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Preface

Living in biofilms is the common way of life of microorganisms, transiently
immobilized in their matrix of extracellular polymeric substances (EPS), interact-
ing in many ways and using the matrix as an external digestion and protection
system. This made them the oldest, most successful and ubiquitous form of life.
And this is how they have organized their life in the environment, in medical
context, and in technical systems, which is acknowledged by a yearly increasing
number of scientific publications, which grows exponentially. It is next to impossi-
ble to keep an overview in face of all this frequently very specialized, dispersed,
and detailed information. But during this entire race for data, it is very important to
sometimes take a breath and have a critical look on what is really achieved and what
can be learnt from it.

Biofilms are “discovered” and re-discovered in so many different fields, that it is
good to refer to their common properties, principles, and processes in order not to
get lost in the huge variability of their manifestations.

In this book, aspects of current biofilm research are presented in critical and
sometimes provocative chapters. The purpose is double: to give an overview and to
inspire further discussions. A particular intention of this book (which is supposed to
be the first of a series within the Biofilm Series) is: to stimulate lateral thinking. We
hope that “Biofilm Highlights” will serve these purposes.

January 2011 Hans-Curt Flemming
Jost Wingender
Ulrich Szewzyk
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Biofilm Dispersion

David G. Davies

Abstract Biofilm dispersion has become widely recognized as a natural
phenomenon associated with the terminal stage of biofilm development. As a
behavioral characteristic of bacteria, this process is of major significance due to
its importance in regulating biofilm structure. Biofilm dispersion is also impor-
tant as a potential control point for the manipulation of biofilm development and
persistence. Over the past decade, an increasing number of laboratories have
focused their efforts on the study of biofilm dispersion, resulting in findings on
the intracellular and extracellular mechanisms involved in this process in
selected species of bacteria. The following is an overview of our current under-
standing of the biofilm dispersion process and the mechanisms involved in
its regulation.

1 Background

It is generally accepted that bacteria have dwelled within the confines of structured
biofilms since at least the time of the oldest known stromatolites, found within the
3.5-billion-year-old Dresser Formation of the Warrawoona Group, Pilbara Craton,
Australia (Hofmann et al. 1999; Allwood et al. 2007). When viewed against a
backdrop of more than three billion years of natural selection, it is difficult to
believe that bacteria would not have developed genetic traits specific to survival
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2 D.G. Davies

within the biofilm niche. It is understood that most, if not all groups of bacteria live
and presumably have always lived at least a part of their lifecycle within biofilms.
Extensive modification and radiation of genes that would give biofilm residents
even modest benefits should, therefore, be widespread throughout bacterial taxa.
Thus, it is expected that residents of contemporary biofilms would possess a wide
range of strategies to cope with the particular challenges posed by life within a fixed
microbial community.

Living within a biofilm has its benefits, but there are also dangers for the resident
microorganisms. As a biofilm grows in size, some cells will find themselves further
and further from a bulk liquid interface, away from essential sources of energy or
nutrients. As an additional challenge, waste products and toxins can accumulate to
dangerous levels within such zones. Being trapped deep within a biofilm can,
therefore, result in conditions that threaten cell survival. Furthermore, changing
conditions can result in a hostile environment from which life in the biofilm
provides no protection. For example, changes in nutrient loading, temperature,
salinity, pH, oxygen concentration, and moisture content can threaten an entire
biofilm community.

Observations of biofilms have brought to light some of the more obvious
strategies that microorganisms have developed to cope with the particular
challenges of being trapped within a sessile community. These include reducing
metabolic activity by becoming dormant or by producing spores or endospores,
the development of cross-feeding strategies to eliminate waste products and to
recycle or produce new sources of energy and nutrients, and the creation of
structures such as water channels to improve transport from the bulk liquid into
the biofilm interior. Such strategies have successfully overcome many of the
problems associated with life within a fixed microbial community, but these do
not solve the problems completely. Biofilms still can become overcrowded and in
many cases altered environmental conditions do not reverse themselves.
Microorganisms within a biofilm need one more strategy for survival to ensure
their continued existence. This strategy is one of escape. Migration out of a
biofilm experiencing deteriorating environmental conditions and movement
away from zones within a biofilm that are deprived of adequate mass transport
are the only options that will allow survival for some microorganisms. The strong
selective pressure to leave the biofilm or perish is likely to have resulted in
numerous and redundant mechanisms for escape.

Two types of escape are possible from biofilms. The first, most commonly
observed and best studied, is release of cells individually or in groups from a bulk
liquid interface or margin of a biofilm. The second involves the escape of cells
from the interior of a biofilm where they are not in direct contact with a bulk
liquid interface. In the former case, it is possible for cells or clusters of cells to
transition directly from the biofilm into the bulk liquid with which they are
already in contact. This type of escape is referred to as detachment. In the latter
case, bacteria must work their way through zones of overlying or adjacent cells to
exit the biofilm. This type of escape is referred to as dispersion. The transfer of
bacteria directly from a substratum to the bulk liquid is a third process known as
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desorption, which will not be discussed here because it is not exclusively a
biofilm process.

2 Biofilm Detachment

It has long been known that within any given environment, biofilms tend to accu-
mulate to a maximum thickness, beyond which no further increase is observed over
time. Accumulation in a biofilm is a function of cell growth coupled with entrain-
ment or attachment of cells from the surrounding medium. In flowing systems,
biofilms are impacted by forces from the overlying liquid, both in normal and in
tangential direction to their surface. These forces cause tensile and shear loads that
the gel structure of the biofilm matrix must support in order not to break (Rittman
et al. 1982). Detachment from a biofilm stems from the relationship of the external
forces acting upon the biofilm and forces binding individual bacteria to the biofilm.
When the external forces become sufficiently high, they will lead to detachment of
biomass, transferring cells and polymer to the bulk liquid. A decrease in the forces
maintaining biofilm structure will also result in increased detachment. Thus, detach-
ment can be influenced by the role bacteria play in strengthening or weakening the
cohesive strength of a biofilm. Detachment has long been considered the primary
process that limits biofilm accumulation and determines the maximum thickness of
biofilms in flowing systems (van Loosdrecht et al. 1997).

The rate and degree of detachment from a biofilm will be impacted by any
modification of the biofilm structure. Trulear and Characklis (1982) noted that detach-
ment from a biofilm was more frequently witnessed in thicker less dense biofilms that
develop under low shear conditions. When grown under higher shear, biofilms were
observed to become more compact and experience less detachment. In a follow-up
study, Peyton and Characklis (1993) observed with Pseudomonas aeruginosa that
substrate limitation resulted in a decrease in the detachment rate, presumably a result
of reducing the growth rate and by some undescribed mechanism, strengthening the
attachment forces within the biofilm. Alternatively, Allison and colleagues (1998)
showed that following extended incubation, Pseudomonas fluorescens biofilms expe-
rienced increased detachment, coincident with a reduction in extracellular polymeric
substances (EPS). Several other labs have reported that old cultures and cultures
entering stationary phase showed increased detachment rates. For example, early
work by Lamed and Bayer (1986) demonstrated that in biofilms formed by Clostrid-
ium thermocellum, the onset of stationary phase was correlated with increased detach-
ment in biofilms. Ohashi and Harada (1994a, b) and Ohashi et al. (1999) have reported
that the decay of cells in a biofilm due to aging or starvation leads to a decrease of the
adhesive strength between cells in a biofilm. It has been postulated by O’Toole et al.
(2000) that starvation of cells within a biofilm leads to detachment in order to allow
bacteria to search for habitats richer in nutrients away from the parent colony.
Although these observations are intriguing, they do not provide a mechanism for the
observed increase or decrease in strength of biofilm matrix material.
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2.1 Mechanisms of Biofilm Detachment

Breyers (1988) categorized four distinct mechanisms by which bacteria may detach
from a biofilm. These are: abrasion, grazing, erosion, and sloughing (Fig. 1). These
mechanisms have been described principally from the point of view of the chemical
and physical environment acting upon a biofilm. Abrasion is the release of cells
from a biofilm as a result of collisions with particles from the bulk liquid. Examples
of systems in which abrasion is a major factor in biofilm detachment include
fluidized beds and sand filters in which collisions with particles occur with a high
frequency and are likely the principle factor limiting biofilm accumulation. How-
ever, all systems subjected to flowing conditions will experience some degree of
abrasion depending on the size and energy of suspended particles. Collisions can
also result from shed biomass from an upstream location within a system. Grazing
is the act of removal of biofilm by the feeding activity of eukaryotic organisms.
Depending on the number of grazing organisms and their efficiency, this mecha-
nism of detachment can significantly reduce the overall biomass of a biofilm
community. Erosion is the continuous loss of small portions of biofilm due to
fluid shear in a flowing system. Organisms that are closest to the bulk water
interface of a biofilm are the only cells susceptible to this form of detachment.
Cells not enmeshed within the biofilm matrix and daughter cells that are produced
at the interface are particularly prone to loss by erosion. Erosion can also result
from the shearing effects of gas or air bubbles transported by the bulk liquid or
generated from within the biofilm. Finally, the removal by fluid frictional forces of
intact pieces of biofilm, containing large groupings of bacteria enmeshed within
extracellular matrix material is referred to as sloughing. Typically, sloughing does
not involve removal of cells attached directly to the substratum, although this can
occur when attachment forces between bacteria are greater than attachment to
substratum material. Sloughing can result in the removal of large sections of
biofilm, and in some instances, the entire biofilm can detach and enter the bulk

. Grazin Erosion
Abrasion g e

Fig. 1 Four mechanisms of biofilm detachment: abrasion, the removal of biomass due to
collisions with particles; grazing, the removal of biomass due to the activity of eukaryotic
organsisms; erosion, the continuous removal of biomass by fluid shear; and sloughing, the removal
of intact pieces of biofilm by fluid shear
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liquid. Stewart (1993) has pointed out that a distinction between sloughing and
erosion may be arbitrary because in many biofilm systems there exists a continuum
of detached particle sizes, from very small to very large.

3 Biofilm Dispersion

An alternative method of escape from a biofilm involves the direct and active
participation of bacteria. Dispersion, as it has come to be called, is the release of
live bacteria from a biofilm as a physiologically regulated response to internal or
external stimulus. Dispersion, therefore, differs from detachment in that the
regulating factor in the process is a change in the behavior of the participating
bacteria. Dispersion can occur in the complete absence of flowing conditions and
does not depend upon fluid shear to overcome binding forces within the biofilm.
Fluid frictional force may enhance biofilm dispersion, but it does not initiate the
process. Biofilm dispersion is, therefore, a response mechanism by bacteria to
escape a biofilm, presumably due to unfavorable local conditions. This response
has also been referred to as seeding dispersal as it is assumed to lead to the
translocation of bacteria to new sites for colonization.

Dispersion is generally characterized as the terminal stage in biofilm develop-
ment, where bacteria evacuate a mature biofilm and transition to a planktonic state.
Dispersion occurs naturally with the release of cells from the interior of a biofilm
through a breach in the wall of the biofilm or a microcolony, leaving behind void
spaces or collapsed regions within the biofilm. In a flowing system, unless there is a
change in environmental conditions, dispersion rarely involves the entire biofilm.
Typically, only selected microcolonies or areas within a biofilm will undergo a
dispersion event at any particular time. The biofilm as a whole is observed to
undergo growth and dispersion simultaneously at different locations, which change
with time. Thus, once a biofilm has begun to reach a mature state, dispersion will
occur as a continuing process.

Microscopic observation of growing biofilms has revealed that before bacteria
begin their escape from a biofilm, they demonstrate pre-dispersion behavior. This is
characterized by the onset of swimming, twitching or floating of bacteria within a
confined space within the biofilm. Bacteria closest to the bulk liquid interface do
not participate in this pre-dispersion behavior and remain fixed throughout the
dispersion process. With time, the region of the biofilm or microcolony within
which bacteria are able to move grows in volume, typically from a central location.
Eventually, a breach is made in a wall adjacent to a bulk liquid interface. The
bacteria are able to swim or otherwise migrate through this breach and enter the
bulk liquid, leaving behind a void within the biofilm or microcolony.

The evacuation of bacteria from within a microcolony is illustrated in Fig. 2 and
was first described in 1999 (Davies et al. 1999) and expanded on by Tolker-Nielsen
(2000), Sauer et al. (2002), Purevdorj-Gage and Stoodley (2005), and others (Boles
et al. 2005; Davies and Marques 2009). Tolker-Nielsen described this process with
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Fig. 2 Biofilm dispersion. The inside of a biofilm microcolony becomes fluid, cells within this
zone begin to show signs of agitation and movement, a breach is made in the microcolony wall
through which cells evacuate, entering the bulk liquid as planktonic bacteria

Fig. 3 Images of biofilm microcolonies following a dispersion event. In each image, the center of
the microcolony has been evacuated by the resident cells, leaving behind a void space. Live
bacteria are visible within these voids and their ability to swim without obstruction indicates a lack
of intact matrix within this area. Size bar indicates 10 pum (images by David Davies)

respect to Pseudomonas putida OUS82 grown in continuous culture, where cells
within microcolonies of the biofilm were observed to be sessile and nonmotile
during the early phase of biofilm development. Following 3 days of growth, the
bacteria within the microcolonies were observed to begin swimming rapidly in
circles after which, the compact microcolonies were dissolved (Tolker-Nielsen
et al. 2000). This behavior was also described by Boles et al. (2005), as occurring
in biofilms of P. aeruginosa grown for 10—-12 days in continuous culture. These
biofilms were found to form internal cavities that eventually fractured to release
motile bacteria. Observations of microcolonies of P. aeruginosa following a dis-
persion event are shown in Fig. 3. It is clear from this figure that a central void has
been created within these microcolonies; the result of evacuation of cells from their
interior. Prior to dispersion, the central region of each microcolony was observed to
contain fixed (nonmotile) bacteria at a density similar to that which is seen in the
microcolony walls in the images. During the dispersion process, bacteria from these
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clusters were observed to transition from an immobile state, to an agitated state, to a
motile or free-swimming state, followed by evacuation of the microcolony.

Continued study of the dispersion response has revealed that biofilm
microcolonies transition through repeated episodes of growth and dispersion; the
same microcolony often enduring many such cycles. Multiple dispersion and
regrowth events generally lead to the development of microcolonies with patterns
analogous to growth rings, which can indicate the number of times that dispersion
has occurred. Often cell clusters will detach from the substratum completely during
a dispersion event [also observed by Stoodley et al. (2001)], presumably due to
weakening of attachment structures at the base of the microcolony, allowing fluid
sheer to detach the cluster. Such observations hint at detachment and dispersion as
being interrelated processes. Typically, during such events, the substratum layer of
cells directly attached to the surface is not involved and remains behind following
the dispersion event. It is, as yet unclear whether this basement layer of cells is
composed of living or dead microorganisms.

Interestingly, the propensity to undergo a dispersion event appears to be related
to the size of the microcolony in question. Tolker-Nielsen et al. (2000) postulated
that the size of a microcolony is the determining factor for initiation of a dispersion
response. In our laboratories, we have found that dispersion is related to the size but
not to the age of a cell cluster. Therefore, small microcolonies do not have a
tendency to disperse, while large microcolonies do, regardless of their age.
Observations of hundreds of cell clusters have demonstrated that under fixed flow
conditions microcolonies must attain a specific size in order for dispersion to take
place (Davies and Marques 2009). The size dependence of the dispersion response
is indicated in Fig. 4. During these experiments, only microcolonies with an
average diameter greater than 40 pm and a thickness of 10 um were observed to

Fig. 4 Microcolonies of P. aeruginosa biofilms grown in continuous culture demonstrating native
dispersion response. Transmitted light image (upper panel) and fluorescent image (lower panel)
showing the size dependence of the dispersion response. Biofilm microcolonies growing in
continuous culture with dimensions of greater than 40 pm in diameter by 10 um thickness show
dispersion (left 3). Microcolonies below this minimum dimension remain “solid” (right two
photomicrographs). Fluorescence indicates presence of cells (lacZ reporter on chromosome). All
images are the same relative size at X500 magnification. Bars, 40 pm. Arrows indicate void areas
within a microcolony (images by David Davies)



8 D.G. Davies

undergo dispersion events. Microcolonies having dimensions below these mini-
mum values contained a “solid” core of bacteria, regardless of their age. Interest-
ingly, the microcolony size within which dispersion occurred was found to be
dependent on the flow rate. When flow in the biofilm reactor was increased, the
diameter and thickness of microcolonies in which dispersion occurred also
increased, indicating a relationship between dispersion induction and transport.
Thus, it appears that mass transport rather than size is the determining factor of
whether a biofilm microcolony will initiate a dispersion response.

3.1 Mechanism of Biofilm Dispersion

In an effort to understand the underlying mechanism leading to biofilm dispersion, one
commonly observed behavior has proved to be particularly informative. This is the
general trend for biofilms, particularly axenic biofilms, to undergo a dispersion event
following the transition from a flowing system to a batch system. In our lab, we have
observed reproducible dispersion of P. aeruginosa biofilm cells when flow is arrested
in continuous culture (Davies et al. 1999). We have also observed this behavior in
additional members of the Proteobacteria as well as in members of the Low G+C
Gram-Positive bacteria, under aerobic and anaerobic conditions (unpublished data).
Interestingly, when biofilm dispersion occurs under these conditions, it is often not
simply the center of microcolonies that disperse, but rather the entire microcolony or
biofilm. Furthermore, this type of inducible dispersion will sometimes proceed from
the outside of a microcolony toward the interior; a type of dispersion rarely observed
naturally under continuously flowing conditions. It is interesting that motility was not
a requirement for dispersion in these experiments (unpublished data).

This type of cell release was reported by Kaplan and Fine who observed that
when Neisseria subflava was grown in batch culture on the bottom of plastic petri
dishes without agitation, small visible colonies formed after 12 h of incubation.
When these colonies were allowed to continue to grow in batch for an additional
12 h, they began to release single cells or small clusters of cells into the surrounding
medium. They also reported that the release of cells from these colonies occurred
over a discrete period of time rather than as a continuous process (Kaplan and Fine
2002). This type of behavior was also observed by Hunt et al., whose experimental
work was performed using flow-cells containing pure cultures of P. aeruginosa. In
this work, biofilms grown under continuous-flow conditions experienced a rapid
release of cells after flow was stopped, and hollow voids were sometimes detectable
within the interior of the biofilm microcolonies (Hunt et al. 2004). In separate work
performed by Thormann et al., Shewenella oneidensis MR-1 biofilms were grown
in a flow chamber system under oxygenated conditions for 12 h. When flow was
stopped for as little as 15 min, up to 80% of the total biomass was observed to
disperse from the biofilms. Similar results were obtained when S. oneidensis MR-1
biofilms were grown using fumerate as an alternative electron acceptor under
anaerobic conditions (Thormann et al. 2005).
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These and other similar observations of biofilm dispersion in a variety of labora-
tory reactor systems has led to the search for a common trigger that may account for
dispersion induction under batch culture conditions or when flow is arrested in a
continuous culture system. In the absence of flow, one or more essential nutrients
within a biofilm will eventually become exhausted. This should lead to starvation
conditions within the biofilm and may potentially act as an inducer for cells to
disperse. One would predict that only mature biofilms should show a rapid response
to stopping the supply of nutrients to a system. This is because it is only when large
numbers of bacteria are actively consuming nutrients that nutrient depletion can
occur over a short time interval. As expected, young biofilms with few cells tend not
to undergo rapid dispersion in a continuous culture system when flow is arrested.
Even under batch conditions, young biofilms commonly continue to accumulate
biomass, but eventually they too will disperse. When looked at from a different point
of view, biofilms of the same size in different sized batch culture systems should also
show a difference in the timing of the onset of dispersion; and this is what is
observed. This type of behavior can be easily witnessed in natural settings, where
large-volume batch systems will support the growth of thick, often permanent
biofilms on surfaces (such as in a swimming pool that is not treated with disinfec-
tant), but small volume systems tend not to support thick biofilms or even prevent
biofilms from forming (such as in a glass, small flask, or test tube).

It is easy to conclude, when switching a biofilm culture from a continuous to a
batch system, that dispersion is strictly a function of nutrient availability, reflecting
the relationship between nutrient supply and consumption. But additional
possibilities exist which might trigger a dispersion response under such
circumstances. These include the accumulation of toxins or waste-products that
could act as a trigger of dispersion, the accumulation of cell-to-cell signals within a
system, or the recognition by bacteria of a change in gradients within a system etc.
The one common parameter that is affected by the cessation of flow is the loss of
advective transport and a switch (which is typically rapid) to a system dominated by
diffusion. In a large system, diffusion limitation will exert its effects following a
longer time interval relative to a small system. Using these guiding principals,
investigators have begun to unravel the mechanistic underpinnings of the biofilm
dispersion response. Although no general consensus has emerged from this work, it
is clear that multiple factors play a role in biofilm dispersion and that differences
exist in the manner in which dispersion is carried out by different species of
bacteria. Below is a description of our current understanding of the mechanisms,
regulation, and signaling involved in biofilm dispersion.

3.2 Role of Starvation in Biofilm Dispersion

A number of research groups have invested considerable effort over the past decade
in the examination of starvation as a likely trigger responsible for inducing a
dispersion response in biofilm bacteria. It is readily apparent that in a nutrient-limited
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system, bacteria deep within a biofilm would be more susceptible to starvation
conditions compared to bacteria residing at a location in direct contact with the
bulk liquid. As would be expected, real-time microscopic observation of growing
biofilms has revealed that bacteria deep within the biofilm are the ones most
frequently seen to disperse. From the perspective of natural selection, it makes
sense that bacteria deep within a biofilm would develop a means of escape.
Individuals that acquire or develop the ability to escape a biofilm will survive at a
higher rate than their conspecifics under nutrient-limited conditions, resulting in an
increase in their fitness. The choice appears to be between starvation and death, or
escape and survival. The argument is compelling. However, the role of starvation in
biofilm dispersion, it turns out, is not so simple.

