promoted adhesion of cells
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not only to the oil but also to each other (Figure 3.1). For the remainder of the

experiments in this study, 250 mM potassium phosphate buffer was used as the

washing and resuspending medium.

Table 3.1: Effect of ionic strength of the suspending aqueous medium on
adhesion of P. fluorescens LP6a or A. venetianus RAG-1 cells to n-hexadecane.

Media used for washing Ionic P. fluorescens LP6a | A. venetianus RAG1
and re-suspending cells Strength (M) Adhesion (%)* Adhesion (%)*
250 mM potassium

phosphate buffer (pH = 7) 0.575 33.2+2.92 98.98 +1.44

10 mM potassium

phosphate buffer (pH = 7) 0.019 8.3+3.74 90.15+2.202

10 mM buffer amended

with NaCl 0.575 321612 | e ¥

10 mM buffer amended

with MgSOy, 0.575 405+795 | e b

a, measured by the MATH test (see Methods for details); mean + standard deviation (n=3).

b, not tested
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Figure 3.1: Micrograph of Pseudomonas fluorescens LP6a in two different
phosphate buffers (a) 10 mM phosphate buffer and (b) 250 mM phosphate buffer
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The addition of several types of cationic compounds enhanced the adhesion of
LP6a to n-hexadecane. The effect of CPC, poly-L-lysine and CHX on the
adhesion of a dilute suspension of P. fluorescens LP6a in 250 mM phosphate
buffer is shown in Figure 3.2. In all cases, the presence of these cationic
surfactants increased cell adhesion to n-hexadecane over a wide range of
concentrations. Poly-L-lysine was less effective than the other two compounds.
All these compounds completely inhibited the growth of P. fluorescens LP6a in

TSB over the same range of concentrations (See appendix A for detail).
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Figure 3.2: Effect of cell pre-treatment with different concentrations of CPC,

CHX or poly-L-lysine on adhesion of P. fluorescens LP6a cells to n-hexadecane
in the MATH test. Data points represent the mean of three pseudoreplicates and

error bars show the standard deviation.

The effect of 1-dodecanol, 2-dodecanol and farnesol on adhesion is shown in

Figure 3.3. Both 1-dodecanol and 2-dodecanol dramatically increased adhesion in
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250 mM buffer over a wide range of concentrations. Farnesol also increased
adhesion for all tested concentrations above 180 mg/L. At lower concentrations
(50 mg/L) farnesol was not very effective and only increased the adhesion by 10%
compared to the control (Figure 3.3). In growth experiments none of these
compounds inhibited growth of P. fluorescens LP6a in TSB medium over a range
of concentrations from 100 mg/L to 10 g/L. However, after 14 days incubation, 1-
dodecanol and 2-dodecanol were completely degraded by LP6a both in the
presence of TSB and as sole carbon source when provided at 0.1% v/v in BH
medium. At the same concentration and time scale farnesol was only 40%
degraded in the presence of TSB and was not degraded as sole carbon source in
BH medium (See appendix A). Figure 3.2 and Figure 3.3 depict similar
performance for alcohols and cationic compounds in terms of adhesion based on

the MATH test.
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Figure 3.3: Effect of cell pre-treatment with different concentrations of 1-
dodecanol, 2-dodecanol or farnesol on adhesion of P. fluorescens LP6a cells to n-
hexadecane in the MATH test. Data points represent the mean of three
pseudoreplicates and error bars show the standard deviation.
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Images of contact angle measurement for P. fluorescens LP6a, without pre-
treatment or after treating with CPC or 1-dodecanol are shown in Figure 3.4.
There was a large difference in the CPC and 1-dodecanol effects: cells treated
with 1-dodecanol showed a dramatic increase in contact angle (0) from its original
value of 24.5° to 104.4°. In contrast, treatment with CPC slightly increased 0 to
42.1°. Control measurements did not show any significant changes of contact

angle on the filter treated with the same solutions but lacking cells.

Figure 3.4: Effect on three phase contact angle of pre-treating P. fluorescens
LP6a with CPC or 1-dodecanol. Contact angle was measured by placing a drop of
water onto a lawn of cells submerged in n-hexadecane. A, Untreated (control) cell

lawn, 6 = 24.5°; B, Cells pre-treated with 200 mg/L CPC (8 =42.1°); C., Cells
pre-treated with 200 mg/L 1-dodecanol (6 = 104.4°).

The effects of different treatments on electrophoretic mobility of P. fluorescens
LP6a are shown in Figure 3.5. Values for zeta potentials were calculated using the
Smoluckowski equation (Hunter 1981). LP6a suspended in 0.01M phosphate
buffer was negatively charged with a mean zeta potential of -23.58 + 2.38 mV.
This value was increased to -7.54 + 2.12 mV by treating cells with CPC in the
same buffer. 1-Dodecanol-treated cells had almost the same mean zeta potential
(-23.92 £ 3.92) as non-treated cells in buffer. The mobility graphs in Figure 3.5
show that treating cells with CPC significantly altered the bacterial zeta potential,

while 1-dodecanol had almost no effect.
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Figure 3.5: Electrophoretic mobility of P. fluorescens LP6a cells suspended in
0.01M potassium phosphate buffer, untreated (control, mean zeta potential of -
23.58 £2.38 mV) or pre-treated with 200 mg/L of 1-dodecanol (mean zeta
potential of -23.92 &+ 3.92 mV) or 200 mg/L of CPC (mean zeta potential of -7.54
+2.12 mV).

Series of experiments were conducted to examine the effect of 1-dodecanol on
killed LP6a cells. In order to kill the cells, cultures of LP6a grown on TSB were
incubated with lethal concentrations of HgCl, (0.2 mM) for one hour just before
harvesting cells for the MATH test. HgCl, is known to lead to cell death without
having an effect on the physical and chemical properties of cell surfaces
(Neumann, et al. 2006). HgCl, concentration of 0.2 mM led to complete loss of
viability of the cells (as confirmed by streaking loopfuls of culture onto Plate
Count Agar (PCA) and incubating for 48 hours at 30°C). 1-Dodecanol was added
to the cells after they were harvested and washed by centrifugation as described
before. Results for these experiments are reported in table 3.2. After treating the
living cells with 410 mg/L of 1-decanol, the adhesion of cells to n-hexadecane

increased drastically, from 29% to 87%. Similarly, dead cells showed the same
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behavior after treatment with 1-dodecanol which increased adhesion to 86%.
Treating cells with 820 mg/L of 1-dodecanol resulted in a similar increase in
adhesion for both living and dead cells. In the absence of 1-dodecanol, treating
cells with HgCl, did not have a significant influence on adhesion of LP6a to n-
hexadecane. The results clearly show that the effect of 1-dodecanol on the
adhesion of P. fluorescens LP6a to n-hexadecane does not depend on metabolic
activity of cells and 1-dodecanol is equally effective in increasing the adhesion of

both living and dead cells.

Table 3.2: Effect of pre-incubation with HgCl, on the adhesion of P. fluorescens
LPé6a cells to n-hexadecane in presence and absence of 1-dodecanol. Data points
represent the mean of three pseudoreplicates + standard deviation (n=3).

Concentration of Concentration of P. fluorescens LP6a
HgCl, (mM) I-dodecanol (mg/L) Adhesion (%)”
0 0 29.4+34
0.2 0 37.0+2.9
0.2 820 89.9+23
0.2 410 86.2+3.6
0 820 91.1+2.5
0 410 87.4+3.2

a, measured by the MATH test (see Methods for details)

73




3.4 Discussion

This study demonstrates that the adhesion of Gram-negative P. fluorescens LP6a
to an oil-water interface is influenced by the ionic strength of the suspension
medium. Therefore, electrostatic forces play an important role in adhesion of this
strain to the oil-water interface. Investigation of LP6a cells under the microscope
confirmed that the bacteria form aggregates in higher buffer molarities (Figure
3.1). On the other hand, the hydrophobic strain 4. venetianus RAG-1 adhered to
the hydrophobic surfaces irrespective of the electrostatic interactions (Table 3.1).
These observations are clearly in agreement with other reports (Skvarla 1993)
indicating that when a bacterium adheres to a hydrophobic surface to a greater
extent (in this case RAG-1) this adhesion is not affected by electrical interactions.
Clearly, the importance of electrostatic forces on bacterial adhesion depends on
the relative magnitude of all forces involved in the adhesion process. Adjusting
the ionic strength of the suspending medium by adding either a monovalent or
divalent salt illustrates that in this case adhesion was not specifically related to a

certain cation but rather dependent on the ionic strength of the medium.