For instance, it has been observed over many years that bacteria under low nutrient
or starvation conditions tend to form surface-associated biofilms rather than prefer-
ring life as planktonic cells (Bowden and Li 1997; Costerton et al. 1995; Marshall
et al. 1988; Pratt and Kolter 1999). Alternatively, bacteria growing under high
nutrient conditions either fail to form biofilms or form loose floc-like structures at a
substratum that are easily disrupted with fluid shear (Costerton et al. 1995; Marshall
et al. 1988; Danhorn et al. 2004; Jackson et al. 2002). This behavior was elegantly
demonstrated in early work by Peyton and Characklis who grew P. aeruginosa and
undefined mixed population biofilms on glucose medium under constant flow in
annular biofilm reactors in which shear stress and substrate loading rate could be
independently controlled. Using this system, it was demonstrated that the rate at
which biofilm cells were released into the surrounding bulk liquid was directly
proportional to the growth rate and substrate loading of the system. In other words,
at high nutrient loads, large numbers of cells were released, and at low nutrient loads,
low numbers of cells were released. Furthermore, fluid shear was shown to have a
greater impact on cell release under high nutrient loads compared to low nutrient
loads (Peyton and Characklis 1993). These observations appear to support the
counter-hypothesis that bacteria under nutrient limiting conditions prefer to remain
in a biofilm rather than return to the bulk liquid environment. Much of the early
literature on biofilms supports these observations, as reviewed by Marshall (1988)
and Costerton (1995). Typical of such observations is work by Dewanti and Wong
(1995), who examined biofilm development by Escherichia coli O157:H7 on stain-
less steel chips in high- and low-nutrient media. In this work, it was found that
biofilms developed faster with a higher number of adherent cells when grown in low-
nutrient media compared to growth in tryptic soy broth. Additionally, these
investigations showed that regardless of the carbon source, biofilms that were devel-
oped in minimal salts medium produced a thicker extracellular matrix, compared to
biofilms grown in rich medium, with glucose as the best substrate for biofilm forma-
tion. Rochex and Lebeault (2007) investigated the release of cells from a Pseudomo-
nas putida biofilm in a laminar flow cell reactor in defined mineral medium under
various nutrient loading conditions. Their investigations showed that increasing the
glucose concentration in the reactor from 0.1 to 1.0 gram per liter resulted in an
increase in cells released from the biofilm. A similar effect was observed when the
phosphorous concentration in the medium was doubled. The literature, therefore,
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seems to support the idea that when grown under low-nutrient conditions, biofilms
experience reduced rates of cell-release compared to growth under high nutrient loads.
This observation is unexpected and furthermore is contrary to the much of the
literature published over the past decade.

Numerous examples have been reported supporting the alternative hypothesis that
starvation leads to biofilm dispersion, and this has become the prevailing view among
biofilm researchers. An early report relating to starvation as a trigger for dispersion
was given by Delaquis et al. (1989) examining the effects of glucose and nitrogen
depletion on the colonization of glass petri plates by P. fluorescens. These experiments
were performed by allowing P. fluorescens to attach to the petri dish in rich medium
and then the medium was removed and replaced with fresh medium at a lower glucose
or nitrogen concentration. When this was done, the depletion of either glucose or
nitrogen was correlated with the active detachment of cells from the biofilm (Delaquis
etal. 1989). In another investigation, Sawyer and Hermanowicz examined the growth
and detachment rates of an environmental isolate of Aeromonas hydrophila attached
to a surface under varying nutrient supply conditions in a complex medium. Growth
and detachment of cells were observed in real time under constant shear, using phase
contrast microscopy in glass parallel-plate flow chambers. This work demonstrated
that specific detachment rates increased as the nutrient supply decreased, indicating
that nutrient limitation causes this bacterium to be released from a biofilm (Sawyer and
Hermanowicz 1998). In another series of investigations by Hunt et al., P. aeruginosa
biofilms were nutrient starved under continuous-flow conditions in a drip-flow reactor
by switching from medium containing glucose to medium without glucose. A signifi-
cant amount of cell release was observed following the switch, suggesting that
starvation was responsible for triggering detachment in this particular system. Because
no change in flow rate or shear was involved in these experiments, it was concluded
that waste product or metabolite accumulation did not play a role in the outcome of the
study (Hunt et al. 2004). Using a once-through continuous culture system, Thormann
et al. examined the effect of nutrient depletion on the dispersion of Shewenella
oneidensis MR-1 biofilms. In these experiments, biofilms were grown for 12 h in
flow-cells and the influent lines were switched from lactate medium to buffered water
or lactate medium depleted in oxygen. These experiments resulted in the release of up
to 80% of the cell mass within 15 min, following the change in nutrient conditions.
From this work, it was concluded that a rapid change in oxygen concentration was the
determining factor resulting in dispersion (Thormann et al. 2005).

It is difficult to draw general conclusions from the existing literature relating to
the role of starvation or nutrient limitation on biofilm dispersion. Experiments
performed using different systems and different organisms under different nutrient
conditions have yielded conflicting results, with some sets of experiments leading
to dispersion under nutrient limiting conditions and others leading to dispersion
under nutrient-rich conditions. These observations indicate that different organisms
likely use different mechanisms to regulate whether to remain in a biofilm or leave.
It is interesting to note, however, that there is one apparent consistency with the
experimental procedures used in these studies. This common theme arises from the
problem associated with switching from high-nutrient conditions to low-nutrient
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conditions in contrast to the other way around. It is not possible to remove nutrients
from medium, it is only possible to add nutrients to medium. For technical reasons,
therefore, the transition from high-nutrient to low-nutrient medium is typically carried
out by the replacement of one medium with another, resulting in a dramatically shift in
environmental conditions over a short time interval. It is possible to transition gradu-
ally from high- to low-nutrient conditions by diluting the high-nutrient medium, but
this practice requires additional technical and material costs and is rarely practiced.
Thus, most studies on the role of starvation in biofilm dispersion have been done by
running a system under high nutrient loads to allow biofilm development and then
abruptly changing conditions to a low-nutrient medium to induce starvation. It may be
possible that the rapid change in nutrient loading, as indicated by James et al. (1995),
Sauer et al. (2004) and Thormann et al. (2005) is acting as a trigger for dispersion
rather than starvation itself. For instance, in the work performed by Peyton and
Characklis (1993), nutrient conditions were changed from high load to low load
through a gradient by diluting low-nutrient medium into a large reactor vessel (an
annular reactor). These experiments actually resulted in decreased cell release from
the biofilm, even under increased shear force. A rapid transition or step change in
environmental conditions is typically associated with major changes in cell physiol-
ogy, such as a transition from aerobic to anaerobic growth. Perhaps, it is the change
that is important rather than the final environmental conditions.

Unfortunately, there is insufficient data at this time to draw a firm conclusion
regarding the role of starvation in the dispersion response. However, work with
changing nutrient conditions has resulted in the development of techniques that
have been used to reproducibly induce dispersion. This has permitted the study of
the mechanisms, regulation, and signaling involved in the biofilm dispersion
response. In these areas, there has been considerable progress over the past decade.
As arule, it has been observed that any dramatic shift in environmental conditions
will result in a dispersion response, up or down. Interestingly, the one known
exception to this rule is the switch to low-nutrient conditions. It is widely known
but not generally reported that certain bacteria will not demonstrate a dispersion
response even to abrupt depletion of nutrients in a system. However, it is almost
universally true that at least for heterotrophic bacteria, a dramatic shift to high
nutrients results in dispersion. Other environmental parameters that have shown a
positive effect on biofilm dispersion include a shift up in temperature and any
dramatic change in pH or ionic strength in a medium.

3.3 Release of Extracellular Enzymes

Bacteria within biofilms are enmeshed within a gel matrix composed of EPS. In
order to affect their release from a biofilm, bacteria must, therefore, break their
attachments to the EPS and at least partially degrade this material in order to move
from the biofilm into the surrounding bulk liquid. The regulation of the production
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and release of extracellular enzymes and the activity of these enzymes on EPS form
important areas of inquiry in research on biofilm dispersion.

In an early attempt to understand the mechanism by which bacteria affect their
release from biofilms, Boyd and Chakrabarty (1994) focused attention in the mid-
1990s on the processing of alginate by various mucoid (alginate overproducing) and
nonmucoid strains of P. aeruginosa. Alginate is an acidic polysaccharide that is
believed to comprise the majority of the EPS matrix of P. aeruginosa growing in
restricted environments, such as in lung infections of certain patients afflicted with
cystic fibrosis. Using a simplified approach for their studies, Boyd and Chakrabarty
grew P. aeruginosa on solid medium on petri dishes, which were then rinsed to
collect released bacteria in their various experiments. This technique was used to
examine the effects of alginate lyase on the alginate EPS, forming the matrix of
their surface colonies. Alginate lyase is an endolytic enzyme synthesized by
P. aeruginosa which cleaves alginate polymer strands by the [-elimination of the
4-0-glycosidic bond to yield two shorter saccharide polymers (Gacesa 1987).
These investigations showed that the alginate overproducing strain of P. aeruginosa
released relatively few bacteria when colonies were rinsed, compared to large
numbers of bacteria released from a strain defective in alginate production,
indicating that alginate serves as the major polymer anchoring P. aeruginosa within
the matrix. When a plasmid-encoded gene for alginate lyase was activated by IPTG
induction in colonies of mucoid P. aeruginosa, this led to alginate degradation,
allowing the release of large numbers of cells during the wash step. This work was
important in that it demonstrated the potential for bacteria to mediate their escape
from a biofilm by the release of EPS degrading enzymes into the surrounding
matrix. Previously, work with the methanogenic archaebacterium Methanosarcina
mazei showed that this organism produces a disaggregatase enzyme with activity
similar to P. aeruginosa alginate lyase (Xun et al. 1990). The disaggregatase caused
cellular aggregates to break apart into separate cells by hydrolytic cleavage of the
heteropolysaccharide capsule. Conditions that are generally unfavorable for growth
were associated with disaggregatase activity.

More recently, the ability of exoenzymes to release matrix-bound bacteria was
examined using cultures of Streptococcus mutans. In a study by Vats and Lee,
a monolayer of S. mutans was allowed to form over a period of 1 h on the surface of
epon-hydroxyapatite rods. These bacteria were then treated with an extracellular
protease called surface protein-releasing enzyme (SPRE), obtained from S. mutans
cultures. Results showed that adherent cells detached in response to the addition of
this preparation, and that the response was blocked when pronase was used to pre-
treat the SPRE prior to addition to the adhered cells. In addition, cells treated with
SPRE prepared from S. mutans defective in SPRE production failed to be released
from the surface (Vats and Lee 2000). These experiments were among the first to
evaluate the role of extracellular enzymes on desorption of bacteria from a surface.

While disaggregation of surface colonies and flocs, and desorption of cells from
attachment to a substratum are not directly biofilm processes, work with these systems,
nonetheless, demonstrates principals that are likely applicable to mature biofilms and
biofilm dispersion. One well-studied system that has direct applicability to the release
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of bacteria from mature biofilms has been performed on the periodontal pathogen,
Actinobacillus actinomycetemcomitans. Cells of this organism form tenaciously
adherent biofilm colonies on surfaces such as plastic and glass and disperse naturally
after prolonged incubation. By performing transposon mutagenesis, Kaplan and co-
workers were able to isolate a strain of A. actinomycetemcomitans defective in
dispersion when grown on 96-well microtiter plates. The transposon insertion in the
mutant strain mapped to a gene, designated dspB, that encoded a hydrolytic protein
that was named dispersin-B (DspB). When this enzyme was purified and added to
biofilms of A. actinomycetemcomitans defective in dspB, it was shown to disperse
these biofilms, while heat-inactivated DspB failed to cause dispersion (Kaplan et al.
2003). Itoh and co-workers showed that the activity of DspB is to cleave polymeric -
1,6-N-acetyl-D-glucosamine (poly-8-1,6-GlcNAc), which has been implicated as an
E. coli and Staphylococcus epidermidis biofilm adhesin. Enzymatic hydrolysis of
poly-B-1,6-GlcNAc was also shown to result in the dispersion of biofilms formed by
Yersinia pestis and P. fluorescens (Itoh et al. 2005).

It appears clear that in at least some instances (if not all), extracellular enzymes
are involved in orchestrating the release of bacteria from biofilms. While the studies
presented here indicate that a single enzyme may be involved in the dispersion
process for specific bacteria, it is not clear what occurs in biofilms formed by
multiple species. Furthermore, it is known that many (if not most) species of
bacteria elaborate many types of matrix polymer during biofilm formation. For
instance, P. aeruginosa is known to produce at least three types of polysaccharides
(alginate, Psl, and Pel), polynucleotides and several types of protein into its matrix
(May et al. 1991; Ma et al. 2006, 2007; Friedman and Kolter 2004a, b; Whitchurch
et al. 2002; Matsukawa and Greenberg 2004). Work in our own lab has shown that
when P. aeruginosa is induced to disperse it releases extracellular enzymes that
have been shown to include lyases, nucleases, proteases, and lipases. Information
regarding the role and regulation of extracellular enzymes in the biofilm dispersion
response is at present very limited. For instance, it is unknown at this time whether
degradative enzymes are produced exclusively to cleave a cell’s own polymers,
polymers of its own and other conspecifics, or whether these enzymes additionally
or exclusively cleave the polymers produced by members of other species within a
biofilm. Additionally, it is unknown whether the release of polymer degrading
enzymes is coordinated within a biofilm. If one takes the position that starvation
is the principal cue for dispersion in at least some bacteria, how do these cells
manage to escape from a biofilm if they are not surrounded by cells of other species
also experiencing starvation at the same time? The answers to these and many other
questions will have to await further research on this interesting and important topic.

3.4 Role of Biosurfactants in Biofilm Dispersion

The finding that P. aeruginosa produces and secretes a rhamnose-containing glyco-
lipid biosurfactant called rhamnolipid has led many to speculate on the function of
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this compound in biofilms (Hisatsuka et al. 1971). It has been hypothesized that
biosurfactants may play a role in biofilm dispersion by interacting with the matrix,
either directly or in combination with released enzymes. In work performed by Boles
and co-workers, it was observed that biofilms formed by strains of P. aeruginosa
having increased rhamnolipid production, dispersed after two days of growth in
culture, compared to ten days for wild-type biofilms under the same conditions.
These dispersion events demonstrated similar behavior to the wild type, with the
development of microcolonies followed by dispersion from the interior of these
structures, leaving behind central voids. A similar result was obtained when purified
rhamnolipid or sodium dodecyl sulfate was added exogenously to growing biofilms
(Boles et al. 2005). A role for rhamnolipid has also been suggested by Davey and co-
workers who reported that biofilms produced by mutants deficient in rhamnolipid
synthesis do not maintain the spaces or channels between microcolonies in a biofilm.
When rhamnolipid production was prevented, biofilms that formed were found to be
lacking in these structures (Davey et al. 2003). This behavior was also noted by
Purevdorj-Gage et al. (2005).

Thus, rhamnolipid and perhaps other biosurfactant molecules appear to play a
role in the maintenance of the structure of the EPS matrix of biofilms. Whether this
role is direct, or is the result of an enhancing effect on the degradation of matrix
material by extracellular enzymes, is unclear at this time. Interestingly, Purevdorj-
Gage noted that in a rhamnolipid defective mutant, biofilms continued to grow to a
significantly greater thickness compared to wild-type biofilms. However, normal
biofilm dispersion with the resultant hollow microcolonies was also observed when
rhamnolipids were not produced. These findings indicate that while rhamnolipid
may enhance biofilm dispersion (in P. aeruginosa), it is not required.

3.5 Intracelluar Regulation of Biofilm Dispersion

Little is known about the intracellular regulation of the biofilm dispersion response.
From the work presented above, it is clear that the response is under physiological
regulation; however, no complete story has emerged to describe how biofilm
dispersion is triggered by the cell. Despite this, important regulatory points have
been identified which when disrupted will prevent or reduce either biofilm devel-
opment or dispersion in selected species.

Central carbon flux and catabolism appear to play a major role in biofilm
regulation. Csr (carbon storage regulator) is global regulatory system that controls
bacterial gene expression at the posttranscriptional level. Its effector is a small
RNA-binding protein referred to as CsrA in E. coli, or RsmA (repressor of station-
ary phase metabolites) in phytopathogenic Erwinia species (Romeo 1998). CsrA is
responsible for repression of several key metabolic pathways induced in stationary
phase growth. For instance, CsrA has been shown to dramatically affect the
biosynthesis of intracellular glycogen in E. coli through its negative control of the
expression of two glycogen biosynthetic operons and the gluconeogenic gene pckA
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(Romeo et al. 1993). Examination of the effects of csrA on several enzymes, genes,
and metabolites of central carbohydrate metabolism has established a more exten-
sive role for c¢srA in directing intracellular carbon flux (Sabnis et al. 1995). This
activity is carried out by the binding of CsrA to mRNA transcripts, either increasing
or decreasing their decay rates (Jackson et al. 2002, 2004). In experiments carried
out in the laboratory of Tony Romeo, it was found that when csrA was placed under
the control of a tac promoter, biofilms of E. coli could be induced to disperse upon
activation of the csrA gene by the addition of IPTG. Control experiments showed
that IPTG did not affect biofilm formation or dispersal in strains lacking the
inducible c¢srA gene. These experiments indicated that csrA expression can serve
as a general signal for biofilm dispersal in E. coli. Interestingly, when medium was
amended with 0.2% glucose, biofilm thickness increased in both the induced and
uninduced cultures, suggesting that glucose can override the regulatory effect of
CsrA on biofilm dispersal (Jackson et al. 2002).

Another regulator of carbon metabolism, the Crc (catabolite repression control)
protein has been shown to prevent the utilization of key sugars, such as glucose
when tricarboxylic acid (TCA) cycle intermediates are present in the cell. Disrup-
tion of crc was shown by O’Toole et al. (2000) to dramatically decrease biofilm
formation by P. aeruginosa, indicating that nutritional cues are integrated by Crc as
part of a signal transduction pathway that regulates biofilm development. Sauer
et al. have shown that P. aeruginosa biofilm dispersion can be induced by key
sugars and TCA cycle intermediates. By repeating these experiments with a crc
mutant of P. aeruginosa, strain PAO 8023, it was shown that there was no
dispersion response following changes in nutrient concentration. Neither the addi-
tion of alternate carbon substrates (glutamate, succinate, citrate, or glucose) nor the
addition of ammonium chloride induced dispersion. It was noted that the lack of a
dispersion response may have been related to a biofilm formation defect within the
strain resulting in a thin unstructured biofilm (Sauer et al. 2004). These findings hint
at a potential role of Crc in regulating biofilm dispersion in P. aeruginosa.

A third regulator of carbon metabolism, CcpA, (catabolite control protein) has
been shown to have an effect on biofilm formation by Bacillus subtilis. In a study by
Stanley et al., it was shown that biofilm formation was inhibited when B. subtilis
was grown in the presence of a rapidly metabolized carbon source and stimulated
upon depletion of glucose. It was shown that CcpA mediated biofilm inhibition in
B. subtilis, and ccpA mutants formed thicker biofilms than wild-type strains in the
presence of glucose. These results suggested that in the presence of a preferred
carbon source, B. subtilis cells demonstrate a preference for planktonic growth.
Stanley et al. (2003) proposed one possible model to explain the regulation of the
depth of the biofilm is that, under conditions of catabolite repression, CcpA
represses a gene that either decreases the rate of attachment of cells to a biofilm
or increases the rate of dispersion of cells from the biofilm.

In recent years, the involvement of a second messenger molecule bis-(3'-5')-
cyclic dimeric guanosine monophosphate (c-di-GMP) has been implicated as
playing an important role in the adaptation of many different bacterial species to
their environment. In particular, c-di-GMP has been cited as a central regulator of
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biofilm formation and the main switch between biofilm and planktonic modes of
existence in gram-negative bacteria (Karatan and Watnick 2009). Cyclic nucleotides
represent second messenger molecules in all kingdoms of life (Roger et al. 2004).
The second messenger c-di-GMP was first identified in Gluconacetobacter xylinus,
where it regulates production of cellulose through modulation of cellulose synthase
activity (Ross et al. 1990). It has been demonstrated that proteins having GGDEF
and EAL domains are involved in the turnover of ¢c-di-GMP in vivo (Simm et al.
2004). The GGDEF domain acts as a cyclase, leading to the production of c-di-GMP,
and the EAL domain acts as a phosphodiesterase leading to c-di-GMP degradation
(Christen et al. 2005; Ferreira et al. 2008; Kim and McCarter 2007; Tal et al. 1998).
Recent work has indicated that increased levels of c-di-GMP in a variety of gram-
negative bacteria are correlated with increased cell aggregation and surface attach-
ment, leading to enhanced biofilm formation. It has been shown that in Salmonella
enterica serovar Typhimurium, P. aeruginosa, P. putida and E. coli, GGDEF and
EAL domains mediate similar phenotypic changes related to the transition between
attached and planktonic modes of existence (Hickman et al. 2005; Giivener and
Harwood 2007). Furthermore, it has also been reported that by modulating the
intracellular c-di-GMP pool via overexpression of a diguanylate cyclase or phos-
phodiesterase it is possible to induce biofilm dispersion in at least one organism,
Shewanella oneidensis (Thormann et al. 2006). In P. aeruginosa, it has been noted
that nutrient-induced biofilm dispersion is dependent on c-di-GMP signaling
through a chemotaxis transducer protein, BdIA. It has been shown that in a bdIA
mutant, the ability to disperse in response to step changes in nutrient concentrations
was lost. It is hypothesized that the PAS domains of BdIA initiate a chemosensory
signaling cascade, which activates a phosphodiesterase that may result in lowering
intracellular levels of c-di-GMP, leading to dispersion (Morgan et al. 2006).

Currently, the factors that regulate c-di-GMP levels and the modes of action of
c-di-GMP are unknown (Merritt et al. 2007). However, the findings given above
clearly point to a role for c-di-GMP in the formation and maintenance of biofilms,
with high levels of c-di-GMP being correlated with biofilm formation and low
levels of c-di-GMP correlated with planktonic growth. Further work is required
before we will understand the full story behind the relationship between EPS
production, global carbon regulation, and biofilm dispersion.

3.6 Extracellular Inducers of Biofilm Dispersion

The search for an extracellular signal responsible for biofilm dispersion has uncov-
ered a range of factors that have been shown to stimulate biofilm disruption. The role
of changing environmental conditions as, such as the depletion of oxygen or a
sudden increase in carbon load has been discussed above. Additional factors have
been shown to act as inducers of biofilm dispersion. For instance, Chen and Stewart
demonstrated that addition of chemicals such as antimicrobial agents to a mixed
biofilm of P. aeruginosa and Klebsiella pneumoniae resulted in significant removal
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of cells from these biofilms. Additional treatments leading to a loss of more than
25% of the biomass from these biofilms included NaCl and CaCl2; chelating agents;
surfactants such as sodium dodecyl sulfate (SDS), Tween 20, and Triton X-100; a
pH increase; and lysozyme, hypochlorite, monochloramine, and concentrated urea.
Some treatments caused significant killing but little cell release, while other
treatments resulted in release with little killing (Chen and Stewart 2000). Since
this study focused on the remaining biofilm, the detachment mechanisms involved
in these processes were not determined.

The identification of a cell-to-cell communication molecule responsible for
biofilm dispersion has been the focus of a number of researchers over the past
decade. Recently, indole has been shown to act as an intercellular messenger,
inhibiting biofilm formation in E. coli, but it was also shown to enhance biofilm
formation in P. aeruginosa (Lee et al. 2007a, b). While effective in preventing
biofilm formation, Indole has not yet been shown to activate a dispersion response
in existing biofilms. Another molecular inducer that has been identified to play a
role in the induction of biofilm dispersion is nitric oxide (NO). Barraud and co-
workers have demonstrated that dispersion of P. aeruginosa biofilms is inducible
with low, sublethal concentrations (25-500 nM) of the NO donor sodium
nitroprusside (SNP). Moreover, a P. aeruginosa mutant lacking the only enzyme
capable of generating metabolic NO through anaerobic respiration did not disperse,
whereas an NO reductase mutant exhibited greatly enhanced dispersal (Barraud
et al. 2006). It is not clear whether NO is generated by P. aeruginosa as a specific
signal to induce biofilm formation or whether it acts as a metabolite indicator of
unfavorable environmental conditions.

The quorum sensing inducer molecules known as acyl-homoserine lactones
(AHLs) have also been implicated as extracellular signals having the potential to
stimulate a dispersion response in biofilm bacteria (David et al. 1998). Allison and
co-workers have reported that P. fluorescens B52 biofilms grown on glass
coverslips in spent medium were reduced in total biomass compared to biofilms
grown in fresh medium. It was suspected that AHLs present in the spent medium
may be responsible for inhibiting biofilm development in this strain. Although
bioassays with an Agrobacterium AHL-reporter failed to detect the presence of
AHL in the spent medium preparation, the exogenous addition of N-acyl-hexanoyl
homoserine lactone to fresh growth medium was shown to reduce biofilm formation
and had a similar effect as using spent culture medium (Allison et al. 1998).
Quorum sensing using N-butanoyl-L-homoserine lactone was also found to be
involved in the sloughing of the filamentous biofilm formed by Serratia
marcescens. Biofilms formed by this bacterium were observed to consistently
slough from the substratum after approximately 75-80 h of development. While a
mutant defective in quorum-sensing, when supplemented with exogenous signal,
formed a wild-type filamentous biofilm and sloughed at the same time as the wild
type. When the AHL signal from the quorum-sensing mutant was removed prior to
the time of sloughing, the biofilm did not undergo significant detachment. Together,
these data suggested that biofilm formation and sloughing by S. marcescens are
regulated by AHL-mediated quorum-sensing (Rice et al. 2005). Other investigators
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have also demonstrated that acyl-homoserine lactones may play a role in the
production and regulation of matrix material produced by bacteria in biofilms and
of cell aggregation in culture. Lynch and co-workers reported a decrease in biofilm
formation in quorum sensing-defective Aeromonas hydrophila cultured on a steel
surface in continuous culture, indicating a potential inverse relationship between
quorum sensing and biofilm dispersion. In a separate study, Puskas and colleagues
reported that inactivation of quorum sensing in Rhodobacter sphaeroides results in
the formation of cell aggregates in liquid culture. Addition of R. spaeroides acyl-
homoserine lactone to cultures of cells defective in quorum sensing resulted in
disaggregation of cell clumps, indicating an inverse relationship between aggrega-
tion and quorum sensing in this organism (Puskas et al. 1997; Lynch et al. 2002).

Autoinducer molecules have also been implicated in the induction of dispersion
of biofilms formed by gram-positive bacteria. The autoinducing peptide AIP-I is
produced by S. aureus. Examination with confocal laser scanning microscopy
(CLSM) showed that when biofilms of S. aureus were treated with AIP-1, they
sloughed from the glass surface of a continuous culture flow cell over a period of
1-2 days, suggesting that AIP-I activated a detachment or desorption mechanism.
The concentration of released bacteria in the effluent increased markedly 24-36 h
after AIP-I addition. In contrast, the number of bacteria in the biofilm effluent of
untreated cultures remained relatively constant. Computational analysis of the
detachment phenotype indicated a 91.3 £ 4.3% reduction in biomass within 48 h
of AIP-I addition. Consistent with a protease-mediated mechanism, increased levels
of serine proteases were detected in the biofilm reactor effluents. Furthermore, it
was shown that quorum-sensing activation increased the production of extracellular
proteases. The authors concluded that quorum-sensing is required to form a biofilm,
and quorum-sensing reactivation in established biofilms is required to detach or
slough these biofilms (Boles and Horswill 2008).

Recently, it has been shown that a small messenger fatty acid molecule, cis-2-
decenoic acid, produced by P. aeruginosa in batch and biofilm cultures induces a
true dispersion response in biofilms formed by P. aeruginosa, as well as a range of
gram-negative and gram-positive bacteria and yeast (Davies and Marques 2009).
Figure 5 shows time course photomicrographs of biofilm microcolonies of
P. aeruginosa grown in continuous culture and treated with purified spent medium
from P. aeruginosa cultures containing 10 uM cis-2-decenoic acid (A—C), or 10 uM
synthetic cis-decenoic acid (D-F). Both the purified natural inducer from spent
medium and the synthetic compound were shown to induce a dispersion response in
P. aeruginosa, which began after approximately 5 min of exposure (observed as
rapid twitching of cells enmeshed in the microcolony matrix), and resulted in
complete dispersion of the microcolonies within 30 min.

Dispersion that is induced naturally is observed to originate at the interior of
biofilm microcolonies and results in the formation of void spaces where bacteria
have evacuated the biofilm. Conversely, exogenous dispersion induction results in
the complete disaggregation of microcolonies. This observation indicates that
biofilm dispersion is initiated where the accumulation of inducer is highest. In
nature, presumably all cells in a culture produce the inducer at a constant rate.
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Fig. 5 Effect of cis-2-decenoic acid on developed biofilm microcolonies of P. aeruginosa grown
in continuous culture in flow cells. Following 4 days of culture, biofilms were treated with 10 uM
cis-decenoic acid under flowing conditions for 30 min. (a—c) shows addition of medium amended
with purified P. aeruginosa spent culture medium containing cis-decenoic acid: (a), microcolony
before treatment; (b), microcolony 7 min after treatment; (c), microcolony 30 min after treatment.
(d—f) shows addition of medium containing synthetic cis-2-decenoic acid: (d), microcolony before
treatment; (e), microcolony 11 min after treatment; (f) microcolony 30 min after treatment (from
David Davies)

Under these conditions, the inducer will become most concentrated at those
locations having the greatest diffusion limitation; the center of a microcolony,
near the substratum. It is at this location that endogenous dispersion is always
detected in flowing systems. When the inducer is delivered to the cells along with
the medium, it has been shown to act first upon cells, which are in close proximity to
the bulk liquid. It is relevant to note that bacteria attached directly to the substratum
do not respond to exogenous dispersion induction with cis-2-decenoic acid.

It is interesting that the activity of cis-2-decenoic acid is neither restricted to
P. aeruginosa nor is it restricted to gram-negative bacteria. Figure 6 is a series of
photomicrographs showing the response of a gram-positive Streptococcus to treat-
ment with cis-2-decenoic acid. Following approximately 40 min of exposure to
inducer-containing medium, the microcolony was completely disaggregated. Upon
restarting flow to the system, the cells from the disaggregated microcolony were
observed to completely disperse. Bacteria directly adhered to the substratum were
not observed to participate in the dispersion response. It is notable that this
organism was able to undergo a dispersion response despite being nonmotile and
under quiescent conditions.

Cell-to-cell signaling mediated by fatty acid derivatives has previously been
described for a number of bacterial species, including Xanthomonas sp.,
P. aeruginosa, Mycobacterium sp., Stenotrophomonas maltophilia, Xylella
fastidiosa, and Burkholderia cenocepacia (Boon et al. 2007; Chatterjee et al.
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Fig. 6 Effect of cis-2-decenoic acid on developed biofilm microcolonies of a Streptococcus sp.
grown in continuous culture in flow cells. Following 6 days of culture, the biofilm was treated with
medium amended with purified P. aeruginosa spent culture fluid containing 10 uM cis-decenoic
acid under quiescent conditions for 60 min. At 30 min of treatment, the cells of the microcolony in
the image are seen to begin to separate from the matrix, and at 40 min the microcolony has
disaggregated. When flow was reinstated, the microcolony dispersed leaving behind only bacteria
attached directly to the substratum (from David Davies)

2008; Huang and Wong 2007; Wang et al. 2004). The best characterized of these
low-molecular-weight fatty acids is DSF, which is responsible for the regulation of
virulence in Xanthomonas campestris (Barber et al. 1997). DSF signaling has also
been shown to regulate the production of extracellular proteases and
exopolysaccharide production, aggregative behavior, biofilm formation, flagellum
synthesis, resistance to toxins, activation of oxidative stress, and activation of aerobic
respiration (Chatterjee et al. 2008; Huang and Wong 2007; Fouhy et al. 2007). DSF is
structurally related to cis-2-decenoic acid, having a double bond at position 2, but it
contains a 12-carbon chain with a branched methyl group at the number 11 position.
The synthesis and detection of DSF have been shown to require products of the rpf
(for regulation of pathogenicity factors) gene cluster in X. campestris (Barber et al.
1997). Synthesis of DSF requires RpfF, a putative enoyl coenzyme A (CoA)
hydratase, and RpfB, a putative long-chain fatty acyl CoA ligase. DSF perception
is dependent on the two-component system comprising the sensor kinase, RpfC,
and the response regulator, RpfG (Barber et al. 1997; Dow et al. 2003; Ryan et al.
2006; Slater et al. 2000). While a BLAST search of the P. aeruginosa genome does
not reveal the presence of an rpf gene cluster or protein closely related to RpfF, it
does show 12 enoyl CoA hydratases with some sequence homology to RpfF,
indicating the potential for synthesis of a DSF-related fatty acid signal. More
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closely related to cis-2-decenoic acid is cis-2-dodecenoic acid, a functional analog
of DSF produced by B. cenocepacia and named BDSF (Boon et al. 2007). Sensing
of DSF has been shown by Slater et al. to be mediated in X. campestris by the sensor
kinase RpfC. A structural analog to this sensor in P. aeruginosa is PA1396, which
was shown by Ryan et al. (2006) to respond to DSF produced by S. maltophilia
(Slater et al. 2000).

The similarity between cis-2-decenoic acid, DSF and BDSF suggests that as a
class of molecules, small messenger cis-monounsaturated fatty acids have activity
across a wide range of bacteria as extracellular signals. As an inducer of biofilm
dispersion, there are clear advantages to having an extracellular signal that is
recognized by diverse species. In order to release cells from the biofilm matrix
during a dispersion response, microorganisms must rely on the degradation of
extracellular polymers produced by neighboring microorganisms of other species,
as well as their own species. It is unlikely that a bacterium will produce enzymes to
degrade all of the matrix polymers in which it may be enmeshed within a multispe-
cies biofilm. Consequently, in order to disperse from a multispecies biofilm, it must
be necessary for the resident organisms to release enzymes in a coordinated fashion.
This can be effectively achieved when a cell-to-cell communication molecule is
used to orchestrate a coordinated response by unrelated organisms. In addition to
prokaryotes, many biofilms also contain eukaryotes, indicating an advantage to
cross-kingdom activity for an extracellular inducer of biofilm dispersion. Cross-
kingdom activity has been proposed previously for fatty acid messengers from
evidence that DSF is recognized by C. albicans binding to the receptor of farnesoic
acid, leading to an arrest in filamentation (Wang et al. 2004). This is further
supported by the observation that cis-2-decenoic acid is able to induce the disper-
sion of C. albicans (Davies and Marques 2009).

The broad-spectrum activity of cis-2-decenoic acid suggests that this and other
short-chain cis-2-monounsaturated fatty acids likely have deep evolutionary roots.
Therefore, the discovery of additional small fatty acid messengers is anticipated in
other organisms. It is interesting that fatty acid communication has been found to be
present in many plant and animal species, and the connection to cell dispersion in
these systems may be an interesting area for future investigation.

4 Conclusions

It is likely that the biofilm dispersion response is a mechanism to escape starvation
conditions or overcrowding within a sessile population, allowing fixed cells the
opportunity to migrate to a more favorable environment and thin out the population
that remains. Figure 7 shows a schematic representation of the biofilm lifecycle
with photomicrographs from each stage in the process given below. Following
initial interaction with a surface by reversible (1) and irreversible attachment (2),
bacteria are simulated to commence production and excretion of matrix polymers
(2) that allow cells to become cemented to the surface. Prolonged growth results in
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Fig. 7 Biofilm lifecycle. Stages in the development and dispersion of biofilm are shown proceed-
ing from right to left. Lower panel shows photomicrographs of bacteria at each of the five stages
shown in the schematic above (from left to right) (from David Davies)

the development of microcolonies (3), composed of cells enmeshed in a gel-like
EPS matrix. As the microcolonies continue to increase in size (4), cells in the
interior of the microcolonies will experience overcrowding, decreased availability
of nutrients, increased concentrations of waste-products, toxins and excreted
metabolites including cell-to-cell signaling molecules, along with changes in their
physicochemical environment (pH, ionic strength, buffering capacity, etc.). Cells
recognize these changes (5), through the transduction of external or internal signals,
for instance, by recognizing autoinducers and signaling molecules (such as oxygen
or NO) through interaction with sensors anchored to the membrane or located inside
the cell. These sensing systems interact, by undefined mechanisms, with second
messenger molecules such as c-di-GMP, resulting in global changes in cell physi-
ology. In at least some instances, this involves interaction with global carbon
regulators. An important component of the response is the release of enzymes
into the extracellular environment where they interact with and degrade polymers
forming the matrix. Whether this is a gated release of existing enzymes, or results
from the synthesis of new proteins, is unclear at this time. As the matrix within a
microcolony is digested, cells become free to move by active motility or browning
motion. Eventually, a breach is made in the matrix at a margin of the microcolony
through which the bacteria are able to escape into the surrounding bulk liquid.
The sensing systems involved in regulating the dispersion response are not
clearly defined at present. When biofilm microcolonies are small, an inducer,
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which accumulates in the extracellular matrix, can be removed by diffusive and
advective transport. This removal is not possible in small-scale batch systems and
may explain why biofilms typically fail to develop at the solid-liquid interface in
these systems. When cell clusters attain a dimension where the inducer is not
adequately washed out from the interior (the rate of diffusion being exceeded by
the rate of production), the inducer is able to attain a concentration necessary for
activation of the dispersion response, releasing cells from the biofilm.

The identification of signaling systems responsible for dispersion will have
important implications in the management of biofilms. The unusual resistance of
biofilm bacteria to treatment with antimicrobial agents, and the persistence and
chronic nature of biofilm infections could potentially be overcome if, in treatment,
biofilm bacteria could be forced to transition to a planktonic state. The induction of
biofilm dispersion prior to, or in combination with therapy by antimicrobial agents
should provide a practical mechanism for improving the outcome of antimicrobial
treatments. In situations where microbicides are unwanted or unnecessary, disper-
sion induction could be used as an alternative to toxic compounds or reactive
chemicals. Biofilm dispersion thus holds significant promise a mechanism for the
management and control of resistant or recalcitrant bacterial populations.
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Competition, Communication, Cooperation:
Molecular Crosstalk in Multi-species Biofilms

Carsten Matz

Abstract Many microorganisms exist in the environment as multicellular com-
munities, so-called biofilms. Chemical communication is an essential part of the
way in which biofilm populations coordinate their behavior and respond to envi-
ronmental challenges. Recent research has been unravelling a complex web of
chemical crosstalk mediating microbial symbiosis, competition and defense against
predators and pathogens. Understanding the molecular basis of biofilm interactions
in their ecological context bears the potential of refining natural product discovery
and the development of biofilm-derived biotechnologies.

Microbial biofilms constitute the major proportion of bacterial biomass and activity
in many natural and man-made systems. At the same time, biofilms serve as
important environmental reservoirs for pathogenic microbes (Flanders and Yildiz
2004) and are the causative agents for many persistent bacterial infections
(Costerton et al. 1999). Rules governing biofilm assembly, function and evolution
have been largely unexplored but as with communities of macro-organisms, local
interactions between component organisms in spatially structured environments are
likely to be of central importance (Hibbing et al. 2010). Structure, composition and
function of biofilm communities are predicted to be determined by synergistic and
antagonistic interactions among component species (Hassell et al. 1994; Kerr et al.
2002; Battin et al. 2003). Despite the consensus that natural biofilms represent
multi-species communities of diverse micro-organisms, studies to date have
addressed the physiology and regulation of biofilm functions almost to the exclu-
sion of species—species interactions.

Biofilms in the natural environment are very complex entities that potentially
consist of many hundreds of different species. There are real challenges in under-
standing how different bacteria interact with their own and other species. To study
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organismic interactions in multi-species biofilms, marine biofilms have become a
leading model system (Egan et al. 2008). Biofilms in the sea are most evident
as slimy surface growth or “Aufwuchs” on docks, boat hulls or intertidal rocks.
A glimpse through the microscope reveals, however, that even marine animals
and plants or inconspicuous sediments may be covered with biofilms. Marine
and freshwater biofilms are complex structures that comprise both bacteria and
eukaryotic microbes (Fig. 1). Following the initial attachment of bacteria, surfaces
get further colonized by fungi, cyanobacteria, unicellular algae and bacteria-eating
protozoa, thus creating a dynamic and diverse community of micro-organisms. In
the absence of large shear forces, such biofilm communities can grow extensive
mats or slimes. In the process of the successive surface colonization, aquatic macro-
organisms such as macroalgae and invertebrates (barnacles, worms, mussels, snails)
arrive, by which aquatic surface communities often become visible to the naked
eye. These biofilm communities may not quite reach the grandeur of coral reefs, but
they may be comparable in their complexity of the interactions between component

Fig. 1 Laser scanning microscopy image of a marine biofilm community. Bacteria (green) were
stained with SYTO9 and extracellular polymeric substances (red) were stained with Alexa568-
conjugated lectin AAL (Aleuria aurantia). Pink and blue fluorescence is due to the
autofluorescence of cyanobacteria and microalgae (diatoms, chlorophytes), respectively. Circular
cells (green, red) represent heterotrophic protists. Image courtesy of Dr. B. Zippel
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species. Owing to their densely packed nature and limited capacity for diffusion,
chemical communication might be an ideal way for species to interact within a
biofilm as distances are small enough for the diffusion of signal and effector
molecules (Decho et al. 2010). This chapter summarizes first insights into the
biomolecular complexity underlying interspecies communication in marine biofilm
communities.

1 Competition and Defence by Chemical Weapons

Life in a biofilm is similar to that in a city (Watnick and Kolter 2000): the dense
settlement not only allows symbiotic relationships between component species, but
also tightens the competition for limited resources (space, nutrients, light) or may
attract predators. Relatively high population density and limited diffusibility of the
exopolymer matrix support the notion that biofilm residents interact and communi-
cate by small chemical compounds. In the last few years, it has become evident that
marine bacteria harbour a broad arsenal of biologically active metabolites, which
are predicted to function as chemical weapons and signals (Jensen and Fenical
1994).

The marine gamma-proteobacterium Pseudoalteromonas tunicata illustrates the
range of target-specific molecules that biofilm bacteria may use to grow and survive
in multi-species biofilm communities (Thomas et al. 2008). In the interaction with
competing fungi, P. tunicata makes use of a secreted inhibitory tambjamine
alkaloid (Fig. 2a) (Franks et al. 2005, 2006). The biosynthetic pathway is coded
by a cluster of 19 genes (tamA to tamS) encoding proteins with homology to
prodigiosin biosynthetic genes in various other bacteria (Burke et al. 2007).