Pre-treating the P. fluorescens LP6a cells with either cationic compounds or long
chain alcohols led to a dramatic enhancement in adhesion (Figures 3.2 and 3.3).
For cationic compounds, similar results have been reported before (Goldberg, et
al. 1990a; Goldberg, et al. 1990b; Neu 1996). In those studies the authors
concluded, with little evidence, that CPC acts by binding directly to the cell
surface via its positively charged end group, so that the hydrophobic tail could
introduce a hydrophobic moiety to the cell surface. This conclusion contradicts
other studies on interaction of CPC with cell membranes, which report that the
alkyl chain in CPC penetrates into the membrane leaving a positively charged
group located at cell surface (Thorsteinsson, et al. 2003). A schematic description

of these two mechanisms is shown in Figure 3.6.

Our results on contact angle measurement (Figure 3.4) did not show a significant
change in cell surface hydrophobicity due to treatment with CPC. Instead, it

caused a significant shift in the mean zeta potential of the bacterium (Figure 3.5).
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The fact that the cell surface was not hydrophobic after treatment with CPC
cannot be explained by the first mechanism mentioned above. The charge
neutralization caused by CPC was the most likely reason for enhanced adhesion to
the oil interface. These experiments also indicated that results of MATH tests
should not be interpreted as measures of hydrophobicity because adhesion can be

determined by other colloidal forces.

In the case of the long chain alcohols tested, the adhesion effects were very
different. As expected, 1-dodecanol did not change zeta potential, but it had a
significant effect on the three phase contact angle of the cells. This result showed
that 1-dodecanol changed the surface hydrophobicity of P. fluorescens LP6a,
without imposing a change on the charge density at the cell surface. The solubility
of 1-dodecanol in water is only around 3 mg/L (Krause and Lange, 1965), in all
experiments there will be 1-dodecanol in non-aqueous phase. Since 1-dodecanol
is soluble in n-hexadecane in all concentrations tested (Chanami, et al., 2002), it is
expected that the non-soluble portion of 1-dodecanol to partition into the lipid part
of bacterial cell membrane and the organic phase (n-hexadecane in adhesion tests

and HMN in biodegradation experiments).

Results in Table 3.2 clearly indicate that the observed increase in the adhesion of
LP6a cells to n-hexadecane after treatment with 1-dodecanol is not dependent on
the cells biological activity and is just a physicochemical effect which is observed
for both dead and living cells. This contradicts the results obtained in another
study (Neumann, et al. 2006) in which the positive effect of 1-decanol on
Pseudomonas putida DOT-TI1E cell surface hydrophobicity was observed only for
living cells. In addition to using a different bacterial strain and a different alcohol,
the mentioned study also used a much higher concentration of decanol (82.9 g/L)

compared to our study with 1-dodecanol (< 820 mg/L).

Stimulation of microbial adhesion to the oil-water interface has potential
implications for bioremediation. Because of their expected high toxicity to

microorganisms (and observed toxicity to LP6a in this study), cationic surfactants
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are probably not good candidates for this application, even though they have
found some other uses, i.e., some antimicrobial formulations (Goldberg and
Rosenberg 1991). On the other hand, long chain alcohols are not toxic, as
confirmed with P. fluorescens LP6a. The solubility and biodegradability of such
alcohols can also be controlled by changing the attached alkyl groups.
Furthermore, as was shown in this study for 1-dodecanol and 2-dodecanol, they
are effective at very low concentrations in significantly changing the surface

hydrophobicity of hydrophilic Gram-negative cells.
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Figure 3.6: Representation of two different mechanisms of cationic surfactant
effects on Gram negative outer membrane (Negative charges shown on the cell
surface are not meant to display the actual location of the charged groups but
rather they are representing the overall negative charge on the cell surface in a
neutral solution).
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Assessment of the mechanism of adhesion for microorganisms of interest, as well
as direct use of adhesion enhancers for bioremediation studies, could lead to a
better understanding of how adhesion can affect biodegradation of low-solubility
hydrocarbons. Studies on this aspect of project are discussed in Chapter 4 of this
thesis. To minimize other influences by long chain alcohols (such as possible
reduction in surface tension or serving as an extra carbon and energy source for
microorganism), it was decided to use as small concentration of alcohol as
possible. Since, in lower concentrations, farnesol is not as effective as the other
two alcohols, it is not used for biodegradation and mineralization tests and only 1-
dodecanol and 2-dodecanol are considered for further biodegradation

experiments.
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4. Influence of Enhanced Adhesion on Biodegradation

and Mineralization of Phenanthrene

4.1 Introduction

The presence of polycyclic aromatic hydrocarbons (PAH) in the environment is a
concern due to their toxic nature, potential carcinogenic effects and potential
endocrine-disrupting properties (Gillesby, et al. 1997; Safe 1998). The US
Environmental Protection Agency (EPA) has classified several PAHs, including
phenanthrene, as priority pollutants (EPA 2002). Some of the PAHs act as
procarcinogens once absorbed and metabolically activated by organisms (Douben,
Peter E. T. 2003; Skarpheoinsdottir, et al. 2007). PAHs with three or more rings
are even more important, because of their recalcitrance to biodegradation. The
persistence of PAHs in the environment is mostly due to their hydrophobic

character and low water solubility (Volkering, et al. 1992; Woo and Park 2004).

Because of their low water solubilities, PAHs are often found either in non-
aqueous phase liquids (NAPLs) or strongly sorbed to soil organic matter
(Breedveld and Karlsen 2000; Weissenfels, et al. 1992). Surfactants have long
been used to enhance bioavailability and biodegradation of PAHs by increasing
their apparent solubilities and promoting mobilization by increasing desorption
(Edwards, et al. 1991; Mulligan, et al. 2001; Volkering, et al. 1997). While the
use of surfactants is a prominent method to enhance the biodegradation of less
soluble compounds, reports on the impact of surfactants on bioremediation are not
all positive (Bramwell and Laha 2000; Chen, et al. 2000; Laha and Luthy 1991).
Bacterial adhesion to oil-water interfaces or to the surface of solid organic
compounds can be reduced or prevented in the presence of surfactants (Rodrigues,
et al. 2006; Stelmack, et al. 1999). When the mechanism of bacterial uptake of
low-solubility hydrophobic compounds is through direct cell attachment to the
surfaces of liquid or solid organic compounds, then the addition of surfactants
may inhibit degradation by dispersing the bacteria into the aqueous phase.

Adhesion of hydrocarbon degrading bacteria to the oil phase, on the other hand,
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can enhance biodegradation (Hori, et al. 2002; Ortega-Calvo and Alexander
1994). When Acinetobacter venetianaus RAG-1 was mutated to minimize its
adherence to oil-water interface, it lost the ability to grow on liquid hexadecane
(Rosenberg and Rosenberg 1981; Vaneechoutte, et al. 1999). Similarly, strains of
three bacteria that adhered to oil-water interfaces exhibited faster rates and higher
extent of biodegradation with increasing hydrophobicity as characterised by the
microbial adhesion to hydrocarbons (MATH) test, hydrocarbon interaction
chromatography and a salting out-aggregation test (Obuekwe, et al. 2007a;
Obuekwe, et al. 2007b; Obuekwe, et al. 2008).