Microcolonies of P. tunicata also produce the antibacterial AlpP lysine oxidase
(James et al. 1996; Mai-Prochnow et al. 2008), which has been proposed to keep
competing bacterial species in check by the production of H,O,. In photic habitats,
unicellular algae such as diatoms are among the strongest competitors of bacteria
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Fig. 2 Metabolites with antifungal and antialgal activities: Tambjamine (a) and alkyl-chinolinols
(b) isolated from marine Pseudoalteromonas spp.
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for micronutrients. In P. tunicata, a not-yet-characterized 3—10 kDa peptide is
suspected to inhibit the growth of diatoms and the germination of macroalgal
spores. Other bacteria of the genus Pseudoalteromonas are known for the produc-
tion of alkyl-chinolinols (Fig. 2b) (Long et al. 2003), which were found to inhibit
the growth but not to kill various diatom. Generally, the increasing number of
reports on allelopathic effects elicited by biofilm-derived bioactives suggests that
much of the spatial and temporal dynamics found in natural biofilm communities is
controlled by chemical compounds.

A life-threatening ecological factor for attached bacteria is the grazing pressure
elicited by bacteria-consuming protists, the protozoa (amoebae, ciliates, flagellates).
While bacterial biofilms without grazing defence can be rapidly eliminated by
protozoa, biofilm bacteria capable of chemical defence are resistant against grazing
and may grow to high cell densities (Fig. 3).

Again, P. tunicata provides a good example for the production of an effective
antipredator molecule, the purple indole alkaloid violacein (Fig. 4) (Matz et al.
2008). Violacein is synthesized by a number of marine bacteria and stored in the
periplasm between the inner and outer membrane of the bacterial cell (Matz et al.
2008; Hakvag et al. 2009). Once a bacterium gets phagocytized by a protozoan
predator, violacein is thought to be released into the phagolysosome upon the
digestion of the outer membrane.

Although the molecular mechanism has not been elucidated in detail, there is
evidence that violacein as a redox-active molecule disrupts the membrane potential
of mitochondria. This triggers the eukaryotic suicide program (apoptosis) of the
protozoan cell, thus leading to the complete lysis of the protozoan predator within a

Chemically
defended
biofilm

Grazing
sensitive
biofilm

Fig. 3 Biofilms exposed to grazing by Acanthamoeba polyphaga. Chemically defended biofilms
(top) maintain high biomass, while undefended biofilms are cleared from the tube (bottom). Image
courtesy of Dr. M. Weitere
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few hours (Matz et al. 2008). The effectiveness of this defence mechanism is
illustrated by the fact that a single bacterium, containing about one femtogram of
violacein, is sufficient to stop the feeding activity of the protozoan cell within
minutes. Other recent studies suggest that such chemically mediated grazing resis-
tance is not uncommon in biofilms (Matz et al. 2004a, 2005, 2008), and could be an
explanation for the accumulation and persistence of biofilms, despite the presence
and feeding activity of their natural consumers.

2 Cooperation by Chemical Communication

It is striking that the biosynthesis of defence molecules such as violacein is
significantly increased in biofilm bacteria in comparison with free-swimming
bacterial cells (Matz et al. 2008). One reason for this is that within biofilms bacteria
reach relatively high local cell densities even at low nutrient levels. High cell
densities in turn facilitate chemical communication between bacterial cells using
pheromone-like signalling molecules (Williams et al. 2007). In many Gram-negative
bacteria, cell-cell communication occurs via N-acyl homoserine lactones (AHLs,
Fig. 5), while autoinducing peptides represent common signal molecules in Gram-
positive bacteria. Moreover, furanosylesters that are derived from dihydroxy-
pentanedione are described as the AI-2 signalling system for both Gram-negative
and Gram-positive bacteria.

By using quorum sensing molecules, bacteria obtain information on their popu-
lation size and may coordinate a group behaviour similar to a multi-cellular
organism. Temporal patterns of gene expression during bacterial growth indicate
that most genes are activated by quorum sensing during the transition from loga-
rithmic phase to stationary phase (Schuster et al. 2003; Wagner et al. 2003); that is,
when cell densities markedly increase and nutrients become increasingly depleted.
By enabling cooperation and synchronization, quorum sensing is thought to adjust
the population response to changing environmental conditions and increase the
fitness of dense bacterial assemblages in late logarithmic and early stationary phase
(Keller and Surette 2006).



34 C. Matz

Fig. 5 Quorum sensing

O
molecules: N-acyl | | / \
homoserine lactones /\/\ e}
produced by Gram-negative R NH
bacteria | |

0o

R = Cy bis Cys

Predation and the necessity of defence exemplify one facet of the selective
advantages in the evolution of bacterial cell-to-cell communication systems: in
exponentially growing bacterial populations, predation is not an immediate threat
(because bacterial growth rates are usually high enough to compensate for grazing
losses) but grazing becomes a serious problem with the onset of nutrient depletion
(stationary phase). In fact, evidence has been gathered from studies of four bacterial
species, Pseudomonas aeruginosa, Chromobacterium violaceum, Vibrio cholerae
and Serratia marcescens that quorum sensing mutants have a significantly reduced
antipredator fitness compared with their isogenic wild-type strains (Matz et al.
2004a, b, 2005; Queck et al. 2006). In addition to their role in monitoring popula-
tion density, quorum sensing signals have also been proposed to function as
diffusion sensors (Redfield 2002). In the context of grazing resistance, synchroni-
zation by a quorum might be required to reach extracellular toxin levels high
enough to ward off predators, whereas the secretion of inhibitors by a single cell
is likely to be ineffective.

Upon reaching the critical quorum size, quorum-sensing signals induce the
expression of grazing defence genes, as in the case of the violacein gene cluster
vioABCDE. It is well known for plant-associated bacteria that already microcolonies
of less than 40 bacteria are enough to turn on the AHL-mediated communication
(Dulla and Lindow 2008). Indirectly, the feeding activity of protozoa appears to
promote the achievement of the minimum quorum size. In particular, the size
selective feeding of protozoa promotes the formation of microcolonies (Matz et al.
2004a), which may lead to the accelerated induction of quorum sensing, and more
indirectly to the induction of chemical defence. To what extent the formation of
microcolonies, or the synthesis and release of defence molecules also is directly
inducible by predator-derived signals (kairomones), remains a question for future
investigations.

3 Eukaryotic Response to Biofilm Signals

The colonization of marine surfaces by microbial biofilms entails the settlement of
macro-organisms in the form of algal spores or invertebrate larvae. When choosing
the appropriate attachment site, the temporarily free-swimming spores and larvae of
macroalgae and invertebrates may respond to chemical cues or signals released
by biofilms. Deterrents often appear to be nonpolar secondary metabolites (see, e.g.,
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P. tunicata), while there seems to be mainly primary metabolites such as
carbohydrates and peptides among the water-soluble attractants (Qian et al.
2007). For example, larvae of the tubeworm Hydroides elegans searching for
suitable attachment habitat rely on the specific composition of the biofilm EPS,
and as-yet-unidentified metabolites produced by associated bacteria or diatoms
(Harder et al. 2002; Lam et al. 2005).

In addition, macro-organisms are capable of eavesdropping on the chemical
communication of biofilm bacteria. Spores of the green alga Ulva intestinalis
exploit different long-chained AHL signals of communicating biofilm bacteria for
their own orientation (Joint et al. 2002). When Ulva zoospores reach the surface,
they slow down their swimming movement at micromolar hotspots of AHLs and
attach directly to the AHL-producing biofilm bacteria (Joint et al. 2007). It has been
demonstrated that the detection of AHLs results in calcium influx into the zoospore.
Currently, we can only speculate about the ecological and evolutionary benefits of
biofilm-mediated habitat choice for spores and larvae: The colonization of abiotic
surfaces by “biotic” biofilms could serve as a general indicator/proxy for habitable
conditions, or facilitate specific associations with bacterial symbionts.

4 Biofilm Inhibition by Molecular Mimicry

In addition to sediments and rocks, biofilms colonize the “living” surfaces of many
marine animals and plants, a phenomenon termed epibiosis. Marine animals and
plants are exposed to the constant risk of being literally overgrown by epibionts.
One strategy for the host organism to block epibiont settlement is the production of
antifoulants. The Australian red alga Delisea pulchra, for instance, employs molec-
ular mimicry by releasing halogenated furanones (Fig. 6a), which is remarkably
similar in its structure to the AHLs that many biofilm bacteria use for intraspecific
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Fig. 6 Host-derived quorum sensing antagonists: brominated furanones and alkaloids isolated
from the red alga Delisea pulchra (a) and the bryozoan Flustra foliacea (b)
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communication (Givskov et al. 1996; Manefield et al. 1999). Furanones were found
to modulate the activity of the AHL-dependent transcriptional activator LuxR in the
bacterial quorum-sensing systems by reducing the half-life of the LuxR receptor
proteins (Manefield et al. 2002). Blocking communication between biofilm bacteria
leads to the failure of bacterial survival functions. Among other functions, biofilm
bacteria may be compromised in their defence against predators in the presence of
QS antagonists and thus rapidly grazed by protozoa.

Likewise, marine animals have been reported to produce AHL-antagonists to
reduce the formation of epibiotic biofilm. One example may be the brominated
alkaloids, which were isolated from the North Sea bryozoan Flustra foliacea
(Fig. 6b) (Peters et al. 2003). However, the QS-specific antagonism of Delisea
furanones and Flustra alkaloids is limited to a specific concentration range. At
higher concentrations, these molecules possess a general biocidal effect, so that —in
addition to compromising biofilm homeostasis — the settlement of invertebrate
larvae and algal spores is directly inhibited.

5 Host Defence Mediated by Epibiotic Biofilms

Epibiotic biofilms may not only be detrimental to the animal or plant host. In recent
years, it has become increasingly clear that many of the natural products isolated
from marine plants and animals are produced by epibiotic or symbiotic bacteria
(Konig et al. 2006; Piel 2009). These molecules may assist host organisms, for
example, in the defence against parasitic bacteria and fungi. Biofilm bacteria which
inhibit the growth of parasitic fungi through the production of isatin (Fig. 7a) and
the fungus-specific QS signal tyrosol have been identified on crustacean embryos
(Fig. 7b) (Gil-Turnes et al. 1989; Gil-Turnes and Fenical 1992).

Substances produced by epibiotic bacteria include complex polyketides from the
class of bryostatins (Fig. 8). Bryostatin was originally isolated from the bryozoan
Bugula neritina and are in clinical testing phase due to their promising therapeutic
properties. It is now known that bryostatin is actually produced by the bacterium
Endobugula sertula that forms biofilm-like cell clusters on the surface of bryozoan
larvae (Sudek et al. 2007; Sharp et al. 2007). One reported ecological benefit of
hosting these epibiotic bacteria is that bryozoan larvae deter predatory fish by the
bacterial production of bryostatin.

Moreover, selective tolerance, attraction or transmission of primary bacterial
epibionts may assist the host to control the composition of the secondary commu-
nity of epibionts and the intensity of colonization. A good example may be a
bacterium such as P. tunicata (see above), which has originally been isolated
from the surface of the green alga Ulva lactuca and the sea squirt Ciona intestinalis
and which can influence directly and indirectly the colonization of bacteria, fungi,
protozoa, algae and invertebrates by a variety of low-molecular-weight inhibitors.
Interestingly, violacein which protects P. tunicata and other biofilm bacteria from
predatory protozoa shows also high activity against herbivorous invertebrates.
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Recent studies suggest that violacein-producing biofilms could protect not only
themselves but also deter grazers of the host algae U. lactuca.

6 Conclusions

Marine micro-organisms are versatile producers of secondary metabolites.
Although the sea has yielded thousands of bioactive metabolites over the past two
decades, we are only beginning to explore the natural functions of these molecules.
Many micro-organisms exist in the environment as surface-associated biofilm
communities. The close spatial proximity of micro-organisms at surfaces drives
specific interspecies interactions and generates complex and highly differentiated
microbial communities. Chemical communication is recognized to be an essential
part of the way in which biofilm organisms coordinate their behaviour and respond
to environmental challenges. Recent studies have been unravelling first aspects of
the complex chemical crosstalk mediating microbial symbiosis, competition and
defence against predators and pathogens (Fig. 9). Future research is anticipated to
provide insights into how interspecies communication may shape the structural and
functional dynamics of biofilm communities.

Marine biofilms play a central role as hotspots of biological diversity and
molecular complexity. From the progressive description of new marine natural
products arises the question of their function in the natural context. The study of
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Fig. 9 Chemical warfare and communication in a natural multi-species biofilm. Biofilm
communities are shaped by antagonistic and synergistic interactions between microbial species.
Bacterial populations may establish in a competitive environment by secreting specific inhibitors
that target competing fungi (A), bacteria (B), or microalgae (C). Clonal growth in microcolonies
allows bacteria to reach cell densities high enough for quorum sensing (D), which may induce the
production of antifeedants against protozoa (E). Secondary colonizers, such as macroalgal spores
(F) and invertebrate larvae (G) may be attracted by biofilm-derived cues. Biofilm communities
associated with living surfaces may further by modulated by host-derived compounds

chemical interactions in natural biofilms, however, faces the dilemma of dealing
with the almost unlimited complexity of communities and the limited culturability
of their members. This requires a close integration of analytical chemistry and
microbial genetics with innovative cultivation approaches and realistic bioassays.
Promising novel approaches also include the development and application of
global analytical tools such as metabolomics and metagenomics. Understanding
the molecular basis of biofilm interactions in their ecological context bears the
potential of refining natural product discovery and the development of biofilm-
derived biotechnologies.
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Functional Bacterial Amyloids in Biofilms

Per Halkjoer Nielsen, Morten Simonsen Dueholm, Trine Rolighed Thomsen,
Jeppe Lund Nielsen, and Daniel Otzen

Abstract Functional bacterial amyloids constitute a group of important proteina-
ceous surface structures. Most amyloids are highly insoluble in water and resistant
to most enzymes and thermal and chemical denaturants. Their functions in bacteria
are still not well described but seem to include fimbriae and other cell appendages
for adhesion and biofilm formation, cell envelope components, spore coating,
formation of large extracellular structures, amyloids acting as cytotoxins and
probably several others, as yet unknown. Very few bacterial amyloids have been
purified and investigated in depth. Details about the biophysical properties and
ecological significance are restricted to E. coli, some pseudomonads and a few other
bacteria. Recently, we have found that functional amyloids are widespread among
microorganisms in biofilms in nature and in engineered systems, indicating that
these surface structures are substantially more diverse in structure and function than
hitherto anticipated. In this chapter, we highlight some of these recent results and
discuss the ecological importance of amyloid surface structures in bacteria.

1 Introduction

Many different bacterial surface structures are important for bacterial adhesion
to surfaces and further development into biofilms. These surface components
primarily include not only various proteinaceous adhesins, both different fimbriae
and nonfimbriated structures (Klemm and Schembri 2000; Barnhart and Chapman
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20006; Latasa et al. 2006), but also other structures such as extracellular DNA and
polysaccharides (Whitchurch et al. 2002; Ryder et al. 2007).

Functional bacterial amyloids constitute one such group of important proteina-
ceous surface structures. These structures were first described in Escherichia coli
(Chapman et al. 2002), where curli fimbriae, described by Olsen et al. (1989), were
shown to have amyloid properties. The length of curli can vary from about 0.1 to
10 pum with a width of 4-12 nm. Curli consist mainly of the CsgA protein, which is
assembled in a fibrillar tertiary structure on the outer bacterial membrane (Hammar
et al. 1995). Most amyloids are highly insoluble in water, resistant to most enzymes
and thermal and chemical denaturants. This extreme resistance is a result of their
quaternary structure; the proteins are folded as B-sheets stacked perpendicular to
the fibril axis (Chapman et al. 2002). This is a general property of amyloid proteins
regardless of the structure or composition of the original protein. Amyloid deposits
occur in neurodegenerative diseases such as Alzheimer’s and Parkinson’s diseases
in humans and are also formed by prion proteins in different mammals (Dobson
2005; Fowler et al. 2007; Hammer et al. 2008; Goedert and Spillantini 2006).
However, the disease-associated amyloids are a result of protein misfolding,
whereas the bacterial amyloids are made with a purpose, and are therefore called
functional amyloids. This designation is based on the implicit assumption that
proteins produced in copious quantities by bacteria must have a biological function;
otherwise, the bacteria would not have a competitive advantage in their production.
Assembly of functional amyloids is regulated by the organisms to prevent toxicity
and to ensure the right polymerization into fibrils. Examples of other functional
amyloids are hydrophobins covering fungal spores and hyphae, rendering them
hydrophobic (Wosten et al. 1999; Wosten 2001) and amyloids fibrils coating fish
eggs to protect them from dehydration (Podrabsky et al. 2001).

Curli fibrils enhance adhesion to a variety of surfaces and are involved in biofilm
formation (reviewed by Barnhart and Chapman 2006; Otzen and Nielsen 2008) and
may also increase resistance to chlorine (Ryu and Beuchat 2005) and resistance to
chemical and enzymatic digestion (White et al. 2006). They are also described as
having different roles in pathogenesis, owing mainly to their specific binding to
fibronectin, laminin, plasminogen, and human contact phase proteins. This may
allow these pathogens to colonize and invade host tissues. Curli-like fibrils are also
described for other members of the family Enterobacteriaceae in the Gammapro-
teobacteria such as Salmonella typhimurium, Citrobacter spp., and Enterobacter
sakazaki (Collinson et al. 1993; Zogaj et al. 2003) (Fig. 1). Other types of amyloid-
like adhesions have been described on the surface of bacteria (Gebbink et al. 2005).
Gram-positive Streptomyces secrete hydrophobic proteins forming amyloid-like
fibrils called chaplins covering the cell surface, which are believed to be important
for the formation of aerial hyphae at the water—air interface (Claessen et al. 2003).

Recently, we have found functional amyloids to be widespread among
microorganisms in biofilms in nature and in engineered systems such as wastewater
treatment plants (Larsen et al. 2007; 2008). Using various staining techniques for
culture-independent detection of amyloids by fluorescence microscopy, a large
fraction of bacteria from many phyla is observed to express amyloids in mixed
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Fig. 1 Atomic Force
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communities. A more detailed study of a number of Gram-positive isolates (Jordal
et al. 2009) strongly indicates that these surface structures are widespread among
bacteria and have substantially more diverse structure and function than hitherto
anticipated. In this chapter, we will highlight some of these recent results, show
some novel results, and discuss the ecological importance of amyloid surface

structures in bacteria.

2 Amyloids: Structure

Amyloids were originally defined, based on their histopathological traits, as extra-
cellular proteinaceous aggregates that have a -sheet structure and bind the aniline
dye Congo red in such a fashion, that it produces a characteristic apple-green
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birefringence when viewed under cross polarized light. To qualify as amyloids, the
aggregates furthermore needed to have fibrillar morphology, upon analysis with
electron microscopy (Sipe and Cohen 2000).

The classical amyloid definition was challenged due to a growing interest in
amyloids from a structural and mechanistic viewpoint and furthermore from the
fact that some classical amyloids had been observed intracellularly (Lin et al. 2007,
Fandrich 2007). The new biophysical definition of amyloids is broader and defines
amyloids as any fibrillar polypeptide aggregate with a cross-f quaternary structure
(Fandrich 2007). In the cross-f structure, the polypeptide folds in a regular manner
back on itself so that adjacent chain segments are laterally arranged perpendicular
to the fibril axis (Fig. 2a) (Sunde et al. 1997; Jimenez et al. 1999; Nelson et al.
2005). Sometimes multiple amyloid filaments (protofilaments) are twined as ropes
to make up the mature amyloid fibril (Fandrich 2007). This is, however, not yet
known to be the case for functional amyloids among bacteria.

The gold standard used to determine whether a fibril consists of amyloid structure
is x-ray fiber diffraction. The amyloid fold is here characterized by an intense
meridional reflection at 4.7—4.8A (Fig. 2a), which results from the mean separation
of the hydrogen-bonded [-strands that are arranged perpendicular to the fiber axis,
and a weaker equatorial reflection at approximately 10A, which originates from the
spacing between the B-sheets (Sunde et al. 1997) orthogonal to the -strands.
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Fig. 2 Structure model and formation of amyloid fibrils. (a) Schematic representation of an
amyloid fibril, composed of two intertwined protofilaments. In this structure, each protein subunit
form a strand-turn-strand motif, which are stacked to make parallel B-sheets. Other arrangements
are also possible. The protein subunits could form a single B-strand motif or could be arranged into
an anti-parallel B-sheet. The characteristic lengths giving rise to reflections in X-ray fiber diffrac-
tion are shown by arrows. (b) Conversion from monomeric precursor to amyloid fibrils.
A mechanistic description of the conversion from monomeric precursor into amyloid fibrils though
a lag, growth, and stationary phase is shown in the top. The species involved in the fibrillation
process are shown at the bottom. The native monomers are assumed to be in equilibrium with a
fibrillation prone monomer structure. The latter may associate to form small oligomers, which in
turn aggregate to produce structured protofibrils. The protofibrils act as nuclei for further growth
by incorporation of additional precursors and associate to form the mature amyloid fibrils. Colors
of the different species are used to indicate where in the fibrillation process they are present
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Fourier transform infrared (FTIR) spectroscopy has also proved to be useful as a
biophysical tool for the identification of amyloid structures. A comparison of the FTIR
spectra of various globular B-sheet proteins and amyloids has shown that for globular
proteins the amide I maximum for B-sheets lies within the range 1,630-1,643 cm ™},
whereas it shifts to 1,611-1,630 cm ™' for amyloid fibrils (Zandomeneghi et al.
2004). The shift of the B-strand absorbance maximum to lower wave numbers for
amyloids results from the very strong hydrogen bonds formed in the cross-3 protein
fold (Gasset et al. 1992).

High-resolution structures of amyloids have only been solved for a few
amyloids. These amyloids were all formed in vitro and in most cases from small
synthetic peptides. Very little is therefore known of the structure of functional
amyloids. A preliminary study of the structure of the curli fimbriae has been made
(Shewmaker et al. 2009). In this study, solid-state NMR was used to show that the
curli amyloid did not contain an in-register parallel B-sheet architecture, which is
common to many human disease-associated amyloids and the yeast prion amyloids.
Instead, the curli amyloid fibrils seem to be built by protein subunits, which are
folded in a B-helical structure (Fig. 3) (Shewmaker et al. 2009). A similar structure
has also been suggested for the Tafi fimbria found in Salmonella. In this model, the
repeated motifs within the protein subunits are suggested to form a strand-loop-
strand motif in the B-helix (Collinson et al. 1999; White et al. 2001).

3 Fibrillation and Aggregation

In vitro experiments have shown that the conversion of soluble proteins into amyloid
fibrils typically follows a nucleation-dependent mechanism containing a lag phase,
a growth phase, and a stationary phase (Fig. 2b). The lag phase is usually taken to
represent the formation of fibrillation prone nuclei (although it may also represent
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Fig. 3 Structural model of CsgA in the curli amyloid. CsgA folds in a parallel B-helix conforma-
tion where each repeated unit makes up a strand-loop-strand motif. (a) Ribbon diagram of the
structure viewed perpendicular to the fiber axis. (b) Same model viewed parallel with the fiber
axis. Conserved residues in the repeats are represented as ball-and-sticks. Individual atoms are
colored as red (oxygen), blue (nitrogen), and black (carbon). (¢) Primary structure of the repeats in
CsgA. Conserved residues are colored red and predicted B-strands are shown below the sequence
(after Collinson et al. 1999; White et al. 2001; Shewmaker et al. 2009)



46 P.H. Nielsen et al.

the early stage of a cascade of fibrillation growth, known as secondary nucleation)
(Ferrone 1999). Formation of nuclei is followed by an elongation reaction (the
growth phase), where fibrils are formed by incorporation of additional precursors at
the growing ends of the nuclei. The stationary phase is reached when the precursor
monomers are depleted from solution (Nielsen et al. 2001; Jarrett and Lansbury
1993; Ban et al. 2003; Lomakin et al. 1996). The nature of the fibrillation nuclei is
still debated, but they are generally considered to be structured oligomers, termed
protofibrils (Chiti and Dobson 2006; Jarrett and Lansbury 1993). These small
oligomers or protofibrils, rather than amyloid fibrils, are nowadays considered as
the real cytotoxic species in relation to many amyloid diseases in humans (McLean
et al. 1999; Nilsberth et al. 2001; Volles and Lansbury 2003; Sousa et al. 2001;
Bucciantini et al. 2002) and also when used as cytotoxins by bacteria (see below).
Elegant work predominantly from the Chapman lab (Chapman et al. 2002; Hammer
et al. 2007; 2008; Wang et al. 2007; Wang and Chapman 2008) and other groups
(Hammar et al. 1996) has demonstrated a deceptively simple way in which E. coli
avoids the accumulation of these potentially deleterious toxic oligomers in the
formation of its amyloid curli fibrils, which are predominantly composed of the
CsgA protein in combination with smaller amounts of CsgB. CsgB is exported to
the bacterial cell surface where an amphipathic helix at the C-terminus of the
protein anchors it at the membrane—water interface. A fibrillogenic region consist-
ing of four imperfect repeats in the N-terminal part of the protein serves as
a nucleation point for CsgA, converting it to a B-sheet rich detergent-insoluble
state that can incorporate additional soluble CsgA monomers into the growing ends
of the fibril. Although CsgA can fibrillate spontaneously in vitro (Chapman et al.
2002), this is prevented in the cytosol, most likely because the export machinery
keeps it in an unfolded state until it reaches the outer surface of the cell. There is
some evidence that the imperfect repeats present in CsgA allow a single monomer
to act as a structural nucleus for fibrillation due to their ability to fold back on
themselves within one molecule (Wang et al. 2007).

The amyloid forming propensity of a polypeptide is not linked with a single
amino acid sequence or defining motif. Rather, two main interactions drive the
fibrillation and stabilize the amyloid structure besides the ubiquitous main chain
hydrogen bonds. The first is the polar interaction formed between glutamine and
asparagine residues and the polypeptide backbone (Chan et al. 2005). Curli fimbriae
and the prion proteins both rely strongly on this interaction (Fig. 3) (Wang and
Chapman 2008; Toyama et al. 2007). The second is the hydrophobic interaction,
which favors the formation of a hydrophobic fibril core (Madine et al. 2008).
Sophisticated computer algorithms have been developed to predict the fibrillation
propensity of a given sequence based on these interactions as well as a number of
other competing or supporting interactions, such as a-helical and B-sheet propensity,
the existence of alternating hydrophilic/hydrophobic residue patterns (which will
favor B-sheet formation) and electrostatic charge (DuBay et al. 2004; Pawar et al.
2005; Fernandez-Escamilla et al. 2004). Factors such as ionic strength, peptide
concentration as well as intrinsic thermodynamic (Chiti et al. 2000) and kinetic
(Pedersen et al. 2004) stability etc. can also be expected to contribute.
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CsgA and its homologue CsgB both contain several repeats rich in glutamine
and asparagine residues (Fig. 3) (Collinson et al. 1999; White et al. 2001; Hammar
et al. 1996), which are critical for aggregation (Wang and Chapman 2008), in
contrast to the aromatic residues which otherwise are thought to stabilize amyloid
fibrils by stacking interactions (Gazit 2002). Different Asn/Gln-to-Ala mutations in
CsgA interfere to different extents with CsgA self-polymerization and nucleation
by CsgB, demonstrating that nucleation and fibrillation are distinct mechanisms
(Gazit 2002). Furthermore, the exquisite sensitivity of specific sites to mutagenesis
(even to conservative Asn/Gln switches such as GIn49Asn/Asn144Gln) indicates
that the curli are arranged in a very specific and nondegenerative structural pattern,
which does not accept alternative arrangements (Wang and Chapman 2008). This
is consistent with our own observations that CsgA fibrils form one well-defined
fold to the exclusion of other structures, making it remarkably invariant to
changes in solvent conditions, temperature, ionic strength, etc. (Dueholm et al.
2011). This contrasts strongly with the known polymorphism of nonfunctional
amyloid fibrils, leading to remarkably different fibrillar structures by the same
peptide as a result of relatively modest changes in solvent conditions. Polymor-
phism is exhibited by peptides as diverse as glucagon (Pedersen et al. 2006;
Pedersen and Otzen 2008), calcitonin (Bauer et al. 1995), and the Alzheimer A
peptide (Petkova et al. 2005).

4 Detection of Amyloids

Detection of bacterial amyloid adhesins in pure culture studies is usually based on
the binding of the dye Congo red to the B-sheets of the proteins. Bacteria producing
amyloid-like components can be identified by red colonies when grown on agar
plates containing Congo red (Collinson et al. 1993). However, neither this method
nor the use of the fluorescent dye Thioflavin T, which undergoes a shift in its
fluorescence emission spectrum upon binding fibrils (Krebs et al. 2005), is parti-
cularly reliable since other biopolymers such as DNA and cellulose may elicit
similar spectroscopic responses (Groenning et al. 2007). Besides dyes, antibodies
can be used to detect amyloids (Glabe 2004). Particularly, the use of conforma-
tionally specific antibodies is promising as it specifically targets the fibril structure
described above, without binding to monomers of the same proteins (O’Nuallain
and Wetzel 2002). By combining antibodies or ThT with fluorescence in situ hybri-
dization (FISH) using rRNA-targeting oligonucleotides for identification of specific
bacteria, it is also possible to investigate directly in biofilms whether specific
uncultured bacteria produce amyloids (Figs. 4, 5, and 6) (Larsen et al. 2007,
Larsen et al. 2008). However, all these staining techniques may suffer from insuffi-
cient specificity. If possible, transmission electron microscopy (TEM) studies in
combination with purification in hot/boiling SDS of the amyloids and a biophysical
characterization of their properties should be combined for a complete proof of
their amyloidic nature (Jordal et al. 2009). Such biophysical characterization
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Fig. 4 Staining of biofilm with conformationally specific amyloid antibody (WO1, green, upper
left), phase contrast (lower left), and overlay. Scale bar 20 pm

Fig. 5 Simultaneous staining of biofilm with conformationally specific amyloid antibody (WO1,
green, lower left) and staining of all cells with propidium iodide (red, upper left). The right image
shows the overlay. Scale bar 20 pm
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Fig. 6 Simultaneous staining of biofilm with conformationally specific amyloid antibody (WO,
red) and staining of all cells with FISH with the EUBmix oligonucleotide probes (green). Scale
bar 20 pm

includes a verification of the structure by X-ray fiber diffraction, FTIR spectroscopy,
circular dichroism, ThT fluorescence and — provided isotope-labeled amyloid can be
prepared in sufficient quantity and quality — solid-state NMR (Shewmaker et al.
2009). Furthermore, treatment with strong acid such as 90—100% formic acid should
release monomers that can be further purified and characterized by SDS-PAGE
and various spectroscopic and microscopic techniques and sequenced by MS/MS.
Ultimately, the amino acid sequence can be determined and, if the genome is avai-
lable, used for the identification of the gene(s). These procedures require pure cultures,
vigorous expression of amyloids, which typically only takes place under certain
growth conditions, and an efficient purification protocol, which in our experience
needs to be optimized for each species.

5 Bacterial Amyloids: Diversity in Structure and Function

Almost all studies of functional amyloids in bacteria have been carried out on curli-
like fibrils in a few bacterial species of importance for adhesion and biofilm
formation in relation to human infections. E. coli curli have been and are still
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a very important genetic and molecular tool set to study mechanisms of the con-
trolled formation of functional amyloid. However, today we know that many
other — and perhaps the majority of all bacteria — are able to produce a range of
multifunctional amyloids not only in relation to human infections but also in all
aspects of bacterial life in nature. The list of bacteria shown capable to produce
amyloids is growing rapidly and encompasses representatives from several phyla, includ-
ing Proteobacteria, Actinobacteria, Firmicutes, and Bacteriodetes. Our recent study
of biofilm samples from a variety of different habitats, including fresh water lakes,
brackish water, drinking reservoirs, and wastewater treatment plants shows that
amyloids are present in all habitats and are often associated with a large fraction
of the bacterial species (Larsen et al. 2007; Larsen et al. 2008). The amyloids
have revealed a large diversity in structure and apparent function such as fimbriae
and other cell appendages for adhesion and biofilm formation, cell envelope
components, for example, for ensuring hydrophobic surfaces, coating of spores,
formation of large extracellular structures, and amyloids acting as cytotoxins.
However, at present very few bacterial amyloids have been purified and investi-
gated in depth, so many of the proposed functions presented below are still specu-
lations, and the final proofs, which includes experiments by appropriate mutants,
need to be carried out in future studies. The diversity of possible functions are
highlighted and discussed below.

5.1 Fimbriae and Pili for Adhesion and Biofilm Formation

E. coli, Salmonella typhimurium and other bacteria in Enterobacteriaceae produce
thin fimbriae called curli or tafi (thin aggregative fimbriae). They are 3—12 nm wide
and may be up to a few micrometers long. Together with cellulose fibers, which are
also produced by many of these bacteria (Barnhart and Chapman 2006; Saldana
et al. 2009), curli (or tafi) are of key importance for adhesion to surfaces and biofilm
formation and thus in pathogenesis by attachment, invasion of host cells, interaction
with host proteins, and activation of the immune system. Curli promote binding to a
variety of different surfaces, including plant cells, stainless steel, glass and plastics,
and can substantially enhance the resistance to chlorine. The importance of these
structures is well described in numerous papers and several reviews, for example,
Barnhart and Chapman (2006) and Otzen and Nielsen (2008). The curli operons
in E. coli (csgBA and csgDEFG) have homologous operons in Salmonella (agfBA
and agfDEFG) and the fimbriae are biochemical and functional analogs. The major
protein components in the final curli fibril are CsgA and CsgB, and at least six
proteins are involved in the formation of curli. Details about the different proteins
and their function and regulation are described in a number of recent publications
(Hammer et al. 2008; Epstein et al. 2009; Nenninger et al. 2009; Wang et al. 2010).
In short, a nucleation protein CsgB is attached to the cell surface where it initiates
CsgA polymerization and both subunits are incorporated into the final fiber.
To avoid precocious fibril assembly in the periplasm, the lipoprotein CsgG acts
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as a platform for exporting both CsgB and CsgA to the surface and curli production
takes place only from distinct areas (foci) on the cell surface. A chaperone-like
assembly protein CsgF mediates that CsgB is an efficient nucleator.

The regulation of the expression of curli is carried out through a complex
regulatory network with c-di-GMP and CsgD as important components (e.g.,
Gerstel and Romling 2003; Jubelin et al. 2005; Prigent-Combaret et al. 2001;
Brombacher et al. 2003, see overview in Barnhart and Chapman 2006; Verstracten
et al. 2008). A number of environmental factors are known to induce curli forma-
tion, such as environmental stresses, but it seems to vary with different strains.

Interestingly, the biogenesis of curli can be inhibited by certain ring-fused
pyridones called curlicides (Cegelski et al. 2009). These compounds are peptido-
mimetics that can target protein—protein interaction in macromolecular assembly.
The curlicides inhibit curli formation in vivo and in vitro, attenuate biofilm forma-
tion by E. coli, and infections in mouse models showed that the virulence is
significantly reduced (Cegelski et al. 2009). These compounds may be extremely
valuable for control of infection by various enterobacteria.

Pseudomonads also produce amyloids. Amyloid fimbriae were purified from an
environmental isolate (Pseudomonas strain UK4) closely related to P. fluorescens
(Larsen et al. 2007). The amyloid-like structure of the native fimbriae was confirmed
by FTIR spectroscopy, circular dichroism, and ThT fluorescence. Formic acid
depolymerized the fimbriae and itself assembled into a native-like structure in vitro.
Sequencing of the 25 kDa amyloid monomer revealed that it contains features also
seen for CsgA of the curli system, including repeat motifs with conserved glutamine
and asparagine residues. However, there does not seem to be any evolutionary
relationship between the two systems based on sequence homology (Dueholm et al.
2010). Full genome sequencing of the UK4 strain indicated that the amyloid is
produced from a conserved operon that includes six components (fapA-F), among
which we find a close homologue to the amyloid protein in analogy to E. coli’s
CsgA—CsgB pair (Dueholm et al. 2010). Heterologues expression of the whole operon
in E. coli BL21(DE3) from a single inducible promoter resulted in a highly aggregative
phenotype, which was able to form thick biofilms on polypropylene surfaces. This
property was confirmed to be a result of natively folded amyloid fimbriae (FapC)
expressed by the heterologues host (Dueholm et al. 2010). Blast searches showed that
the operon was conserved in many, but not all, sequenced pseudomonads. Conforma-
tionally specific antibodies as well as promoter activity studies using fap-promoter-
lacZ fusions further revealed that other pseudomonads including P. aerugenosa also
produce amyloid fimbriae. Presence of these amyloids may also be involved in the
pathogenesis of this opportunistic pathogen. Other gammaproteobacterial environ-
mental isolates also produce amyloids including strains closely related to Aeromonas
hydrophila and Chryseobacterium sp. (Larsen et al. 2007). Finally, bacteria belonging
to the phylum Bacteroidetes have been found to produce amyloids (Larsen et al. 2007).

The Gram-positive Mycobacterium tuberculosis causes tuberculosis in humans.
The bacterium produces thin pili, 2-3 nm in width called MTP (Mycobacterium
tuberculosis pili) (Alteri et al. 2007), and they are assumed to be critical for adherence,
colonization, and infection of the host. The pili bind to the human extracellular matrix
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protein laminin and share a number of properties with curli, although their amyloid
nature is not yet conclusively proven. Mutants without the gene mtp have reduced
laminin-binding capabilities, consistent with the fact that pili mediate specific recog-
nition of host—cell receptors facilitating close contact and tissue colonization.
M. tuberculosis preferentially attaches to, and invades, damaged areas of the human
respiratory mucosa in an organ culture system. The mitp gene is present in only few
mycobacteria and seems to be limited to the pathogenic species, underlining its role in
cell invasion. Very similar fibrils have also been seen in Mycobacterium avium subsp.
Paratuberculosis (Rulong et al. 1991; Takeo et al. 1984) and might well be amyloid.

Among the Gram-positive bacteria several other Mycolata species and phylo-
genetically distant non-Mycolata actinobacteria (from genera Actinospica, Geoder-
matophilus, and Streptosporangium) most likely also produce fimbria-like surface
components, but this has not yet been verified by TEM or biophysical studies
(Jordal et al. 2009). Among the Firmicutes, an isolate belonging to the Paeni-
bacillus produces thin fimbria-like amyloid (Larsen et al. 2007). Bacillus subtilus
produces biofilms, which are stabilized by protein fibrils composed of the protein
TasA. These fibrils are likely amyloids as they bind Congo red and Thioflavin T
and have a high content of B-strand structure. Purified TasA is furthermore able to
form amyloid fibrils in vitro (Romero et al. 2010).

5.2 Coating Cell Surfaces

The filamentous bacterium Streptomyces coelicolor and other streptomycetes undergo
complex morphological differentiation, forming a submerged mycelium that may
grow into air and septate into spores. S. coelicolor produce so-called chaplins,
which is a class of eight hydrophobic proteins (ChpA—H) that spontaneously self-
assemble extracellularly into amyloid fibrils forming a amphipathic membrane
(Claessen et al. 2004; Claessen et al. 2006). This hydrophobic membrane mediates
attachment to other hydrophobic surfaces, facilitates penetration of the liquid—air
interface by lowering surface tension and thus allows formation of aerial hyphae.
If the chaplins is not produced, the development of aerial hyphae is impaired. The
chaplins are also responsible for making the spores hydrophobic, which probably
facilitates wind dispersal. Atomic force microscopy (AFM) studies on the surface of
living S. coelicolor indicate that the amyloid fibers can be present also on the cell
surface during submerged vegetative growth (Del Sol et al. 2007). Presence of such
structures is also supported by visualization via conformationally specific antibodies
after saponification of an outer layer of exopolymers (Jordal et al. 2009).

Other spore-forming bacteria also seem to produce amyloids as an integrated
part of the spore’s surface, for example, Nocardia, Enterococcus and Bacillus
(Jordal et al. 2009). Spores covered by amyloids are well described in various
fungi, where they are known as hydrophobins (Gebbink et al. 2005). This coating
facilitates their dispersal by wind, enhances attachment to surfaces, and possibly
also their pathogenic properties. Presence of amyloid-like structures on spores of
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Bacillus atrophaeus has recently been observed by detailed AFM studies (Plomp
et al. 2007). Spores from B. mycoides are very hydrophobic as verified by AFM
force measurements, possibly due to the presence of amyloids (Bowen et al.
2002). Biofilm formation by B. cereus also primarily takes place at the air—liquid
surface, where they sporulate and may be dispersed (Wijman et al. 2007). Pres-
ently, it seems that spores produced by many spore-forming Gram-positive bacte-
ria are covered by amyloids, which, besides promoting wind dispersal, surface
attachment and pathogenicity, possibly also explain their extreme resistance to
environmental stresses.

5.3 Amyloids Integrated into the Cell Envelope

A number of different types of bacteria may contain amyloids as an integrated part
of their cell envelope. Filamentous bacteria belonging to phylum Chloroflexi in
biofilm systems from wastewater treatment plants appear to have amyloids as a part
of their cell wall separating two adjacent cells (Fig. 7) (Larsen et al. 2008). The
specific function is unknown but also other bacteria have amyloids integrated into
their cell envelope. Bacteria belonging to the genus Gordonia in Mycolata have
amyloids embedded in the cell envelope (Larsen et al. 2008; Jordal et al. 2009). The
cell wall in many Mycolata consists of an outer layer consisting of mycolic acids,
lipids, proteins, and polysaccharides, and an inner electron-dense cell wall core
consisting of peptidoglycan and arabinogalactan. Fibril-like structures were visible

Fig. 7 Simultaneous labeling of uncultured filamentous Chloroflexi with antibody (green) and
oligonucleotide probes (red)
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in G. amarae after removal of the lipid layer by saponification. The fibrils were
purified and partly characterized as amyloids. Such a layer of lamellar amyloid
in the G. amarae envelope could explain the bacterium’s remarkable resistance
to permeabilization and disruption. Also, some actinobacterial non-Mycolata and
bacteria from the phylum Firmicutes have cell envelope amyloids (Jordal et al.
2009). Thus, it seems to be a more universal property in many Gram-positive
bacteria, and more detailed studies are needed to reveal the exact nature and
function of these amyloids.

5.4 Cytotoxins

Cytotoxic proteins with amyloid properties are purposely produced by some bacteria
and thus an example of an amyloid designed to be lethal. In these cases, however,
prefibrillar aggregates rather than the final amyloid are most likely the cytotoxic
species. Klebsiella pneumoniae produces Microcin E492 (also called Mcc), which is
a small peptide bacteriocin that kills Enterobacteriaceae bacteria by forming pores in
the cytoplasmic membrane (de Lorenzo 1984; Bieler et al. 2005). Microcin activity is
highest when the protein is in prefibrillar aggregated state before it assembles into
amyloid-like fibrils without toxicity. The finding that Microcin E492 naturally exists
both as functional toxic pores and as harmless fibrils suggests that protein aggregation
into amyloid fibrils can be used to deposit or sequester potentially lysing proteins
when their aggressive properties are no longer needed.