Despite extensive research on microbial adhesion to oil, enhancement of cell
adhesion to promote oil biodegradation has received very little attention. A few
compounds have been reported to increase adhesion of bacterial cells to the oil-
water interface (Goldberg, et al. 1990; Marchesi, et al. 1994a; Marchesi, et al.
1994b). In the previous chapter we demonstrated that the addition of 1-
dodecanol, 2-dodecanol, and farnesol to a suspension of Pseudomonas fluorescens
LP6a cells increased their adhesion to an oil-water interface. In the present
chapter, we evaluate the effect of enhanced adhesion of Pseudomonas fluorescens
LPé6a to an oil-water interface by adding various concentrations of 1-dodecanol
and 2-dodecanol. Farnesol was not used because lower concentrations of this
compound did not influence LP6a adhesion to the oil-water interface (Figure 3.3).
The use of additives effective at lower concentrations is beneficial both from
application point of view and because of experimental considerations. Higher
concentrations of additives can introduce other factors into the biodegradation
experiments and complicate the results. With higher concentrations, the influence
of additive in reducing interfacial tension and increasing the biomass density may
dominate the adhesion effects. In our experiments biodegradation or
mineralization of phenanthrene dissolved in the non-aqueous phase was
monitored. Changes due to biomass density and reduction in interfacial tensions
were also examined in order to confirm the observed kinetics of transformation of

phenanthrene.
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4.2 Materials and Methods

4.2.1 Chemicals

2,2,4,4,6,8,8-Heptamethylnonane (HMN) with purity of 98% was purchased from
Aldrich Chemical Co. and was used as non-degradable water immiscible oil
phase. 1-Dodecanol (98.0 %) and 2-dodecanol (99%) were purchased from Acros
Organics (NJ, USA). Phenanthrene (98% pure) and o-terphenyl were purchased
from Aldrich Chemical Company (St. Louis, MO, USA). The inducers, salicylic
acid and 2-aminobenzoic acid were purchased from Analar (British Drug Houses
Ltd, Poole, England). Naphthalene was obtained from Sigma Chemical Company
(St. Louis, MO, USA). [9-14C]Phenanthrene was used to measure mineralization
of phenanthrene and quantify its metabolites in the radiolabeled transport assays
(96.5% radiochemical purity; 19.3 mCi mmol-1; Amersham, Arlington Heights,
IL, USA). N,N-Dimethylformamide (DMF) was purchased from Anachemica
(Montréal, QC, Canada). N,O-bis(trimethylsilyl)-trifluoroacetamide (BSTFA) was
purchased from Pierce Chemical Company (Rockford, IL, USA). All other
reagents (unless stated otherwise) were laboratory grade, purchased from Fisher
Scientific Co. Aqueous liquid scintillation fluor was obtained from Amersham
Ltd. Dichloromethane (DCM), high performance liquid chromatography (HPLC)

grade, were purchased from Fisher Scientific.

4.2.2 Microorganism and Growth Conditions

Pseudomonas fluorescens 1LP6a was used because of its positive response to
adhesion enhancement by long chain alcohols, as described in the previous
chapter, and its ability to utilize a variety of PAHs such as phenanthrene as a sole
source of carbon and energy (Foght and Westlake 1991). The cultures were grown
overnight at 28°C in tryptic soy broth (TSB) on a rotary shaker at 150 rpm. The
cells were harvested by centrifugation at 12000 x g and washed twice with 10 mM
phosphate buffer. Washed cells were then resuspended in Bushnell Haas (BH)
medium (g/l: magnesium sulfate 0.2; ammonium nitrate 1.0; ferric chloride 0.05,
potassium hydrogen mono phosphate 1.0, potassium dihydrogen phosphate 1.0,

calctum chloride 0.02; pH adjusted to 7-7.2). This suspension was used as
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inoculum for biodegradation and mineralization experiments. In all
biodegradation and mineralization experiments HMN was used as non-aqueous

phase in which phenanthrene was dissolved.

4.2.3 Alcohols Degradation and Toxicity Tests
Degradability and toxicity of 1-dodecanol and 2-dodecanol was assessed

according to section 3.2.3 of the previous chapter.

4.2.4 Phenanthrene Biodegradation Assay

To prepare culture flasks, 5 mL of P. fluorescens LP6a inoculum (prepared as
described in section 4.2.2) was added to 45 mL of cooled autoclaved BH medium
in a 250 mL Erlenmeyer flask. One millilitre of HMN containing an appropriate
amount of dissolved phenanthrene was then added to the culture flask to give the
required concentration of phenanthrene (phenanthrene concentration ranged from
80 to 891 mg/L, calculated based on the total volume of culture medium). The
ratio of two phase volumes (volume of organic phase (HMN) to volume of
aqueous phase (BH medium and inoculum)) was kept constant throughout the
experiments to eliminate any surface area effects due to change of NAPL volume.
1-Dodecanol and 2-dodecanol were dissolved in DMF when they were used at
concentrations lower than 180 mg/L (based on total volume of culture medium).
Two hundred and fifty microliter of this solution was added to the flasks. At
higher concentrations the alcohols were added directly to the medium in a volume
corresponding to the required concentration. Alcohols were added to and mixed
with the contents of flasks prior to addition of organic phase (HMN with
dissolved phenanthrene). Due to the high solubility of the alcohols in alkane
solvents, the resulting mixture consisted of two phases; an aqueous phase and a

non-aqueous phase containing most of the phenanthrene and alcohol.

At the end of each experiment, a sufficient volume of concentrated HCI was
added to the flask to achieve pH < I and kill the cells. Two hundred and fifty
microliter o-terphenyl was added to each flask in DMF solution to serve as an
extraction and internal GC standard for phenanthrene. Tetradecanol dissolved in

DMF was used as the extraction standard as well as internal GC standard for 1-

85



dodecanol and 2-dodecanol. The flasks were stored at 4°C until they were
extracted at room temperature. The extraction was performed thrice with 25 mL
HPLC grade dichloromethane. The pooled solvent extract was collected in an
Erlenmeyer flask and an aliquot of it was filtered through sodium sulphate to
remove the remaining water. To reduce the polarity of alcohols and produce sharp
GC peaks, all the samples containing 1-dodecanol were derivatized with BSTFA
before analysing using GC. Two hundred microlitter of BSTFA solution was
added to 1 ml of extract. The solution was mixed, capped tightly with Teflon
liners and heated at 70°C for 15 minutes. The vials were cooled down to room
temperature and analyzed by GC. All extracts were analyzed using an Agilent
Technologies 5890 GC. An HP-1 capillary column (25 m x 0.322 mm x 0.17 pm)

was used to determine the concentration of residual phenanthrene and alcohol.

4.2.5 Culture Induction

Phenanthrene degradation by P. fluorescens LP6a can be induced by compounds
such as salicylate, naphthalene and 2-aminobenzoate (Foght and Westlake 1996).
In order to decrease the lag phase and enhance the rate of phenanthrene
utilization, induced cultures were used for all the mineralization experiments.
Among three inducers tested, salicylate, naphthalene and 2-aminobenzoate, the
latter was used because unlike the other two, it is not metabolized by the bacteria
but it can induce activity of all necessary enzymes. Induction by other two
compounds is reported in Appendix B. Stock solution of 2-aminobenzoate (0.5 M)
in 95 % ethanol was prepared and 250 pL of this solution was added to the 50 mL
of cultures in BH medium to obtain a final 2-aminobenzoate concentration of 2.5
mM. Phenanthrene dissolved in HMN was then added to the culture as a growth

substrate.

4.2.6 Mineralization Experiments

The phenanthrene mineralization activity of bacterial cells was measured based on
C0, evolution from [9-"*C]phenanthrene (Ulrich, et al. 2009). Mineralization
experiments were carried out in 250-mL biometer flasks containing 25 mL of

culture medium. Two hundred and fifty microliter of '*C phenanthrene dissolved
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in HMN was added to the biometer flask at time zero, giving the desired
phenanthrene concentration and 100,000 disintegrations per minute (dpm).
Cumulative "*CO, production was monitored as previously described (Ulrich, et
al. 2009). Samples of aqueous phase (0.7 mL) were removed through the syringe
connected to the main flask opening. This sample was microfuged to pellets the
cells and 0.5 mL of the supernatant was transferred to 10 mL ACS fluor
(Amersham Biosciences, UK Ltd., Little Chalfont, England) for scintillation
counting using a Beckman LS3801 liquid scintillation counter with automatic
quench correction. Samples were dark adapted for 30 min before counting to
reduce chemiluminescence. The dpm measured for each sample after subtracting
the blank was then used to determine the fraction of recovered label, relative to
the '*C added at time zero. Both the aqueous phase and KOH (CO, trap) were
sampled at time zero and used as the blank for the corresponding measurements.
Cumulative production of '*CO, was reported as a percentage of the original

radiolabel added, after correcting for background radiation (typically 30 dpm).

4.2.7 Surface and Interfacial Tension Measurements

To determine any influence of 1-dodecanol on interfacial properties of the culture,
media surface and interfacial tensions of cell free medium were measured both in
the presence and absence of 1-dodecanol using a Single Fibre Process
Tensiometer (K14, Kriis, USA). P. fluorescens LP6a cells were grown on TSB for
48 h and 250 pL of 1-dodecanol dissolved in DMF were added to cultures to
obtain final concentrations of 50, 100 or 150 mg/L 1-dodecanol. Cells were mixed
with 1-dodecanol for 10 min in a rotary shaker. The bacterial cells were removed
from the culture broth by filtering through a 0.22 pm pore size filter (Millipore).
Surface and interfacial tensions were measured by the De Nouy ring method
(Mclnerney, et al. 1990). Interfacial tension was measured against a thin layer of
n-hexadecane poured on the surface of the sample liquid. All measurements were

performed with the fresh interface at the room temperature.
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4.2.8 Adhesion Measurement

Microbial adhesion was measured using the MATH method, as described in
Chapter 3. The only difference was the use of HMN as the oil phase for adhesion
tests. HMN was used to simulate the condition of biodegradation tests where
HMN was the carrier of phenanthrene and composed the organic phase in the
culture medium (with dissolved phenanthrene). Three subsamples from each flask

were assayed using the MATH test.

4.3 Results

4.3.1 Bacterial Adhesion in Presence of 1-Dodecanol

The influence of 1-dodecanol on the adhesion of induced cultures of LP6a to the
HMN-water interface was assessed during the biodegradation of phenanthrene
dissolved in HMN. The cultures were incubated for 100 h with or without 1-
dodecanol (180 mg/L). At each time point, samples were taken from the aqueous
phase then the MATH test was conducted on the samples. The cells incubated
with 1-dodecanol showed an average of 86 + 6 % adhesion to the oil phase in the
MATH test, remaining fairly constant during the biodegradation period (Figure
4.1). The cells incubated without 1-dodecanol started with much lower adhesion
(35%), but it increased as biodegradation proceeded. After 60 h adhesion reached
82%, comparable to the samples with 1-dodecanol. The results indicate that
incubating LP6a cells with 1-dodecanol increases the cell surface hydrophobicity

as characterized by MATH test.
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Figure 4.1: Effect of 1-dodecanol on the adhesion of P. fluorescens LP6a cells to

HMN during the biodegradation period. Adhesion reported as percentage values

according to the MATH method. Data points in both cases represent the mean of
three pseudo-replicates and error bars show the standard deviation.

4.3.2 Toxicity and Degradability of Dodecanol

In growth experiments, 1-dodecanol and 2-dodecanol did not inhibit the growth of
P. fluorescens LP6a on TSB medium over a range of concentrations from 50
mg/L to 10 g/L. Both of these compounds were completely degraded by LP6a in
presence of TSB and also as sole carbon source when provided at 0.1% v/v in BH
medium after 14 days incubation (See Appendix A for details). The average rate
of biodegradation by LP6a of 1-dodecanol was about 130 mg/d when it was
provided at initial concentration of 4100 mg/L along with initial HMN with
dissolved phenanthrene concentration of 890 mg/L (data in Appendix A). These
experiments demonstrate that neither 1-dodecanol nor 2-dodecanol is toxic or

inhibitory for LP6a and they can be easily degraded by the microorganism.
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4.3.3 Biodegradation Experiments with Non-Induced Cultures

Figure 4.2 demonstrates the effect of 1-dodecanol on the biodegradation of
phenanthrene measured after 120 h incubation with different initial 1-dodecanol
concentrations and equivalent initial phenanthrene concentration of 89 1mg/L
(Figure 4.2a) or different phenanthrene concentrations and constant 1-dodecanol
concentration (Figure 4.2b). Without 1-dodecanol present, the LP6a degraded
only 5% percent of the phenanthrene initially present. Addition of as little as 217
mg/L of 1-dodecanol to cultures improved phenanthrene biodegradation to 33%.
Initial 1-dodecanol concentrations of 820 and 4100 mg/L had a similar positive

effect on phenanthrene biodegradation.
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Figure 4.2: Effect of 1-dodecanol on the biodegradation of phenanthrene after
120 h incubation with non-induced LP6a. (a) Samples with different initial
concentrations of 1-dodecanol. Phenanthrene concentration was 5 mM (891
mg/L) in all samples. (b) Samples with different initial phenanthrene
concentrations. 1-Dodecanol concentration was 217 mg/L in all samples.
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Figure 4.2b shows the degradation results for samples with different initial
phenanthrene concentrations but at constant volume ratio of oil:water, and an
initial 1-dodecanol concentration of 217 mg/L. As the phenanthrene concentration
increased from 89 to 891 mg/L the extent of biodegradation dropped from circa
90% to 32% after 120 h, but the average rate of biodegradation increased from 16
to 56 mg/d. These data illustrate that at constant 1-dodecanol concentration, the

rate of biodegradation increases with the initial concentration of phenanthrene.

To examine the effect of 1-dodecanol on phenanthrene biodegradation over a
longer time period, three sets of cultures containing 0, 820 or 4100 mg/L 1-
dodecanol were incubated with uninduced LP6a for up to 360 h (Figure 4.3). The
addition of 1-dodecanol increased the extent of biodegradation for the incubation
times of 120 h and 240 h, but after 360 h incubation all of the cultures gave
equivalent conversion in the range 53-60%. The effect of 1-dodecanol at 820 and
4100 mg/L was equivalent, consistent with the results given in Figure 4.2a. At this
condition the 1-dodecanol biodegradation rate was about 6.5 mg/L/h so at an
initial 1-dodecanol concentration of 820 mg/I all the 1-dodecanol was converted
after 126 h. When the initial concentration of 1-dodecanol was 4100 mg/L, about
43% of 1-dodecanol remained after 360 h. These experiments show that at longer
incubation times, the cultures approach a comparable level of phenanthrene
degradation (55 £ 15% after 360 h) regardless of initial 1-dodecanol

concentrations.
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Figure 4.3: Effect of different 1-dodecanol concentrations on phenanthrene
degradation after 120, 240 or 360 h incubation with uninduced LP6a. Each
column represents the mean value of three replicates and error bars show the
standard deviation. Initial phenanthrene concentration was 891 mg/L. The volume
of HMN was constant in all experiments at 1mL.

4.3.4 Mineralization experiments with induced cultures

A series of experiments was conducted using the induced P. fluorescens LP6a
cultures to determine the effect of inoculum size and 1-dodecanol concentration
on mineralization of "*C-phenanthrene dissolved in HMN. The use of radiolabeled
phenanthrene and sampling the produced '*CO, allowed frequent monitoring of
biodegradation without sacrificing the whole culture. These experiments were
designed to obtain data on shorter time scales and to achieve a better observation
of phenanthrene conversion in a two phase system. The data in Figure 4.4 show
no significant effect of biomass density on mineralization of phenanthrene by
LP6a, given an average standard deviation for these samples of 0.51. These data
suggest that initial inoculum size does not control the mineralization of

phenanthrene in this system.
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Figure 4.4: Effect of the inoculum size on the biodegradation of phenanthrene by
P. fluorescens LP6a. Means of triplicate cultures are shown. Error bars are
omitted for clarity.

The data in Figure 4.5 reveal that addition of 120 mg/L or 160 mg/L of 1-
dodecanol enhanced the mineralization of phenanthrene present in HMN at an
initial concentration of 178 mg/L. Addition of 60 mg/L 1-dodecanol did not
change the mineralization significantly. 2-Dodecanol, however, was effective at
this concentration (60 mg/L). The effect of 2-dodecanol was similar to that of 1-
dodecanol at higher concentrations. Initial rates of '*CO, production were
comparable for all cultures. After 40 h the rate of mineralization slowed in all
cultures. By 100 h incubation, cultures initially containing 120 or 160 mg 1-
dodecanol/L or 60 mg/L 2-dodecanol achieved above 10% mineralization, versus
the culture with 0 or 60mg/L 1-dodecanol which reached a plateau at just under
5% mineralization. These results clearly demonstrate the positive effect of 1-
dodecanol at concentrations above 120 mg/L and for 2-dodecanol at

concentrations above 60 mg/L.
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Figure 4.5: Effect of different concentrations of 1-dodecanol on phenanthrene
mineralization. Data points represent the mean of three replicates and error bars
show the standard deviation. Mineralization is calculated based on the percentage
of "*C recovered as 14COz.