Harpins represent another example of how bacteria can benefit from the cyto-
toxic nature of the amyloids or protofibrils. Many Xanthomonas species and other
Gram-negative plant pathogens produce harpins, which are heat-stable glycine-rich
type Ill-secreted proteins that elicit a hypersensitive response in plants (Oh et al.
2007). The gene Arp (hypersensitive response (HR) and pathogenicity) encodes the
protein involved. This hypersensitive response is a plant defense mechanism that
shows the presence of intracellular pathogens and elicits plant cell death. Harpins
from other plant pathogens, such as Erwinia amylovora and Pseudomonas syringae,
also form amyloid-like protofibrils. It is at present not clear whether the formation of
amyloid takes place on the surface of the bacteria or whether the monomers only
or primarily self-assemble in the plant cells. The encoded protein aggregates in a
multistage process starting with bead- and ring-like structures, followed by curvilinear
protofibrils and finally mature fibrils. Remarkably, all aggregated states of the
Xanthomonas Hrp protein (but not the monomer, as indicated by the lack of response
of a nonaggregating variant) appear to elicit an HR in plants (Oh et al. 2007). This
contrasts with the specific cytotoxicity residing in the prefibrillar oligomer observed
for proteins involved in neurodegenerative diseases. The phenomenon highlights an
interesting possibility, namely that harpins have evolved another mechanism of
cytotoxicity, which simply requires a threshold level of protein aggregation. It is
noteworthy that a region of Hrp is homologous to the yeast prion protein (Kim et al.
2004) whose mechanism of toxicity remains unknown.
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5.5 Extracellular Large Amyloid Structures

In pure cultures of some Mycolata (e.g., M. avium), large amounts of extracellular
amyloid have been described. Extracellular fibrils with a length of more than 50 pm
are observed, often integrated in an extracellular polymeric substances (EPS)
matrix also containing extracellular DNA (Fig. 8) suggesting that comprehensive
extracellular fibrillation has taken place (Jordal et al. 2009). However, it may
be a special case for these pure culture studies where special growth conditions
may provoke a very high extracellular self-assembly. In vitro studies with CsgA and
CsgB have shown that formation of branched fibrils can take place (White et al.
2001), supporting the hypothesis that such large structures can be formed.

Interestingly, in vivo studies have shown that curli fibrils can be formed on E. coli
csgA deletion mutants containing a functional csgB gene from CsgA monomers added
exogeneous or excreted by E. coli csgB mutants, a process called interbacterial com-
plementation (Hammer et al. 2008). In mixed communities, this may result in inter-
species fiber formation (Wang et al. 2010). As mentioned above, CsgA and CsgB
share high sequence homology among the enterobacteria, so cross-species nucleation
may occur in mixed biofilms because the subunits are excreted into the extracellular
environment (Wang et al. 2010). If some bacteria produce CsgA-like molecules
and others CsgB-like nucleators, it may facilitate interspecies fiber formation. So
far, however, it is uncertain how similar amyloid monomers actually are, and how well
they can complement each other, if they do not originate from closely related species.
A study of seeded lysozyme fibrillation showed that for efficient cross seeding,
proteins with a sequence identity of more than 36% is needed (Krebs et al. 2004).
Similar results were obtained in a study on the fibrillation of hetero-dimerized human
immunoglobulin domains. When the linked domains had a more than 70% sequence
identity, they were highly prone to co-aggregation, whereas no interaction was seen
when the sequence identity was below 30—40% (Wright et al. 2005).

Fig. 8 Extracellular amyloids in pure cultures of the Gram-positive Tsukamurella spumae.
Antibodies (WO?2, green) bind to long fibrils (right image, arrows). Bar, 10 um. The left image
shows same field in bright field
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6 Each Species, Its Own Amyloid

Curli-like fibrils are found in several members of the family Enterobacteriaceae in
the Gammaproteobacteria such as E. coli, S. typhimurium, Citrobacter spp., and
Enterobacter sakazaki (Collinson et al. 1993; Zogaj et al. 2003). A more detailed
investigation of the csgA gene in various genomes, the protein structure of CsgA
and its homologs and the phylogenetic relationships of various bacteria based on
16S rDNA phylogeny yield several interesting results.

The csgA gene sequence of E. coli K12 is conserved and relatively similar to other
E. coli strains (91-100% on amino acid level, 91-98% on gene level), but is rather
different from salmonella species (73—74% similarity on both gene and amino acids
level). When more distantly related gammaproteobacteria such as pseudomonads are
included in the analysis, it clearly appears that the csgA gene is not highly conserved
across bacterial taxa. For pseudomonads, the gene similarity is below 20% to E. coli
K12 (with an amino acid similarity of 30-35%). This is illustrated in Fig. 9, where
a phylogenetic tree based on the csgA gene is depicted. Furthermore, the /65 rRNA
gene tree shows high similarity to the tree based on the c¢sgA gene and forms similar
clusters. This indicates that horizontal gene transfer has not taken place, and highlights
an important point: the development of amyloids has happened many times during
evolution so numerous different amyloids are presumably distributed across the bacte-
rial kingdom. In a popular sense, it can be expressed as “each species, its own amyloid””.

This csgA gene can be used as a suitable target for the identification of amyloid-
containing enterobacteria and closely related bacteria in various samples. Zogaj
et al. (2003) designed several primers to detect presence of ¢sgA gene in entero-
bacterial isolates by polymerase chain reaction (PCR). In complex samples, this
may be used for the identification of enterobacterial bacteria instead of (or in
combination with) the routinely used /6S rRNA gene. We have designed several
sets of primers in order to target selected bacteria (all with genomes in the databases
containing putative csgA gene sequences as shown in Fig. 9). The species-specific
primers targeting putative csgA genes were used on different water, biofilm and
wastewater treatment samples, and it was possible to detect the csgA gene in most
samples (data not shown) showing that genes for curli-like fibrils can be detected in
complex environmental samples using PCR. Furthermore, by PCR, fingerprinting
techniques, cloning, sequencing and analyzing these fragments, it was possible to
identify a number of the organisms carrying csgA homologs in these samples; these
were mostly species related to E. coli, Pseudomonas, and Shewanella.

When the csgA gene from different microorganisms with relatively high similarity
isinvestigated in more detail, it appears that some of them have deletions or insertions
in the gene. For example, Shigella flexneri carries an insertion sequence (called
IS600) in the csgA gene and the genome of Pseudomonas putida it described as
having one or more premature stops or frame shifts (Sakellaris et al. 2000; Altschul
et al. 1997). It is also very interesting to notice that although most of the csg genes
have homologs in Pseudomonas, no homologs of the transcriptional activator, csgD,
can be found. So although these bacteria have genes with homology to csgA, it
remains at present unknown whether they express curli-like fibrils on their surfaces.
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7 Concluding Remarks

We have just seen the tip of the iceberg related to diversity and function of bacterial
amyloids. The functions range from fimbriae and other cell appendages for adhe-
sion and biofilm formation, cell envelope components, spore coating, formation of
large extracellular structures, amyloids acting as cytotoxins and probably several
more, so far unknown. Some of these proposed functions are still speculations, but
more and more evidence is accruing to shed light on these issues. Importantly, very
few bacterial amyloids have been purified and investigated in depth today, so
details about the biophysical details such as diversity in amino acid sequence,
potential repetitive motifs, and other details of nucleation mechanisms, branching,
mechanical strength, and ultrastructure is still missing. The results obtained so far
strongly indicate that only very closely related bacteria share similar types of
amyloids, so we can expect to find an exciting diversity across the various phyla.
Hopefully, such insights can uncover more general biological principles in the
formation of amyloids and their ecological functions.
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Neutrophilic Iron-Depositing Microorganisms

Ulrich Szewzyk, Regine Szewzyk, Bertram Schmidt, and Burga Braun

Abstract Neutrophilic iron-depositing microorganisms include various groups of
bacteria, algae, and protozoa. The most striking feature of these microorganisms is
their ability to precipitate ferric iron around their cells and colonies in many
different forms. Growth of these microorganisms has various practical implications,
for example, formation of iron ore in many parts of the world, aging of water wells,
and clogging of drinking water pipes. Morphological description of many genera
and species of iron-depositing bacteria by microscopy dates back to the nineteenth
century, but only very few pure cultures of bacteria such as Leptothrix discophora
and Gallionella ferruginea have been obtained in the last decades. Therefore, little
has been known on the physiology or phylogeny of these bacteria.

Using a combination of different cultivation techniques and molecular methods
we were able to demonstrate a large diversity of iron-depositing bacteria in natural
habitats as well as in drinking water systems. Pure cultures were obtained for many
microscopically defined morphotypes belonging to well-known iron-depositing
genera such as Leptothrix, Pedomicrobium, Pseudomonas, and Hyphomicrobium.
In addition, many cultures isolated were not closely related to known iron bacteria
according to phylogenetic analysis. Clones obtained by clone libraries from natural
habitats also indicated that known genera of iron-depositing bacteria are much more
diverse than assumed so far. With the pure cultures and clones in hand, we are now
able to study the physiology of iron-depositing bacteria and their possible role in
natural and technical habitats.
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1 Introduction

The relevance of biochemical processes for the deposition of oxidized iron and
manganese compounds has been recognized almost 200 years ago. Iron and/or
manganese-depositing microorganisms include various groups of bacteria, algae,
and protozoa that deposit oxidized iron minerals intracellular or extracellular. The
oxidized iron may result from different physiological or chemical processes, for
example, anoxygenic photosynthesis and nitrate- or oxygen-dependent redox
reactions. The magnetotactic bacteria which deposit oxidized iron minerals (mag-
netite crystals) inside their cells will not be dealt with in this review.

The main focus in this review is on iron-depositing organisms living in habitats
at neutral to slightly acidic pH conditions where oxygen is present. Such habitats
can be found in wetlands, podsolic soils, stratified lakes, and rivers as well as in
marine environments (Drabkova 1971; Dubinina 1978; Jones 1981; Glathe and
Ottow 1972; Schmidt and Overbeck 1984; Linsdorf et al. 1997; Emerson and
Revsbech 1994a, b) given that iron is present in a reduced form. Also in technical
systems where water is treated, conditions may occur supporting the development
of iron-depositing bacteria (Beger 1952; Ralph and Stevenson 1995).

1.1 Iron-Depositing Microorganisms in Geology

Banded iron formation (BIF) — that is, layers of oxidized iron — is mostly encoun-
tered in precambrian sedimentary rock formations. Usually, it is assumed that the
oxidized iron originates from oxidation by free oxygen released from oxygenic
photosynthetic processes. With the knowledge of the physiology of certain iron-
oxidizing bacteria an alternative origin of BIF appears possible: deposition of BIF
mediated by anoxygenic phototrophic bacteria, using ferrous iron as electron donor
for their photosynthesis and depositing ferric iron (Kappler and Newman 2004;
Kappler et al. 2005a). Although it has been assumed that these bacteria live
lithoautotrophically, it has been shown recently that Rhodobacter capsulatus lives
photoheterotrophically (Caiazza et al. 2007).

The assumption of ferric iron deposition by anoxygenic phototrophic bacteria
has far reaching consequences for the evolution of life. It is assumed in geology that
the occurrence of BIF necessarily indicates the production of free oxygen. With the
possible deposition of ferric iron by anoxygenic photosynthesis (Widdel et al.
1993), BIF might have been formed already during the long lasting anoxygenic
conditions. The occurrence of free oxygen in the atmosphere can, therefore, no
longer be deduced from the occurrence of BIF and might have happened much later
in earth history. The predominance of anaerobic life on earth might have been much
longer than assumed. Free oxygen as electron acceptor in aerobic respiration results
in a higher energy yield and is a prerequisite of the development of higher multicel-
lular organisms. The later presence of free oxygen in the atmosphere — assuming
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that BIF originates from anoxygenic photosynthesis — would much closer coincide
with the development of multicellular higher organism.

The existence of anaerobic life during long periods of planetary evolution also
has implications for astrobiology. Use of oxygen as a signature for life on extrater-
restrial planets has been a major concept in exobiology. With the knowledge of
anaerobic life in mind, this concept has to be altered to include signatures for
detection of anaerobic life forms.

1.2 Iron-Depositing Microorganisms in History

During historic times, deposition of iron by microorganisms had an impact on the
development of cultures and civilizations. Iron ore formations resulting from iron-
depositing microorganisms (Raseneisenstein, bog iron) are found in all temperate
regions and were used as an important resource. Such formations develop where
water containing soluble iron is continuously penetrating through sandy or clay soil
formations and the iron is deposited and, therefore, locally enriched, when oxidized
zones are reached. Bog iron ores, for example are formed worldwide at the margins
of swamps and bogs. Ferric iron is mobilized in the anoxic zones within the bog and
deposited as ferrous iron when the water reaches the aerobic zones at the margin of
the bog. Similar reactions may occur in wet lowlands where ground water
containing soluble iron is ascending and ferrous iron is precipitated in the aerobic
zone typically 20-60 cm below the soil surface (Raseneisenstein). Depending on
the amount of iron, climate and soil type, solidified iron-containing sediments may
form with time. In Northern Germany, the main period of iron ore formation in
lowlands was 9.000 to 4.500 years ago but the process is still ongoing today.

These solidified iron-containing sediments have been used, on the one hand, as
building material. Many stone buildings in Northern Germany and other regions in
Central Europe are constructed to a large extent of bog iron blocks (Fig. 1). On the
other hand, bog iron has been an important resource for the production of iron and steel
since the Iron Age until early industrialization. Bog iron has been retrieved from wet
lowland deposits and harvested from bogs. Under optimal climatic and environmental
conditions, iron deposition at the margin of bogs continued after harvesting and a new
harvesting could be started after some decades. Steel production from bog iron has left
remnants in the landscape that can still be seen today (Fig. 2a, b).

1.3 Iron-Depositing Microorganisms in Water Treatment

Another consequence of the activity of iron-depositing microorganisms is the
formation of ochrous depositions (oxidized iron compounds) in groundwater
wells and drinking water distribution systems (Cullimore and McCann 1978;
Ridgway et al. 1981).
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Fig. 1 Left: Bog iron used as building material for a house, Worlitzer Park, Germany. Right:
Exhibit of a large specimen of bog iron, Worlitzer Park, Germany

Fig. 2 Medieval remnants from iron production in a forest in Norway, close to Koppang. Left: Pit
used for the production of charcoal. Right: deposit of slag (see arrow) from iron production from
bog iron

Anoxic ground waters may contain high concentrations of reduced iron and
manganese compounds. As soon as this anoxic water gets in contact with oxygen,
ochrous depositions are formed. These depositions may already occur in ground water
extraction wells and are responsible for the so-called aging of groundwater wells,
which might lead to well clogging with time (Hasselbarth and Liidemann 1967a, b,
1972; Ralph and Stevenson 1995; Barbic et al. 2000; de Mendonca et al. 2003). The
main morphotypes of iron-depositing bacteria described in these habitats are
Gallionella, Leptothrix and Siderocapsa. The reduced efficiency of extraction wells
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Fig. 3 Ochrous depositions in a drinking water pipe made from cast iron (diameter 25 cm), which
had been in use for more than 80 years in Berlin, Germany

due to ochrous depositions results in the necessity of expensive and time consuming
well regeneration measures. The same microbial process is used intentionally during
drinking water treatment for the removal of iron and manganese in filter systems under
micro-aerophilic conditions. This process has been proven to work very reliably and
energy efficiently (Mouchet 1992). Many water works still use chemical oxidation
with high oxygen concentrations, which is very energy consuming.

Iron bacteria living in biofilms in the drinking water distribution system may use
very low concentrations of dissolved iron that pass the iron filters during treatment to
form iron depositions at the wall of the pipes that will result in a substantial reduction
of diameter with time (Fig. 3). Another consequence of this deposition is the formation
of micro-habitats where different bacteria may hide and survive even in the presence
of disinfectants. Such depositions may even support survival of hygienically relevant
microorganisms that subsequently appear sporadically in the free water phase.

Unwanted iron depositions also occur in technical installations in different
industries whenever anoxic ground water is extracted either for drainage, or pro-
duction of process water. Iron-depositing bacteria (Siderocapsa) have also been
described in bottled mineral water, where deposits have been observed on the walls
and bottoms of the bottles (Svorcova 1975).

In activated sludge in waste water treatment systems, filamentous iron bacteria
identified by molecular methods have been described and partly being made
responsible for bulking problems (Kampfer 1997). Iron deposition, however, does
rarely occur in these habitats.

2 Microbiology of Iron-Depositing Microorganisms

2.1 Microscopic Discovery of Iron-Depositing Microorganisms

The first descriptions of iron bacteria date back to the middle and end of the nineteenth
century, when reports on iron bacteria were published mostly in connection with
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problems occurring due to ochrous depositions (Ehrenberg 1836; Kiitzing 1843;
Mettenheimer 1856—1858; Giard 1882; Winogradsky 1888). Several monographs
on iron bacteria have been published during the next decades, all being based on
microscopic and morphological descriptions (Molisch 1910; Ellis 1919;
Cholodny 1926; Naumann 1921, 1929, 1930; Dorff 1934; Skuja 1948, 1956;
Beger 1949). In these publications, the occurrence of bacteria and other
organisms depositing iron has been described in many natural water and soil
habitats as well as in technical environments such as extraction wells for drinking
water production. The bacteria have been classified due to the morphological
appearance of the cells and the iron deposits and many different “genera” were
described such as Gallionella, Leptothrix, Sphaerothrix, Clonothrix, Mycothrix,
Siderocapsa, Siderococcus, Planctomyces, and Naumanniella (Cholodny 1924).
The description of the genera and species was based exclusively on morphologi-
cal features and ecological aspects. Many attempts have been made to isolate
iron-depositing bacteria in pure culture (Smith 1982). Classification of the
organisms was difficult and disputed among the various microbiologists resulting
in many synonyms and continuous renaming and re-assigning of species and
genera. Conclusions on metabolic and physiological capabilities of the iron
bacteria originating from this time have to be regarded with caution because
early reports on pure culture studies probably refer to enriched mixed cultures.
With the techniques available today, a few genera of iron-depositing bacteria
such as Leptothrix are easy to be obtained in pure cultures. For Gallionella, more
sophisticated cultivation conditions have to be applied (Hanert 1968; Hallbeck
and Pedersen 1991). Pure cultures of many other iron bacteria are still to be
achieved by use of more complex cultivation techniques or by newly to be
developed methods (see below).

Deposition of ferric iron by bacteria results in arrangement of the iron on and in
various types of bacterial EPS leading consequently to different morphologies of
the cells and colonies. Depending on the species, but also on the growth conditions,
morphology and deposition patterns vary. The main morpho-types being described
in the first publications include rods and cocci with ferric iron deposited around
each individual cell (Naumanniella-type), or around colonies of these cells (e.g.,
Siderocapsa-type) as well as cells with diffuse deposition of ferric iron around cells,
(e.g., Mycothrix-type). In addition, bacteria have been described forming sheaths
out of their EPS, and depositing ferric iron on the outer side of these sheaths (e.g.,
Leptothrix-type) or depositing iron on a twisted band of organic fibers, excreted by
the cells (Gallionella sp.). Even various Eukaryotes (fungi, protozoa, mosses) have
been described depositing iron on excreted EPS or cell wall materials. Further
unusual morphotypes of iron bacteria have been described in the second part of the
twentieth century such as the budding, net-forming bacteria Pedomicrobium and
Hyphomicrobium (Aristovskaya 1961; Tyler and Marshall 1967).

The same morphotypes can still be seen nowadays in natural and technical
environments (Fig. 4). However, it cannot be deduced from the microscopic studies
if the morphological variations observed within one morphotype represent different
species or phenotypic variations within one species (Fig. 5).
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Fig. 4 Morphotypes of iron-depositing bacteria from Nationalpark Unteres Odertal (a—f, h) and
from the river Atna, Rondane, Norway (g). (a) Leptothrix sp., (b) Clonothrix, (¢) “Siderocapsa”,
(d) Siderocapsa — CLSM picture after staining with propidium iodide and FiTC-labeled lectin,
(e, f) channels due to hyphae forming bacteria (f) after staining with DAPI, (g) unknown
morphotype, (h) Naumanniella-type. (b) 40 x objective; (a, c-h) 100 x objective
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Fig. 5 Eukaryotes from backwaters and channels in the Nationalpark Unteres Odertal, depositing
iron on their shells and/or on their holdfast. (a, b) peritrichous ciliates, (c) green algae with
encrusted holdfast, (d) choanoflagellate. (a, b) 40 x objective; (¢, d) 100 x objective

2.2 First Descriptions of Pure Cultures

A Leptothrix species was the first iron-depositing bacterium to be obtained in pure
culture. Leptothrix cholodnii syn. Leptothrix discophora,(Mulder and van Veen
1963; Spring et al. 1996), L. mobilis (Spring et al. 1996) and L. discophora
(Emerson and Ghiorse 1992) are available as pure cultures from culture collections.
Only few other genera and species of neutrophilic iron bacteria have been
described based on pure cultures: Gallionella (Hallbeck and Pedersen 1990,
1991, 1995; Luttersczekalla 1990), Hyphomicrobium (Hirsch and Conti 1964a,
b), and Pedomicrobium (Gebers 1981).