The effect of different concentrations of phenanthrene and 1-dodecanol on
mineralization was examined by conducting experiments with phenanthrene
concentrations of 178, 214, 356 or 445 mg/L and initial 1-dodecanol
concentrations of 120 mg/L or 180 mg/L (Table 4.1). The different concentrations
of 1-dodecanol were used to avoid large changes in the ratio of phenanthrene to 1-
dodecanol. A control culture lacking 1-dodecanol at each concentration of
phenanthrene provided a comparison. Only the final extent of mineralization of
phenanthrene after 150 h is shown on Table 4.1. In all these samples the presence
of 1-dodecanol enhanced mineralization of phenanthrene when compared to the
sample with no 1-dodecanol, however, the effect of 1-dodecanol on these cultures
was more pronounced at higher phenanthrene concentration (Table 4.1). After 150
h all cultures had reached a plateau, similar to the data in Figure 4.5. The data in

Table 4.1 indicate that, while presence of 1-dodecanol improves the
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mineralization of phenanthrene about two-fold in the culture containing 178 mg/L
phenanthrene, it is almost twice as effective when the phenanthrene concentration

is 445 mg/L.

Table 4.1: Mineralization by P. fluorescens LP6a of phenanthrene dissolved in
HMN after 150 h incubation. Control culture was setup without 1-dodecanol.

phenanthrene initial | 1-dodecanol | Mineralization (%) Mineralization (%)
concentration concentration | (No 1-dodecanol (in presence of 1-
(mg/L) (mg/L) control) dodecanol)
445 180 1.0 3.8
356 180 2.2 5.8
214 120 4.9 10.8
178 120 5.0 10.3

Because the extent of mineralization was low in all cultures, we performed a
partial radiochemical balance to determine the fate of '*C phenanthrene that had
not been mineralized. To do this we removed samples of the aqueous phase, KOH
containing trapped '*CO,, and the cell pellet. The initial concentration of
phenanthrene was 445 mg/L and that of 1-dodecanol was 180 mg/L. The "*C
measured in the aqueous phase followed the same trend as the '*C mineralized
(Figure 4.6). With addition of 1-dodecanol, 6% of phenanthrene was mineralized
after 140 hours, and 85% of the total '*C was recovered in the aqueous phase. In
contrast, the sample without 1-dodecanol showed mineralization of 2.3% in the
same time period, and only 40% of radioactive activity was recovered at the
aqueous phase. The '*C content of the biomass was under 10% in both cases after
140 hours (Table 4.2). Consequently, with addition of 1-dodecanol, essentially all
of the added phenanthrene was either mineralized, converted to water-soluble
metabolites, or incorporated into biomass. In the sample without alcohol, almost
50% of '*C remained in the HMN phase, as determined by difference. These data
indicate that most of non-mineralized *C end up in the aqueous phase as water
soluble metabolites of phenanthrene biodegradation. Table 4.2 summarizes these

data at the end of the experiment period (after 140 hours).

96



100

—— Abiotic Control
80 4 = 0 mg/L dodecanol
—a— 180 mg/L dodecanol

60 -

40 -

20 -

% '*C recovered in aqueous phase

0 50 Time (hours) 100 150

—e— Abiotic Control
—=— 0 mg/L dodecanol

—— 180 mg/L dodecanol

+—

0 50 100 150

Time (hours)

Phenanthrene mineralization (%)

Figure 4.6: '*C recovered in aqueous phase (a) and as '*CO; (b). Initial concentration of
phenanthrene was 356 mg/L and of 1-dodecanol (when present) was 180 mg/L.

Table 4.2: Distribution of '*C after 150 h incubation of P. fluorescens LP6a with
HMN-dissolved phenanthrene with or without 1-dodecanol
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% recovery of added '*C from various culture fractions®

Culture
" aqueous HMN phase
CO, pellet total measured .
phase (by difference)

LP6a with no

23+06 403+£63 9.6+1.7 52.2 47.8
1-dodecanol

LP6a with

180 mg/L 61+0.5 864+124 72+1.2 99.7 0.3
1-dodecanol

abiotic control® 0.0+0.0 3.0+0.4 NA 3.0 97

? Mean values of percentage of recovery for 150 h cultures. Mean + standard deviation (n=3),
where
applicable

® Abiotic control was set up with both phenanthrene and 1-dodecanol but no LP6a.

To evaluate the possibility of any impact on biodegradation due to surface active
properties of 1-dodecanol, the surface and interfacial tension of culture medium
incubated in the presence and absence of 100 and 200 mg/L 1-dodecanol was
measured. The results in Table 4.3 for the surface and interfacial tension
measurements for deionized water, fresh TSB medium and cell-free TSB spent
medium of P. fluorescens LP6a cultures show only a small decrease in surface
tension and interfacial tension of the cell free culture medium in the presence of
I-dodecanol. Addition of 1-dodecanol at 100 or 200 mg/L reduced the surface
tension by 5.2% and 10.5% respectively. Interfacial tension measurements for the
same samples revealed declines of 11.8% and 26.6% accordingly. The biggest
effect was on the interfacial tension of the spent medium from which cells had
been removed by filtration, which dropped from 44.5 mN/m without 1-dodecanol
to 32.6 mN/m with 200 mg/L of 1-dodecanol. These results show that 1-
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dodecanol reduces the interfacial tension by at most 27% at a concentration of 200

mg/L.

Table 4.3: Effect of 1-dodecanol on surface and interfacial tension of deionized
water, fresh TSB medium and TSB spent medium of P. fluorescens LP6a culture
at 1-dodecanol concentrations of 0, 100 or 200 mg/L.

Solution 1-dodecanol Surface tension Interfacial tension
(mg/L) (mN/m) (mN/m)
Deionized water 0 72.0+£0.41 48.9 +0.46
Fresh TSB medium 0 70.3 £0.50 46.5 + 0.67
Spent TSB medium (cell 0 64.7+0.70 44.5+0.77
free) 100 61.3+0.76 39.2 +0.46
200 57.9+0.72 32.6 £0.66

4.4 Discussion

The data of Figure 4.1 confirm that the addition of 1-dodecanol prior to the
biodegradation of phenanthrene increased the ability of growing LP6a cells to
adhere to the oil-water interface as measured by MATH test during incubation up
to 60 h. In contrast, adhesion of cells to the oil-water interface gradually increased
with time in the 1-dodecanol-free control. This observation is consistent with the
ability of 1-dodecanol to enhance bacterial adhesion by increasing the three phase
contact angle between cell surface, oil and water, as mentioned in Chapter 3. In
fact the MATH test performed on cells grown on phenanthrene in the two phase
system gave similar results to those observed with the cells grown on TSB (Figure
3.3). This is also consistent with the fact that the effect of dodecanol on cells
adhesion to the oil-water interface does not depend on the metabolic activity of
cells. The gradual increase in adhesion of LP6a to the oil-water interface during
biodegradation is in agreement with several other reports that hydrocarbon-
degrading bacteria exhibit an increase in cell surface hydrophobicity and adhesion
to oil during growth (Al-Tahhan, et al. 2000; Norman, et al. 2002; Prabhu and
Phale 2003; Wick, et al. 2003). The change in adhesion with time led us to expect
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that any influence of 1-dodecanol on biodegradation due to enhancement in cell
surface hydrophobicity will be mostly noticed over short times, diminishing with

time as the bacteria became more hydrophobic even without 1-dodecanol.

The results of our study demonstrate that enhancement of bacterial attachment to
the oil-water interface can increase the biodegradation of phenanthrene by P.
fluorescens LP6a. Increases in 1-dodecanol concentration from 217 mg/L up to
4100 mg/L did not further enhance biodegradation (Figure 4.2a). Since 1-
dodecanol is also degradable by LP6a, these results, suggest that catabolism of 1-
dodecanol and the resulted increase in biomass because of that was not an
important factor in biodegradation of phenanthrene. In fact, later experiments with
10, 20, 25 or 30% initial inoculum sizes (Figure 4.4) showed that phenanthrene
mineralization in this system does not change significantly with the biomass
density. At constant initial 1-dodecanol concentration, the rate of biodegradation
increased with the initial concentration of phenanthrene (Figure 4.2b), consistent

with an enhancement in the uptake of phenanthrene by attached cells.

As demonstrated in Figure 4.1, at longer incubation times, the cells showed the
same level of adhesion to the oil-water interface regardless of 1-dodecanol
presence. A similar trend was observed in biodegradation experiments, where
cultures eventually achieved comparable levels of phenanthrene degradation in
longer time scales (55 + 15% after 360 h; Figure 4.3). Since 50% of initial 1-
dodecanol remained in the sample containing 4100 mg/L of 1-dodecanol, the
disappearance of 1-dodecanol cannot account for this observation. Rather, the
bacteria likely adapted to attach to the HMN more effectively (Figure 4.1) giving

a delayed increase in the rate of biodegradation in the absence of 1-dodecanol.

The data on mineralization offer additional insight into phenanthrene degradation
in these cultures. As illustrated in Figure 4.5, the extent of mineralization by
cultures grown in the presence of 120 or 160 mg/L 1-dodecanol or 60 mg/L 2-
dodecanol was more than two times higher than mineralization by cells grown

without any alcohol. According to the MATH test results reported in section 3.3,
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2-dodecanol resulted in slightly higher adhesion of LP6a, however, these
differences were not significant and both alcohols resulted in a comparable
increase in LP6a adhesion to an oil-water interface (Figure 3.3). According to data
on the two alcohols, degradability by LP6a cultures (Appendix A), the 2-
dodecanol degradation rate is slightly lower than that of 1-dodecanol and this
might be the reason why 2-dodecanol is more effective at lower concentrations.
At higher concentration of these alcohols, both of the compounds had a similar
influence on mineralization of phenanthrene and cultures achieved more than two-
fold increase in mineralization of phenanthrene dissolved in HMN (Figure 4.5).
The advantage offered by the alcohols (tested for 1-dodecanol only), was even

higher when the phenanthrene: 1-dodecanol ratio was higher (Table 4.1).

In all mineralization experiments conducted, the percentage of "*C recovered as
CO; did not exceed 15%. Further experiments, conducted to determine
distribution of the remaining '*C, revealed that the most of phenanthrene has been
converted to other water soluble metabolites in cultures incubated with 1-
dodecanol (Table 4.2). The data of Table 4.2 indicated that phenanthrene was
completely degraded after 50 h, to carbon dioxide, biomass and water-soluble
metabolites in the presence of 1-dodecanol. When cultures were incubated
without any 1-dodecanol present in the media, about 50% of the initially added
"C was not recovered anywhere in pellets, aqueous phase or as '*CO,. In other
words, it can be concluded that in absence of 1-dodecanol, 50% of labeled carbon
still remained in organic phase most likely as phenanthrene, while cells incubated

with 1-dodecanol converted all phenanthrene initially present in organic phase.

Figure 4.6 clearly shows that the increase in the content of labeled carbon in the
aqueous phase follows the same trend as the '*C that is mineralized and recovered
as 14C02 in all cultures. Once the HMN was cleared of phenanthrene, the
advantage of higher adhesion (in the presence of 1-dodecanol) is expected to
disappear and have no further influence. With increases in the initial phenanthrene
concentration, there was more phenanthrene present in the organic phase and for a

longer time, therefore the uptake by the cells would be enhanced by 1-dodecanol-
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mediated adhesion for a longer period of time and this could explain the data in
Table 4.1. The lack of conversion of the aqueous metabolites (Figure 4.6) was
likely due to inhibition. The accumulation of water soluble metabolites and
inhibition of PAHs mineralization by them has been reported previously
(Bouchez, et al. 1996; Heitkamp and Cerniglia 1988; Kazunga and Aitken 2000).
In this study the metabolites were not characterized and further research is

required to clarify the details of this phenomenon.

Several mechanisms could explain the positive influence of 1-dodecanol on the
biodegradation. One mechanism could be that 1-dodecanol served as an extra
carbon source and increased the biomass population. Since 1-dodecanol is
biodegradable by LP6a it is possible this could be the case, but the data of Figure
4.4 showed that biomass population was not a controlling factor in mineralization
of phenanthrene. An unlikely explanation would be induction of the phenanthrene
biodegradation pathway by the addition of 1-dodecanol. Given that the pathways
for degradation of PAHs and long-chain alcohols share no common enzymes

(Ludwig, et al. 1995; Peng, et al. 2008), this mechanism is unlikely.

A third mechanism could be an increase in emulsification of the HMN phase due
to presence of 1-dodecanol, giving higher surface area for dissolution of
phenanthrene from smaller droplets. According to Bancroft’s rule (Langevin
2006), oil-soluble surfactants, such as 1-dodecanol are not expected to stabilize
oil-in-water emulsions. The data in Table 4.2 confirmed that 1-dodecanol reduced
the interfacial tension by at most 27% at a concentration of 200 mg/L, and still
gave a surface tension of 57 mN/m. The HMN was not visibly emulsified in the
aqueous phase in the cultures, and other investigators have reported that this
magnitude of reduction in surface and interfacial tension by surfactants could not
result in any significant emulsification (Huang, et al. 2009; Willumsen and
Karlson 1997; Youssef, et al. 2004). A study of oil-soluble surfactants in
hexadecane-water emulsions (Lobo and Svereika 2003) showed that even larger
reductions of interfacial tension had no significant effect on droplet size

distribution. A study of the characteristics of surfactant-producing bacteria
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(Huang, et al. 2009) observed that bacterial cultures with surface tensions above
50 mN/m did not give any emulsification of oil, as measured by a drop-collapse

test.

The enhancement in phenanthrene biodegradation observed in this study was
consistent with the positive influence of the alcohols on microbial adhesion to the
oil-water interface, thereby providing better uptake by the bacteria. As mentioned
above, aqueous metabolites accumulated during biodegradation of phenanthrene
(Figure 4.6) and it is possible that these metabolites acted to inhibit the further
degradation by bacteria. Higher adhesion of the bacterial cells to the oil-water
interface could remove a great portion of cells from the aqueous phase that
contains the inhibitors and hence contribute to the improved biodegradation via
reducing the influence of inhibitors on bacteria. On the other hand, based on many
studies, adhesion can also facilitate the mass transfer of substrate from organic
phase to the cells (Ortega-Calvo and Alexander 1994; Rosenberg and Rosenberg
1981; Weisz 1973). In our experiments improved adhesion of LP6a to the oil-
water interface could have helped the biodegradation in both of these ways.
Regardless of the exact mechanism, our data on adhesion, biodegradation, and
mineralization illustrate that adhesion of LP6a to the oil-water interface correlates

with a higher degree of biodegradation and mineralization.

The importance of adhesion in biodegradation processes may be underestimated
in many studies. Most studies in research laboratories have focused on the role of
surface active compounds to increase mass transfer, without considering their
counter effect on spreading the contaminant and the possibility of detaching cells
from the interface (Churchill, et al. 1995; Singh, et al. 2007; Volkering, et al.
1997). Laboratory experiments are usually conducted at a small scale where
sufficient mixing is available. In large scale bioremediation applications this is
rarely the case. Studies determining the effectiveness of full scale bioremediation
projects are usually focused on the role of factors such as nutrients, temperature
and surfactants (Bragg, et al. 1994; Gallego, et al. 2007). The role of adhesion has

never been considered in field studies, mostly because there is not a well
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established connection between adhesion and biodegradation in laboratory
studies. When there is a contamination incident, such as the Exxon Valdez oil-
spill (Shaw 1992), the contaminant is usually spread over an extended area and
economic considerations prevent using any artificial mixing facilities. These
conditions intensify the role of adhesion to the oil-water interface in the
biodegradation of contaminants. In general, we expect the role of diffusion of
substrate to the cells over short distances to become more and more dominant as
the aqueous concentration of the substrate of interest decreases (Weisz 1973). The
aqueous concentration of target compounds is further reduced by dilution in a
non-aqueous phase, as in this study. Consequently, microbial adhesion may offer
significant advantages in large scale projects for hydrocarbon bioremediation, in
order to overcome bioavailability limitations and play a much more important role
in increasing the overall mass transfer of hydrocarbons to the microorganisms.
Development of bioremediation approaches that use adhesion as an asset to

benefit process performance may be an attractive strategy.