Description and assignment of most other species remains vague, due to missing
pure cultures. Genera such as Siderocapsa, Sideromonas, Naumanniella and others
have frequently been found in environmental samples and described based on
morphological traits. Some pure cultures have been obtained and it was claimed
that these cultures represented members of the Siderocapsa-group. For instance,
Dubinina and Zhdanov (1975) reported the isolation of a bacterium, which depos-
ited iron bacterium-depositing iron in a Siderocapsa-like manner in pure culture.
This bacterium was first assigned to the genus Arthrobacter (Dubinina and Zhdanov
1975) and later, based on 16s rDNA sequences, to the genus Pseudomonas (Chun
et al. 2001). It was, however, not possible to demonstrate that these bacteria are
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identical to the bacteria that are responsible for the Siderocapsa-structures observed
in the environment. The problem is that the deposition of oxidized iron among
bacteria and other microorganisms is only a morphological and physiological
characteristic, which bacteria from many different phylogenetic lineages might
share. The question remains whether Siderocapsa, as it is found in nature, is really
a Pseudomonas, or whether Pseudomonas is just an easily culturable organism,
while the “real Siderocapsa organism” is still unknown. Results from FISH
analyses of natural biofilms with dense populations of Siderocapsa indicate that
the bacteria in the ring-shaped structures belong to the betaproteobacteria. Since
Pseudomonas putida belongs to the gammaproteobacteria, these observations sup-
port the second hypothesis.

It has been observed in many enrichment cultures and pure cultures that bacteria
which, based on phylogenetic parameters belong to different genera or even
families, express similar morphotypes, for example, ring-shaped iron deposits
around cells (Siderocapsa- or Naumanniella-type). It can be assumed that pure
cultures of bacteria exist that are able to deposit iron but have not been recognized
as iron-depositing bacteria because they have never been grown under conditions
where this feature would be expressed. It remains to conclusively demonstrate the
phylogenetic identity of morphotypes found in nature and correlate them, if possi-
ble, with pure cultures available.

The taxonomic and phylogenetic assignment of most morphologically described
iron bacteria remains unsolved until today.

2.3 Physiology

The common and striking feature of neutrophilic iron bacteria is of course their
ability to deposit ferric iron. The mechanisms of iron deposition remain so far
unclear. Deposition of ferric iron occurs under aerobic conditions and under
anaerobic conditions in the presence of nitrate or sulfate as electron acceptor
(Straub et al. 1996; Kappler et al. 2005b). Oxidized manganese compounds are
often found to be deposited together with ferric iron. In addition, further metals, for
example, aluminum have been detected in colonies of Siderocapsa in river Elbe
biofilms (Liinsdorf et al. 1997).

There are several theories on the physiological role of iron deposition among
nonphototrophic, neutrophilic bacteria. These basic ideas have already been pro-
posed several decades ago (Naumann 1921):

— Energy conservation
Oxidation of ferrous iron to ferric iron is an exogenic reaction. It has, therefore,
been assumed that reduced iron is used as electron donor for energy production
through a respiratory chain with oxygen or nitrate as electron acceptor. With the
exception of Gallionella, which have been shown to grow autothrophically, no
definite experimental proof for this hypothesis has yet been found. In some



72 U. Szewzyk et al.

studies, growth of iron bacteria has been observed after addition of reduced iron
compounds, which were oxidized by the bacteria (Prave 1957; Emerson and
Revsbech 1994b). This was interpreted as indication of energy conservation
from iron oxidation. It might, however, also be explained by the production of
easily degradable compounds from complex molecules such as agar or humic
substances, due to the action of radicals produced during iron oxidation, which
then support microbial growth.
For iron bacteria depositing the ferric iron in a ring some distance away from the
cells energy conservation from iron oxidation would require an extended elec-
tron transport through the exopolymeric structures.

— Release of iron from chelators
Iron compounds are chelated by organic molecules such as humic substances
and thereby transported in water systems. Microbial degradation of humic
substances or other organic compounds which act as chelators for iron leads to
a release and subsequent deposition of the ferric iron. In this case, the iron
deposition would just be waste material disposed off around the cells.

— Formation of microhabitats
Oxidation of iron may not be coupled to energy production and still be beneficial
for the cells. Microhabitats are created by unspecific oxidation and deposition of
ferric iron around cells and give protection from environmental stresses.

— Oxygen scavenging
Iron-depositing bacteria live in micro-aerophilic habitats. Oxidation of iron may
act as a mechanism to scavenge oxygen and reduce risk of oxidative damage to
the cells (Hallbeck and Pedersen 1995).

Information on the physiology of iron-depositing bacteria is scarce due to a lack
of pure culture studies. Originally it has been assumed that iron-depositing bacteria
grow autotrophically (Winogradsky 1888). This view was already criticized by
Molisch (1910); Lieske (1919) and Cholodny (1926) who considered only some
species of Gallionella to be autotrophic. Based on the examinations with pure
cultures of L. discophora (Emerson and Ghiorse 1992), it is now known, that this
organism is heterotrophic and iron deposition occurs as result of proteins on the
outer side of the sheath, without connection to any energy metabolism (Boogerd
and de Vrind 1987; Emerson and Ghiorse 1993). Isolated proteins have been shown
to initiate deposition of ferric iron and oxidized manganese compounds without
bacteria being present. Gallionella has been shown to grow autotrophically and
heterotrophically (Hallbeck and Pedersen 1991). In addition, Gallionella is able to
grow lithoautotrophically with thiosulfate or sulfide as electron donor
(Luttersczekalla 1990).

Assumptions on the degradative potential of iron-depositing bacteria were made
on the availability of organic substances in their natural habitat and few
examinations in pure cultures. The hypothesis that these bacteria might use humic
substances as carbon source and consequently should possess the respective degra-
dation enzymes and pathways, led to the conclusion, that these bacteria might be
very important even for degradation of organic pollutants. Recent examinations in
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our working group demonstrate that degradation of pharmaceutical residues occurs
in the zone of iron deposition during treatment of groundwater in sand filters.

3 Diversity and Phylogeny of Iron-Depositing Microorganisms

Recent investigations in our working group using a combination of different cultiva-
tion techniques and molecular methods (see below) revealed a large diversity of iron-
depositing bacteria in natural habitats as well as in drinking water systems.

3.1 New Pure Cultures

Pure cultures were obtained from the following habitats:

» Nationalpark Unteres Odertal, a river flood plain at the German—Polish border,
which is flooded during winter time and falling dry during summer time leaving
only the river Oder and some canals with iron enriched water as ideal habitats for
iron bacteria

» Tierra del Fuego, Argentina, where iron bacteria develop in thick mats in creeks
at the margin of extended swamp areas (Fig. 6).

Fig. 6 Microbial mat depositing iron in a small creek (about 50 cm broad) at the outlet of a bog on
Tierra del Fuego, near Estanzia Harberton, Argentina
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Fig. 7 Colonies of pure cultures of newly isolated iron-depositing bacteria. (a—¢) Leptothrix
species, (d) colony of an actinobacterium

* Various groundwater wells in Berlin where anaerobic ground water is extracted.

A wide variety of media were used for isolation of pure cultures. On the one
hand, this included well-established media for the cultivation of Leptothrix and
other classical iron bacteria. On the other hand, media were developed simulating
conditions as they are encountered at the sampling sites. This strategy resulted in
a large collection of pure cultures of iron-depositing bacteria covering well-
known genera such as Leptothrix (Fig. 7), Pedomicrobium, Pseudomonas, and
Hyphomicrobium, as well as many isolates which according to phylogenetic analy-
sis (see below) are not closely related to known iron bacteria.

3.2 Molecular Phylogeny

Pure cultures were studied for their phylogenetic affiliation by amplification of 16S
rRNA genes and subsequent sequencing. Phylogenetic trees were constructed using
the neighbor-joining method, following distance analysis calculated by using the
Jukes and Cantor correction. Besides known iron-depositing bacteria such as
Leptothrix, Pedomicrobium, Pseudomonas, and Hyphomicrobium, many isolates
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Fig. 8 Phylogenetic tree based on 16S rRNA gene sequences showing the relationship of several
isolates of iron-depositing bacteria. The tree was constructed using the neighbor-joining method,
following distance analysis calculated by using the Jukes and Cantor correction. Bootstraps
based on 1,000 replications are indicated at branching nodes. Streptomyces bellus is used as the
out-group
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were affiliated to taxa for which iron deposition has not been described so far
(Fig. 8). Several isolates were even assigned to actinobacteria (Fig. 7d).

These observations, together with the findings of other examiners, clearly
demonstrate that representatives of very different phylogenetic lineages are able
to deposit ferric iron. Consequently, this means that the diversity of iron-depositing
bacteria has largely been underestimated, but correlates with the description of
many morphotypes from natural habitats.

Clone libraries of 16S rDNA were obtained from natural biofilm communities
from river Oder in the Nationalpark Unteres Odertal. Many of the clones obtained
clustered close to bacteria, which are known to deposit iron. Other clones were
distributed in many other taxa without relation to known iron-depositing bacteria.
Further investigations, for example, by FISH are necessary to show whether these
taxa play arole in iron deposition in natural habitats. Probes for some of the sheathed
iron-depositing bacteria (Siering and Ghiorse 1997) and for Pedomicrobium (Braun
et al. 2009) have been developed.

With the isolation of pure cultures representing many morphotypes of iron-
depositing bacteria and the molecular tools available, we will now be able to
solve some of the mysteries around the phylogeny and physiology of iron bacteria
which have fascinated scientists since more than a century.
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Microbial Biofouling: Unsolved Problems,
Insufficient Approaches, and Possible Solutions

Hans-Curt Flemming

Abstract Microbial biofouling is a very costly problem, keeping busy a billion
dollar industry providing biocides, cleaners, and antifouling materials worldwide.
Basically, five general reasons can be identified, which continuously compromise
the efficacy of antifouling strategies:

1.

Biofouling is detected by its effect on process performance or product quality
and quantity. Early warning systems are very rare, although they could save
costly countermeasures necessary for removing established fouling.

. Usually, biofouling is diagnosed only indirectly, when other explanations fail.

The common practice is to take water samples, which give no information about
site and extent of biofouling deposits.

. When finally the diagnosis “biofouling” is established, biocides are used which,

in many cases, for the best kill microorganisms but do not really remove them.
Killing, however, is not cleaning while frequently the presence of biomass and
not its physiological activity is the problem.

. Biofouling is a biofilm phenomenon and based on the fact that biofilms grow at

the expense of nutrients; oxidizing biocides can make things even worse by
breaking recalcitrant molecules down into biodegradable fragments. Nutrients
have to be considered as potential biomass.

. Efficacy control is performed again by process performance or product quality

and not optimized by meaningful biofilm monitoring, verifying successful
removal.

Thus, further biofouling is predictable. To overcome this vicious circle, an

integrated strategy is suggested, which does not rely on one type of countermeasure,
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and which acknowledges that antifouling effects are essentially time dependent:
long-term claims have to meet different (and more difficult) goals than short-term
ones. An appropriate strategy includes the selection of low-adhesion, easy-to-clean
surfaces, good housekeeping, early warning systems, limitation of nutrients,
improvement of cleaners, strategic cleaning and monitoring of deposits. The goal
is: to learn how to live with biofilms and keep their effects below the level of
interference in the most efficient way.

1 Introduction

“Biofouling refers to the undesirable accumulation of a biotic deposit on a surface”
(Characklis 1990). This definition is borrowed from heat exchanger technology
(Epstein 1981) and applies both to the deposition of macroscopic organisms such as
barnacles or mussels (“macrofouling”) and to microorganisms (‘“microbial biofoul-
ing”). This chapter is focused on microbial biofouling.

In contrast to abiotic kinds of fouling (scaling, organic and particle fouling),
biofouling is a special case because the foulant, that is the microorganisms, can
grow at the expense of biodegradable substances from the water phase, turning
them into metabolic products and biomass. Therefore, microorganisms are
particles which can multiply. They produce extracellular polymeric substances
(EPS), which keep them together and glue them to the surface and also add to
the fouling. Biofouling is not only a problem in technical environments but also
equally in health and medical contexts (Costerton et al. 1987). Contamination of
drinking water frequently originates from biofilms and biofilm development on
implants, and wounds is a common cause of serious illness and sometimes death
(Gilbert et al. 2003). However, medical aspects will not be further considered in
this chapter, which focuses on technical systems.

“Biofilm” is an expression for a wide variety of manifestations of microbial
aggregates. Biofilms are the oldest and most successful form of live on Earth with
fossils dating back 3.5 billion years and represent the first signs of life on Earth
(Schopf et al. 1983). Aggregation and the association to surfaces offer substantial
ecological advantages for microorganisms (Flemming 2008). Practically, all
surfaces in nonsterile environments which offer sufficient amounts of water are
colonized by biofilms, even at extreme pH values, high temperatures, high salt
concentrations, radiation intensities and pressure (O’Toole et al. 2000; Flemming
2008). Biofilms are involved in the biogeochemical cycles of virtually all elements
and are carriers of the environmental “self-purification” processes. The process is
always the same: microorganisms on surfaces convert dissolved or particulate
nutrients from the water phase and/or from their support into metabolites and new
biomass. This is the principle of biofiltration systems used in drinking water and
wastewater purification as well as many other biotechnological applications
(Flemming and Wingender 2003). Of all forms of life, microbial biofilms certainly
are the most ubiquitous and successful, with the highest survival potential.
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Biofilms, however, can occur in the wrong place and at the wrong time. In that
case, they are addressed as biofouling. It is observed in many different fields
ranging from ship hulls, oil, automobile, steel, and paper production, food, bever-
age industries to water desalination and drinking water treatment, storage, and
distribution (Flemming 2002; Henderson 2010).

In antifouling efforts, it is worthwhile to keep in mind that biofilm organisms
have developed effective, versatile, and multiple defence strategies over billions of
years against a multitude of stresses, including those caused, for example, by heavy
metals, irradiation, biocides, antibiotics, and host immune systems. Therefore, an
easy and lasting victory over biofouling cannot be expected.

Furthermore, it has to be considered that antifouling success is time dependent
and not permanent. Sooner or later, all surfaces will be colonized by microbial
biofilms. Kevin Marshall, one of the key researchers of early biofilm research once
commented antifouling efforts: “The organism always wins” and he is right. The
question is only how long the time span of nonfouling can be extended. The
temporal requirements vary from hours to days (e.g., removable catheters, food
and beverage industry, pharmaceutical industry) to months and years (e.g., desali-
nation membranes, ship hulls, and environmental sensors). This makes it difficult to
extrapolate short-term experiment results to long-term success.

2 The Costs of Biofouling

Biofouling is a costly problem. Although it is a common phenomenon, there is little
quantitative data about the caused costs. Admittedly, it is very difficult to assess
such costs as they are composed by a number of various factors: from interference
with process performance, decrease of product quality and quantity, to material
damage by microbial attack which even can include minerals (Sand and Gehrke
2006) or metals (Little and Lee 2007), preventive overdosing of biocides and
cleaners, and finally, most expensive, interruptions of production processes and
shortened life-time of plant components due to extended cleaning. An additional
matter of expense is represented by treatment of wastewater contaminated by
antifouling chemicals.

Collectively, biofouling causes considerable damage and supports an economi-
cally healthy antifouling industry offering everything from antifouling surfaces and
materials, biocides, cleaners, and consulting services — this market is worth billions
of dollars annually worldwide, considering the volume of the biocide divisions of
major chemical companies. There are two reasons for this (1) the dimension of the
problem with so many industrial areas concerned, and (2) the poor efficacy of many
antifouling efforts which requires frequent and ongoing countermeasures.

As an example for a cost assessment, Flemming et al. (1994) estimated the costs
of biofouling in a membrane application at Water Factory 21, Orange County, to
30% of the operating costs, at that time about $750.000 per year — such a rate has not
much changed since. The estimate considered not only on the costs for membrane
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cleaning itself and labor costs but also down-time during cleaning, pretreatment
costs, including biocides and other additives, an increased energy demand due to
higher transmembrane and tangential hydrodynamic resistance, and shortened
lifetime of the membranes. In a case study, the author is currently involved in
treatment of seawater for injection into oilfields for replacement of the oil was
performed by nanofiltration membranes. The client reports: “Due to biofouling,
membrane life is reduced from 3 to 1 year, so over the life of the plant the cost of
membrane replacement will be increased by 3. If it is taken into account that each
membrane costs 2500 € and each plant has around 700 membranes, one can
easily calculate a yearly investment cost of 1.75 million instead of 0.58 million.
That means an extra cost of 1.17 million a year just for membrane replacement,
but this can easily increase significantly if man hours involved in replacements,
filters and piping replacement cost, fees paid to the client for downtimes and low
quality water and further factors are taken into account.” Such cost assessments,
even if crude, reflect how complex and essentially arbitrary any numbers are, but
they show one thing for certain: that they are high. In particular, downtime
caused by biofouling amounts to surprisingly high overall costs: Azis et al.
(2001) estimated the costs for biofouling in desalination to 15 billion US$ yearly
worldwide.

In heat exchangers, the decrease of efficacy of heat transfer is the first aspect of
biofouling-related costs and contributes to the “fouling factor” (Characklis et al.
1990; Zhao et al. 2002; Hillman and Anson 1985; Flemming and Cloete 2010).
Biofouling — very conservatively assumed — accounts for about 20% of overall
fouling in energy generation. To match the fouling factor, preventive extended
dimensioning of heat exchanger plants is a common practice. Thus, biofouling
directly increases the capital costs of, for example, a power plant (Murthy and
Venkatesan 2009). In power plants around the world, thousands of tons of chlorine
are spent each day to combat biofilms, which amounts to high values in terms of
biocide and wastewater treatment costs (Cloete 2003). Again, down-time for cleaning
causing loss of production and labor costs contribute a much larger share of costs.

Treatment of wastewater contaminated with antifouling additives represents an
emerging cost factor as the release of biocides is increasingly restricted and will
cause more effort for removal — a problem which will come further into focus in
Europe when new EU guidelines which limit the biocide content in effluents come
into action (Flemming and Greenhalgh 2009; Cheyne 2010). What clearly makes
more sense is putting more effort in prevention of biofouling by advanced
strategies.

In marine environments, the primary cost factor of biofouling is the increase in
drag resistance, for example, on ship hulls (Schultz 2007; Edyvean 2010) or on heat
exchanger surfaces (Andrewartha et al. 2010). Marine biofouling begins with the
adhesion of microorganisms which form a microbial biofilm (“slime”) to which
other organisms may adhere, settle, and grow (Stancak 2004). Characklis (1990)
calculated that on ship hulls, a biofilm with a thickness as small as 25 um can
increase drag by 8% and a roughness element of 50 pm will increase drag by as
much as 22%.
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3 Biofouling: An Operationally Defined Parameter

As indicated earlier, the natural phenomenon underlying biofouling is biofilms. The
term “Biofouling” is operationally defined and is not determined by any objective
scientific reason and standard, but only on process efficiency considerations. All
nonsterile technical water systems bear biofilms, but not all of them suffer from
biofouling. Therefore, a threshold level must exist above, which biofouling begins.
This “level of interference” (a.k.a. as “pain threshold”) is defined mostly by
economical considerations defined by the extent to which biofilm effects can be
tolerated without inacceptable losses in process performance or product quality and
quantity (Flemming 2002). Beyond this point, which can be quite different in
various industries, biofouling begins. This can be illustrated by the well-known
logistic curve as shown in Fig. 1.

This threshold of interference is a felt limit, which reflects the fouling tolerance of
an operator. Although it may be felt differently in different technical fields, it is safe
to assume that eventually a 30% loss of productivity, product quality loss, or process
efficacy will alert any operator who will try to identify and eliminate the reason.
Then, usually a vicious circle begins which is sketched in Fig. 2. The main stations in
that circle are (1) indirect detection of biofouling by product or process quality loss,
(2) indirect and not very robust verification of biofouling, (3) no nutrient limitation
although nutrients are potential biomass, (4) more or less blind use of biocides
instead of cleaning, and (5) no proper verification of remedial action.

Virtually, every industrial field which has to struggle with biofouling has
developed its own “culture” to handle this problem, and there is not much lateral
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Fig. 1 Development of biofilms below and above the “threshold of interference”. A = Parameter
for biofilm effect, for example, friction resistance, hydraulic resistance, thickness, etc. (after
Flemming and Ridgway 2009) Inset: Primary adhesion
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Fig. 2 The vicious circle of conventional anti-fouling efforts

learning from other fields. For example, antifouling systematics in food, beverage,
pharmaceutical and microelectronics industries (Cole 1998; Verran and Jones 2000;
Wirtanen and Salo 2003) are much more advanced compared to the state of the art
in other biofouling-concerned technologies such as power generation (Henderson
2010), membrane treatment (Flemming and Ridgway 2009), or process water use in
automobile, paint or cosmetics and medical products manufacture.

4 An Integrated Antifouling Strategy

Breaking this vicious circle is not possible with one-shot solutions but rather by proper
process analysis and integrated, holistic approaches — which still represent rare
exercises in the field. This chapter is intended to contribute to such an approach.

4.1 Detection, Sampling, and Analysis of Biofouling

As already pointed out, usually, biofouling is diagnosed only if problems in product
quality or process performance occur, which cannot be explained by conventional
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technical or chemical reasons. Then, it is a common practice to take water samples
at points of use of the water and determine the number of planktonic bacteria. The
result may be quite misleading as numbers of planktonic bacteria neither indicate
location nor extent of biofilms in a system. This leads to the generation of piles of
useless data, which is frequently observed in practice. Early warning systems (see
Sect. 4.5) are usually missing.