Research has shown that the ability of different variants of a single hydrocarbon-
degrading bacterium to take up poorly water soluble compounds correlates with
the cell surface hydrophobicity (Obuekwe, et al. 2007a; Obuekwe, et al. 2008;
Rosenberg and Rosenberg 1981). Other studies on bacterial populations isolated
from various hydrocarbon-contaminated sites demonstrated that the ability of
bacteria to degrade hydrocarbons correlates with their adhesion to hydrophobic
surfaces (Bouchez-Naitali, et al. 1999; Obuekwe, et al. 2009). In addition there
have been few studies that discussed possible on the role of bacterial cell adhesion
and its promotion in biodegradation (Deschénes, et al. 1996; Fu, et al.; Jirku, et al.
2001; Ortega-Calvo and Alexander 1994; Suchanek, et al. 2000), however, most
of these studies were conducted in the presence of surfactants and involved an
interplay of several complex factors such as emulsification, micellar solubilization
and surfactant degradation which made it difficult to reach a conclusion on the
role of adhesion on biodegradation experiments. In spite of these studies on the
influence of bacterial adhesion on biodegradation, to the best of my knowledge,

direct use of adhesion promoting agents to improve biodegradation of poorly
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water soluble hydrocarbons such as alkanes and PAHs has not been reported. The
present report is the first definitive example of an enhancement in biodegradation
of a PAH using an additive to improve the adhesion of bacteria the oil-water
interface. Due to the supreme importance of the oil-water interface in
biodegradation and bioprocessing of hydrocarbons, my study can provide new
designs for bioremediation and bioprocessing strategies and for optimizing
existing processes. It can also help in developing some fundamental

understanding of mechanisms and methods involved in such processes.
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5. Main Conclusions, Implications and Recommendations

5.1 Main Conclusions

This research examined the influence of adhesion-promoting compounds on
biodegradation of phenanthrene by P. fluorescens LP6a. The main conclusions of

this work can be summarized as follows:

1. Certain cationic compounds (CPC and CHX) and long chain alcohols (1-
dodecanol, farnesol and 2-dodecanol) dramatically improved the adhesion

of P. fluorescens LP6a to an oil-water interface.

2. Even though both types of compounds promoted cells adhesion to the oil-
water interface, the mechanisms were different. Long chain alcohols acted
through altering the cell surface hydrophobicity, whereas cationic

surfactants changed the surface charge density.

3. The presence of the long chain alcohols, 1-dodecanol and 2-dodecanol, in
the two phase biodegradation system consisting of phenanthrene dissolved
in HMN and BH medium resulted in an immediate increase in the
adhesion of LP6a cells to the oil-water interface and improved the

biodegradation of phenanthrene by the bacteria.

4. Different concentrations of 1-dodecanol ranging from 217 mg/L up to
4100 mg/L resulted in a comparable increase in biodegradation of

phenanthrene.

5. Investigation of the effect of various initial inoculum sizes of the bacteria
and changes in surface and interfacial tension of the two phase system by
1-dodecanol demonstrated that neither biomass concentration nor the
surface active properties of 1-dodecanol could explain the observed

increase in biodegradation of phenanthrene in our experiments.

6. The data demonstrating biodegradation and mineralization of

phenanthrene by LP6a illustrated that the enhancement in phenanthrene
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biodegradation observed is consistent with the positive influence of the

alcohols on microbial adhesion to the oil-water interface.

5.2 Implications

The finding that long chain alcohols can stimulate adhesion of P. fluorescens
LP6a to an oil-water interface and hence can improve the biodegradation by this
bacterium of phenanthrene in a two phase system has implications for designing
effective bioremediation strategies. Various additives such as surfactants and
fertilizers are employed in bioremediation projects to improve the efficiency of
hydrocarbon removal from contaminated sites. These additives are used in order
to improve the microbial activity or enhance the bioavailability of hydrocarbons
(Edwards, et al. 1991; Pieper and Reineke 2000). Understanding the mechanism
by which these additives influence the bioremediation process has a vital role in
designing appropriate bioremediation methods. In the well studied case of Exxon
Valdez bioremediation a fertilizer, Inipol EAP 22, was used as an oil-in-water
microemulsion of nutrients in the clean-up of the oil spill from the aqueous
environment (Pritchard and Costa 1991). This fertilizer contained nitrogen in the
form of urea emulsified with oleic acid and phosphorus in the form of lauryl
phosphate. Although initial reports of a positive effect of this additive was
attributed to its ability to provide nitrogen and phosphorus in nutrient-limited
environments (Glaser 1991), later studies questioned this argument (Churchill, et
al. 1995a; Churchill, et al. 1995b) and emphasized the role of surface active
property of compounds used in the formulation of the fertilizer as a possible
reason for its positive influence on bioremediation. Other cases have been studied
in which additives even acted to reduce the efficiency of bioremediation through
some unexpected interactions with the system components (Laha and Luthy 1991;
Mulkins-Phillips and Stewart 1974; Tsomides, et al. 1995). This shows the
importance of various interactions that additives can have with biological and
physico-chemical variables in the bioremediation process. Optimal design of
bioremediation strategies requires sufficient knowledge of these interactions and

their influence in outcome of process. One of the factors that has not received
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adequate attention in this regard is the adhesion of oil degrading microbes to the
oil-water interface. Our study demonstrated that improved adhesion of a PAH-
degrading bacterium to an oil-water interface can stimulate biodegradation of
phenanthrene in a two phase system. These results indicate that to design an
efficient bioremediation strategy to remove poorly water soluble hydrocarbon
contaminants, the influence of additives on microbial adhesion needs to be
considered as an important factor. In an open environment such as oil spills in
lakes, microbial adhesion can play an even more important role than that observed
in this research due to lack of intense mixing in full scale applications. In fact, in
one of the studies to assess the mechanism of biodegradation enhancement by
Inipol EAP 22, it was evident that the positive effect of this fertilizer on
mineralization of phenanthrene did not correlate with its ability to increase the
solubility of phenanthrene when compared to Triton X-45, another surfactant
tested in the study (Churchill, et al. 1995a). Although this matter was not
discussed in the paper, it was evident that there are factors other than the surface
active property of the Inipol EAP 22 that caused the very high mineralization rate
by this fertilizer compared to other surfactants. Inipol EAP 22 contains lauryl
phosphate (C1,H»7POy) in its formulation which is structurally very similar to 1-
dodecanol (C;; Hys0OH). It can be speculated that Inipol EAP 22 had a positive
effect on microbial adhesion to the oil-water interface and this may have been the
reason for better than expected results obtained with this additive in the
mentioned study. My results combined with suggestive data available from other
studies indicate the effect of microbial adhesion to the oil-water interface deserve

a serious consideration.

Bacterial adhesion to hydrophobic surfaces has recently been considered in
flotation and flocculation for mineral processing. The fact that some
microorganisms can adhere to the surfaces of minerals creates potential
applications for microorganisms as flotation collectors, flotation depressants and
activators. Modification of surface hydrophobicity of microorganisms can make
them more suitable and specific for this separation processes and can offer

significant improvement in dealing with these issues. Separation of fine
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hydrophobic materials from hydrophilic mineral particles in coal production
(Raichur, et al. 1996) and removing pyrite from mixtures of sulfide minerals
(Nagaoka, et al. 1999) are just some of the many examples that have been
examined for potential use of microorganisms for this sort of application (Smith
and Miettinen 2006). Results from my study can offer significant advancements in
the efficiency of these separation processes by adjusting bacterial cell surface
hydrophobicity to a desired level using either long chain alcohols or cationic

compounds.

5.3 Recommendations

1. The experiments on the influences of cationic compounds on the cell
surface properties of P. fluorescens LP6a provided some indications in
support of a particular mechanism to explain the interaction of these
compounds with the cell surface (Figure 3.5). More studies are required to
confirm or refute this mechanism. Changes in outer membrane proteins
and lipopolysaccharide of LP6a cells and microscopic examination of cell
surface are some of the experiments that are recommended in order to
clarify the observed changes in cell surface hydrophobicity due to

treatment with CPC and other cationic compounds.

2. More studies are needed to explain the observed increase in cell surface
hydrophobicity of LP6a cells in presence of the long chain alcohols tested.
Our results demonstrated that these alcohols dramatically change the three
phase contact angle between bacterial cells surface, water and hexadecane
without any significant change in the charge distribution on the bacterial
cell surface. Other studies demonstrated that changes in the fatty acid
composition of bacteria can increase their adhesion to hydrophobic
surfaces, in this case the oil-water interface (Valeur, et al. 1988). It is
proposed by others (Marchesi, et al. 1994) that due to the hydrophobic
nature of these alcohols it is likely that they would enter the bacterial

membranes and so alter their hydrophobicity. Further clarification of these
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interactions can help in selection of more suitable compounds for any
particular application and can have a vital role for any advancement in

application of these compounds for bioremediation purposes.

The focus of this project was to investigate effects of several compounds
on adhesion of a single bacterial strain to oil-water interface. It is
recommended to assess the influence of the tested long chain alcohols on
various gram negative and gram positive bacteria. Such experiments can
provide some correlations between bacterial cell surface structure and

influence of these alcohols on the bacterial adhesion to oil-water interface.

The study of influences of enhanced adhesion of bacteria to oil-water
interface, were focused only on biodegradation of phenanthrene dissolved
in HMN. It is expected that bacterial adhesion plays an even more
important role in biodegradation of PAHs such as anthracene, fluoranthene
or pyrene which have lower water solubility than phenanthrene. Studies

need to be conducted to examine this presumption.

The results reported here on mineralization of phenanthrene suggested that
accumulation of water soluble metabolites acts to inhibit further
degradation of phenanthrene and its metabolites. Experiments to
characterize these metabolites and examine the effect of individual
metabolites on the biodegradation and mineralization of phenanthrene by

P. fluorescens LP6a should be conducted.

Certain process parameters have been found to amplify the importance of
adhesion to the oil-water interface in biodegradation of poorly water
soluble hydrocarbons. It is recommended to conduct some experiments
with different mixing rates and under various nutrient limitations such as
substrate starvation, oxygen limitation and lower temperatures. These
experiments can provide useful data for future implication of results in

industrial projects.
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Appendix A. Degradation and toxicity measurements

One of the criteria applied for selection of an appropriate adhesion enhancer for
biodegradation purposes was the effect of the additive on metabolic activity of P.
fluorescens LP6a. Experiments were conducted using non-induced cultures of P.
Sfluorescens LP6a to test for the toxicity and biodegradability of additives used for
enhancing bacterial adhesion to the oil-water interface. In order to test the toxicity
of cationic compounds, solutions of each compound in water was prepared
individually and sterilized using 0.22 micrometer pore sized filters (Millipore
Corp, Billerica, MA) before adding to the cultures. In the case of long chain
alcohols, solutions of these compounds were prepared in DMF and 1 mL of these
solutions added to the culture to obtain a concentration of 410 mg/L. To
investigate the toxicity of additives, TSB medium was used with the additives
serving as supplemental carbon and energy sources or toxicants. LP6a growth was
then monitored by measuring the ODgg of the cultures. At each time point, a 150-
puL sample of the liquid culture was removed from flasks (samples diluted in fresh
TSB when necessary) and the ODgpp was measured on a SPECTRAmax PLUS
384 microplate spectrophotometer (Molecular Devices Corporation, CA, USA).
As can be seen in Figure A.1, none of the alcohols (up to 10 g/L) were toxic to P.
fluorescens LP6a and no significant change in growth of the bacteria was
observed during 74 h incubation time. DMF also did not show any toxicity to

LPé6a cells.

All cationic compounds tested completely inhibited the growth of LP6a and no
increase in ODggp was observed during incubation of cells in TSB medium that
contained 25 mg/L or higher concentrations of these compounds. After 1 h
incubation with cationic compounds, a loopful of culture liquid from each sample
was streaked on PCA plates and incubated at 30°C for 74 h. No growth was
observed in any of plates streaked from cultures that were treated with 25 or 50

mg/L of CPC, CHX or poly-L-lysine.
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Figure A.1: Optical density at 600 nm for each of cultures incubated with 1-
dodecanol, 2-dodecanol or DMF. Concentration of alcohols was 410 mg/L. DMF
was added at 2% vol/vol concentration.

For degradability tests, two types of experiments were conducted. For preliminary
degradability tests 1-dodecanol, 2-dodecanol or farnesol at concentration of 820
mg/L were added into TSB medium containing LP6a. After 14 d the cultures were
acidified and analyzed by GC as described in section 3.2.3. GC results showed
that after 14 days both 1-dodecanol and 2-dodecanol were completely degraded.
The concentration of farnesol was reduced to 492 mg/L. The same experiment
was repeated except that BH medium was used instead of TSB. After 14 days, 1-
dodecanol and 2-dodecanol were completely consumed by LP6a. Farnesol

degradation was not significant after 14 days.
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The second type of degradability test was conducted in the presence of
phenanthrene where both alcohols and phenanthrene were supplied into the
culture medium (BH medium and LP6a inoculum). Only 1-dodecanol and 2-
dodecanol were used in these experiments. Initial concentrations of 4100 mg/L
and 820 mg/L were tested for both alcohols. Experiments were conducted in 500
mL Erlenmeyer flasks and the total volume of culture liquid was 100 mL.
Alcohols were added directly to the culture liquid containing BH medium and
LP6a in a volume corresponding to the desired concentration. Phenanthrene was
dissolved in HMN and 2 mL of this solution was added to 100 mL of culture
liquid containing alcohols and the inoculum. At each time point flasks were
acidified, extracted by DCM and analyzed by GC as previously described (section
4.3.2). Figure A.2 demonstrates the results of these experiments. It can be seen in
these figures that 2-dodecanol undergoes a slightly lower biodegradation,
especially in the first 100 hours of incubation. When the initial concentration of
alcohols was 4100 mg/L, the overall rate of biodegradation was 127 and 99 mg/d
for 1-dodecanol and 2-dodecanol respectively. These values were 44 and 42 mg/d
when the initial concentration of alcohols was 820 mg/L. According to data
presented here, neither 1-dodecanol nor 2-dodecanol shows any inhibition of P.
fluorescens LP6a growth on TSB. The two alcohols are degradable by the bacteria

and 2-dodecanol degradation rate is slightly lower than that of 1-dodecanol.
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Figure A.2: Degradability of 1-dodecanol and 2-dodecanol in the presence of
phenanthrene. Initial concentrations of alcohols were 820 and 4100 mg/L in (a)
and (b) respectively. Initial concentration of phenanthrene was 890 mg/L in both
cases.
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Appendix B: Induction Experiments

One of the effective strategies to increase the degradation rate of PAHs is to add
one or more known pathway inducers to the culture medium. Induction increases
the production of pathway enzymes and results in the enhanced rate of
degradation of the PAH. Three inducers were tested for their effect on
phenanthrene mineralization by P. fluorescens LP6a. These included salicylate,
naphthalene and 2-aminobenzoate. In all the induction experiments, phenanthrene
was dissolved in HMN and added to culture flasks containing BH medium and the
inoculum as described in section 4.2.6. A 0.5 M stock solution of each inducer
was separately prepared in 95% ethanol and 125 pL of the stock solution was
added at the desired time to 24.75 mL of culture liquid. This resulted in an inducer
concentration of 2.5 mM at the time of addition into the culture flask. Figure B.1
demonstrates the results of induction tests for these three compounds. It can be
observed that 2-aminobenzoate and naphthalene are very effective while salicylate
has much less influence than other two inducers. That is most likely due to the
fact that salicylate is an easily biodegradable substrate and disappears from the
medium soon after addition into the flasks. Naphthalene is also biodegradable but
it is effective in inducing phenanthrene mineralization most likely because
naphthalene is expected to stay in the medium for a longer period of time than
salicylate. 2-Aminobenzoate is not degraded by P. fluorescens LP6a and yet it is
as effective as naphthalene. Since 2-aminobenzoate is not metabolized by LP6a, it
has less interference with phenanthrene mineralization and is preferred for our
induction experiments. For all mineralization experiments the culture were

induced using 2.5 mM 2-aminobenzoate at the beginning of experiments.
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Figure B.1: Effect of salicylate, naphthalene and 2-aminobenzoate in inducing the
phenanthrene mineralization by P. fluorescens LP6a cultures.
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