However, if taken systematically, water samples still can indicate hot spots of
biofouling in a technical system. An example from practice was a water purification
system in which microbial counts were determined from water samples after intake
reservoir, flocculation, and filtration units were low but after the ion exchanger unit
they increased for three orders of magnitude. This revealed the ion exchanger as
origin of the biofouling problem. Thus, systematically upstream water sampling can
lead to foci of biofouling.

Then, it is a good idea to take surface samples, preferably from defined surface
areas, and to analyze them in the laboratory (Schaule et al. 2000). Quantification of
microorganisms is usually performed by determination of viable counts (“‘colony-
forming units,” cfu). However, they reveal only the “tip of the iceberg” because the
proportion of cultivable organisms in environmental and technical microbial
populations is usually less than 1% of the actual total number of bacteria present
in the sample (Rompré et al. 2002). Most cells, particularly in the depth of biofilms,
do not multiply on the commonly employed nutrient agars and, thus, will not be
detected by cultivation methods. Nevertheless, they are part of total biomass and in
cases where the physical properties of biomass cause the problem, it makes perfect
sense to determine the total microbial cell numbers by fluorescence microscopy
(Schaule et al. 2000). If the proportion of cultivable bacteria (cfu) is high, for
example, 10-100%, it indicates the presence of nutrients and a high biofouling
potential (Wingender and Flemming 2004).

Another point to be considered is the frequent coincidence of biofouling with
nonbiological fouling. Figure 3 shows an example of mixed fouling on the feed side
of a reverse osmosis membrane, eventually blocking it beyond cleaning. In hind-
sight, it is always difficult to tell what came first. But it is well known that biofilms
promote the precipitation of minerals (Arp et al. 2001; van Gulck et al. 2003). EPS
components such as polysaccharides seem to play a crucial role in such processes
(Braissant et al. 2003; Flemming and Wingender 2010).

4.2 Low-Fouling Surfaces

One of the most obvious targets in antifouling strategies is the selection or develop-
ment of surfaces, which are not readily colonized by microorganisms and, ideally,
easy to clean. Such surfaces are referred to as “low fouling.” Clearly, rough surfaces
are more prone to microbial colonization than smooth surfaces. This has been con-
firmed with stainless steel surfaces: even on the smoothest surface, bacteria can attach.
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Fig. 3 Mixed microbial and abiotic deposit on a terminally fouled reverse osmosis membrane
feed water surface (courtesy of G. Schaule, IWW Miilheim)

This is the result of unsuccessful approaches to prevent biofouling in heat exchangers
by electropolishing (Characklis 1990; Jullien et al. 2003).

It is worth to take a closer look into the scenario of a microorganism approaching
a surface prior to adhesion, which is schematically depicted in Fig. 4. A surface
submerged in water will first be covered by a conditioning film, a long known
phenomenon (Baier 1982). This is the result of the “race to the surface” of all
molecules and particles present in the water phase, even at very low concentrations.
Biopolymers meet surfaces prior to bacteria. This is due to the fact that bacteria
simply do not move as fast as molecules in the water phase. Once in contact, they
tend to be kept to the surface by a multiple hook-and-loop mechanism, provided by
weak physicochemical interactions such as hydrogen bonds, van der Waals and
weak electrostatic interactions at contact with the surface. Biopolymers have a very
high number of possible binding sites, for example, polarized bonds, OH groups, or
charged groups. If only 1% of them interact with a surface, the overall binding
energy can exceed that of single covalent bonds by far. The molecules may migrate
and spread out on the surface and attach irreversibly. Eventually, the conditioning
can partially mask original surface properties. Cells in suspension usually are
surrounded by a more or less thick layer of EPS and, for some organisms, cellular
appendages such as fimbriae and pili. These molecules and appendages are sticky
and make first contact to surfaces, interacting with both conditioning film and the
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Fig. 4 Schematical depiction of a Gram-negative bacterium approaching a submerged surface

surface itself. The cells do not need to be viable for adhesion as the phenomena is
controlled by physicochemical interactions.

Already in 1971, Marshall et al. tried to understand microbial primary adhesion
as the interaction between “living colloids” and surfaces, applying the theory of
Derjaguin, Landau, Vervey, and Overbeck (DLVO), a concept which was further
evaluated for a long time (Hermansson 2000), but it clearly did not allow for
realistic predictions as recent research confirmed (Schaule et al. 2008). Obviously,
this approach does not acknowledge all factors involved in primary adhesion, in
particularly not the role of EPS, or cellular appendices.

Many approaches have been pursued to prevent biofilm formation, some of
which may be critically discussed here:

1. Tributyl tin antifouling compounds. They are extremely successful in biofouling
prevention and have been widely used in antifouling paints for ships (Howell and
Behrends 2010; ten Hallers-Tjabbes and Walmsley 2010). However, they are so
toxic to marine organisms that they have been widely banned from use, although
they were considered as “wonder weapons” for quite some time. It perfectly
fulfilled its purpose from an antifouling point of view but it caused inacceptable
economical and environmental damage (Maguire 2000; van der Oost et al. 2003).

2. Natural antifouling compounds. Such compounds have been isolated mainly
from marine plants, which are practically not colonized by bacteria (Terlezzi
et al. 2000). De Nys et al. (2006, 2010) have isolated signalling molecules from
an Australian seaweed, exhibiting activity against bacterial colonization. More
marine antifouling products have been investigated by Armstrong et al. (2000).
Turley et al. (2005) used pyrithiones as antifoulants. Dobretsov (2009)
concentrated on quorum sensing molecules as targets to prevent biofouling,
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suggesting using quorum sensing inhibitors for biofouling control. In their
review, they present an overview on the wide variety of quorum sensing
molecules. Unfortunately, not all biofilm organisms can be addressed by one
single quorum sensing inhibitor. The problem with natural antifouling
compounds is that (1) most of them are only scarcely available, (2) that they
are difficult to apply on a constant basis on a surface, (3) they do not completely
prevent biofilm formation on inanimate surfaces, (4) that they will select for
organisms which can overcome the effect, and (5) they are inherently biode-
gradable and, thus, their effect can be short-lasting. Apart from that, they will
have to undergo the EU biocide guideline procedure, which is assessed to
cost about 5-10 million € per substance (see Flemming and Greenalgh 2009;
Cheyne 2010).

. Surfaces with lotus effect (Nienhuis and Barthlott 1997; Marmur 2004). This
effect relates to the “purity of the sacred lotus” (which is shared by less sacred
cabbage leaves as well) based on the particular structure of the wax layers on the
leaf surface. A highly hydrophobic pattern of needles in micrometer distances
will prevent water from moistening the surface due to the physicochemical
interactions of three phases: solid, liquid, and gaseous. By nature, this effect is
not possible with immersed surfaces. Also, as soon as surface active substances
cover the hydrophobic pattern, surface tension decreases and water is no longer
repelled. Thus, the lotus effect can be taken advantage of only on solid—air
interfaces and only if no surfactants are used.

. Silver-coated surfaces. These are presently very much favoured with many
reports on decreased adhesion (e.g., Gu et al. 2001; Gray et al. 2003; de Prijck
et al. 2007). The efficacy of silver deserves critical considerations. It is still
unclear whether this is an antideposition or antimicrobial effect. With regard to
the question of microbial response, the Ag*-ion is generally accepted as the
effective agent (Silver 2003). The most important problem with silver efficacy is
that the organisms will develop resistance after extended exposure. In environ-
mental systems, occurrence of resistance has to be expected rather sooner than
later, that is in terms of some weeks or a few months (Flemming 1982; Silver
2003). Furthermore, reactions of the silver ion with abiotic compounds have to
be considered in open systems, which decrease their active concentration. Thus,
silver resistance seems to be widely underestimated while its efficacy is even
more overestimated.

. Surface-bound biocides. Biocides attached to surfaces, such as already
suggested by Hiittinger et al. (1982) and continue to be investigated and patented
in many versions (see Table 1), all are suspected to draw their efficacy from
biocides leaching into the water phase. If this is excluded, some basic questions
have to be considered:

— What happens with bacteria which are killed by contact and essentially will
cover the surface?

— How such biocides may act, because by concept, they do not enter the
cytoplasm;
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Table 1 Examples for approaches to minimize primary biofilm formation by surface

modifications

Principle

References

Smoothing of surfaces
Superhydrophilic surfaces

Superhydrophobic surfaces
Microstructured surfaces
Si- and N-doped carbon coatings
UV-activated TiO, coatings, Ag
nanoparticles
Pulsed surface polarization, pulsed
electrical fields
Polyether-polyamide copolymer
(PEBAX) coating
Low-surface energy coatings
Surface conditioning
Incorporation of antimicrobials
Biocides directly generated on
surfaces

Surface-bound biocides and
antimicrobial peptides
Combined, multiple approaches

Whitehead and Verran (2009)

Vladkova (2009)

Schackenraad et al. (1992), Marmur (2004), Genzer and
Efimenko (2006), Whitehead and Verran (2009)

Bers and Wahl (2004), Carman et al. (2006)

Zhao et al. (2002)

Sunada et al. (2003)
Perez-Roa et al. (2006), Schaule et al. (2008), Giladi
et al. (2008)

Louie et al. (2006)

Vladkova (2009)

Marshall and Blainey (1990)
Whitehead and Verran (2009)

Wood et al. (1996, 1998)

Huttinger et al. (1982), Tiller et al. (2002), Milovic et al.
(2005), Madkour et al. (2008), Zasloff (2002),
Leeming et al. (2002), Parvici et al. (2007), Lewis and
Klibanov (2005), Park et al. (2006), Klibanov (2007)

Majumdar et al. (2008)

— Do they also act on cells which attach but are physiologically inactive (e.g., in
the viable-but-noncultivable state? Oliver 2005, 2010)

— How can deposition of abiotic foulants on these surfaces be prevented?
(Webster and Chisholm 2010)

6. UV irradiation. The use of UV irradiation is also discussed for fouling control
(e.g., Patil et al. 2007). However, it has to be taken into consideration that UV
irradiation can only kill those cells, which are exposed to the UV rays. They can
be shielded by particles while passing the irradiation chamber. Furthermore, the
efficacy of UV light against biofilms is more than doubtful, in particular, if the
biofilm has trapped particles. And even if the biofilm bacteria are killed, they
provide nutrients for others and they are not removed from any surface.

There is a vast variety of further approaches to prevent adhesion or at least to
minimize it and slow down biofilm formation. Table 1 is listing only a few of them —
it is essentially incomplete because this field is one of the most innovative and
under continuous development, generating hundreds of publications every year.
Among those, the review of Meseguer Yebra et al. (2004) is particularly interesting
as it is dedicated to environmentally friendly antifouling coatings. Many
innovations come from the field of marine technology (Finnie and Williams
2010). Concerns over the environmental impact of antifouling biocides (Howell
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and Behrends 2010; ten Hallers-Tjabbes and Walmsley 2010) have led to interest in
the development of biocide-free control solutions (Finnie and Williams 2010).
There are some general problems, which have prevented the expected break-
through of such approaches so far, in spite of the sometimes enthusiastic and advertis-
ing character of some of the publications. There are some sobering general problems:

1. The duration of the effect. In many cases, the tests are carried out only for a few
hours or days. If such approaches are applied to surfaces which are to be protected
only for a short time, it may be sufficient, but mostly not for long time applications.
It has to be taken into account that fouling protection is a matter of time —
extrapolation from short periods to longer ones is usually not valid.

2. The test system itself. In many cases, E. coli, P. aeruginosa or other standard
organisms are used, mostly as single strains and after washing, which leads to very
unrealistic conditions with the actual sticky components at least partially removed
by the washing process. Then, the number of colony-forming units (cfu) per surface
area usually is the parameter to determine success, although it might be taken into
account that the cells may react to contact to some of these surfaces, becoming
noncultivable (Flemming 2010). Therefore, cfu numbers will be lower than the
numbers of actually present cells and success is overestimated.

3. A further problem with all antimicrobial coatings in technical or environmental
systems will be the covering by abiotic compounds such as humic substances, oil
etc., and by inactivated cells sooner or later, masking the original effect. An
example: copper-plating of ship hulls (Howell and Behrends 2010) only extents
the phase until copper-tolerant microorganisms completely cover the surface and
allow less copper-tolerant organisms to settle on top, eventually leading to
biofouling. A longer lag phase of biofouling, however, may be very valuable,
as long as the time limitation of this phase is taken into account, because time is a
crucial factor in efficacy of such surfaces.

An interesting novel approach may be the employment of environmentally respon-
sive polymers (Ista et al. 1999). An example is the use of pulsed polarized surfaces.
This is also in its early experimental development but may open an interesting window
in mitigation of biofouling. Schaule et al. (2008) used surfaces coated with indium-
tinoxide (ITO) and polarized them at £600 mV under potentiostatic conditions in a
pulsing routine of 1 min. Originally, this approach was intended to prevent microbial
adhesion but failed to do so. However, unexpectedly, it significantly inhibited biofilm
development after primary adhesion of microorganisms (Fig. 5). Of course, all
arguments as mentioned above are valid for these approaches equally.

4.3 Limitation of Biofilm Growth

Given the fact that it is very difficult to prevent biofilm formation on a long term,
the next plausible approach is to limit the extent of biofilm growth to limit its
growth-related effects. The most obvious approach is to keep the nutrient content as
low as possible, both in the water phase or leaching from the substratum. Carbon
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Fig. 5 Biofilm development after 164 h under potentiostatic conditions (—/+600 mV, pulse
frequency 60 s), control (left), polarized biofilm (right) (Schaule et al. 2008)

Table 2 Effect of sand filtration on biofilm development on a flat cell membrane (Griebe and
Flemming 1998)

Parameter Unit Before filter After filter
Total cell count [cells/cm] 1.0 x 10° 55 x 10°
Colony count [cfu/em?] 1.0 x 107 1.2 x 108
Protein [ng/cm?] 78 4
Carbohydrates [ng/cm?] 26 3

Uronic acids [ug/cmz] 11 2

Humic substances [pg/cmz] 41 12
Biofilm thickness [pm] 27 3

Flux decline [%] 35 <2

sources have to be considered primarily, although lifting of nitrogen and phospho-
rus limitation may also be a reason for increased biofilm formation. If biofouling
can be considered as a “biofilm reactor in the wrong place” as pointed out earlier, it
is logical to use a “biofilm reactor in the right place.” The “right place” is ahead of
any system to be protected. For the case of nutrients in water, this has been
successfully implemented to prevent biofouling in membrane systems (Griebe
and Flemming 1998, Table 2) and is increasingly applied now in membrane
technology and also in the protection of heat exchangers against biofouling. It
does not completely eliminate biofilm growth but allows for keeping it below the
threshold of interference as depicted in Fig. 1.

Figure 6 shows thin cuts of the membrane and biofilms (a) before and (b) after
the sand filter in the above cited study. Clearly, the protected membrane was not
free of biofilm but the effect of this much thinner biofilm was below the threshold of
interference. It is not necessary to kill or remove such biofilms but well possible to
live with them.
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Fig. 6 (a) Biofilm on a reverse osmosis membrane before sand filter, (b) after sand filter.
Magnification: 400 fold. (Griebe and Flemming, unpublished)

Of course, in this context it has to be taken into account that some additives (e.g.,
antiscalants, flocculants, phosphate, biodegradable biocides and components of syn-
thetic polymeric materials such as plasticizers, anti-oxidants and flame retardants)
can unintentionally contribute to nutrient supply and support biofilm growth. This
has been observed in biofouling case histories of water distribution systems (Kilb
et al. 2003).

Maintenance of high shear forces also helps to limit the extent of biofilm growth;
however, it may lead to thinner but mechanically more stable biofilms (Characklis
1990) because higher shear forces will select for EPS with higher cohesion forces
and wash away those polymers which cannot stick to the matrix.

Limitation of the extent of biofilm development seems to be an equally obvious
as neglected aspect in antifouling strategies. However, it may be one of the most
pragmatic approaches and can be applied creatively, adapted to the system to be
protected, if taken into account. Of course, this is not generally applicable but if it is
applied where it is possible, it leads to considerable success. It simply requires a
shift of thinking from the “medical paradigm” toward the use of understanding of
biofilm dynamics (Flemming 2002).

4.4 Biocides Versus Cleaning

A reason for frequent antifouling failures is the “medical paradigm” on which
current common antifouling measures are based: biofouling is considered as a
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kind of a “technical disease,” caused by microorganisms and can be “healed” by
killing these, using biocides. This is usually called “disinfection,” although it does
not fit into the proper definition of this word. However, biofouling is commonly not
the result of a sudden invasion of microorganisms but of a more or less rapid
deposition and growth. In many cases, that is due to an increase of accessible
nutrients and can occur quite unexpectedly, even after application of oxidizing
biocides. A consequence of the medical paradigm is the expectation that killing of
the organisms will solve the problem. However, in the first place, it is surprisingly
difficult to kill biofilm organisms (Schulte et al. 2005). They have developed many
ways to tolerate biocide concentrations, which would kill suspended organisms
easily (Gilbert et al. 2003). The common way to determine the success of biocide
application by cultivation methods will not reveal if biofilm has been removed or if
it still remains as dead biomass on biofouled surfaces. This can only be determined
by parameters, which actually reflect biomass, for example by direct enumeration
of cells using fluorescence staining of nucleic acids. The difference is illustrated in
biocide application experiments inspired by practice in heat exchanger. In an
annular rotating reactor as described by Lawrence et al. (2000), a biofilm was
grown from a drinking water population and run with drinking water enriched by
0.1% CASO broth as nutrient source. It was repeatedly treated with a combination
of hydrogen peroxide and peracetic acid (28 ppm H,0,, 1.2 ppm peracetic acid for
1 h). The results are shown in Fig. 7 (Schulte 2003).

The colony counts indicate a significant reduction in “living” bacteria, which
usually would have been interpreted as a substantial biomass removal. But micro-
scopic enumeration of total cell numbers revealed that most of the biomass still
remained on the surface. The cells simply did not multiply in the cultivation assay

colony count biocide treatment —A-total cell count biocide treatment

A colony count and colony count control -1 total cell count control
total cell count [cm™]
100 1. biocide- 2. biocide- 3. biocide- 4. biocide-
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Fig. 7 Treatment of biofilm grown in an annular rotating reactor with combined hydrogen
peroxide and peracetic acid (28 ppm/1.2 ppm) for 1 h. Quantification of microorganisms by
cultivation (cfu) and total cell determination by fluorescence staining with DAPI (Schulte 2003)
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used for their quantification. And obviously, they quickly recovered after every
biocide treatment step.

The quantities of biocides and/or cleaners applied to control biofouling are
mostly based on “gut feeling” instead of indicative data and specifically targeted
measures. It is a disconcerting fact that the state of art in cleaning still is more an art
than a science. Although serious research is performed in terms of surface cleaning,
the application of this research has not yet gravitated to practice. Arbitrary mixtures
of complexing substances, enzymes, shock dosages of oxidizing and nonoxidizing
biocides, pH-shocks and others are common practice.

Killing is not cleaning — this has to be taken into account, because in technical
processes such as cooling systems or water filtration, biomass itself, regardless if
alive or dead, still causes the problems. It does not help to only inactivate a
part of the population — which will soon recover after the biocide is rinsed
out. The most advanced cleaning concepts have been developed in the food
industry (Wirtanen and Salo 2003; Whitehead and Verran 2009). Here, surfaces
continuously become contaminated by food components, which have to be re-
moved. Much of the work is dedicated to protein adsorption and desorption
(Vladkova 2009).

4.4.1 Mechanical Cleaning

Mechanical cleaning of biofouled surfaces is probably the oldest and most
successful. Brushing teeth may serve as a metaphor, which also illuminates the
fact that it is not possible to mechanically clean surfaces once and forever. But
the analogy also illustrates that timely, properly carried out cleaning is quite
efficient. In technical environments, it is used in many different applications,
including “pigs” as mechanical plugs of various configurations to remove
deposits in pipelines. In the food industry, ultrasonic treatment has been reported
for some applications as a successful means of keeping surfaces clean (Boulangé-
Petermann 1996). Wu et al. (2008) suggested defouling by use of nanobubbles.
A macro version of this cleaning method is based on the use of air—water flushing
which is for example used for the cleaning of drinking water pipes or in
membranes (Cornelissen et al. 2007) or the combined use of air scouring and
sponge ball cleaning (Psoch and Schwier 2006). Of course, there remain open
questions about the accessibility of surfaces and the energy demand, but for
specific purposes this method may be suitable.

An aspect crucial for cleaning success is system design. Pipes can vary in
diameter, have many bends, branches and even dead legs, and can consist of a
wide variety of materials. For some sections, pigging may be possible but only if the
system is suited for by design — for the rest, chemical cleaning will be the only
choice (Cloete 2003). Part of the problem with cleaning is the fact that biofouling is
not always homogeneously distributed in a system and can be focused at certain
sites, for example, fittings, valves and especially air—water—solid interfaces. There-
fore, information about the actual location of biofouling foci is required but usually
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missing and mostly not even aimed for. To pinpoint the location, a systematic
sampling approach is required. Access to surfaces is a great advantage and should
be considered in construction from the very beginning. Usually, this implicitly
leads also to a less fouling-prone system, avoiding dead legs, tortuous piping with
various diameters and rough surfaces.

However, in spite of the efficacy of mechanical cleaning methods, it selects for
biofilms with strong cohesive and adhesive properties. This has been shown in early
work on ocean thermal energy recovery (OTEC) when repeated mechanical
cleaning led to very sticky biofilms which (Nickels et al. 1981), which were
resistant to any chemical cleaning and could only be removed mechanically.

4.4.2 Chemical and Biochemical Cleaning

The main requirement of a cleaner is to overcome the adhesion of the biofilm to the
surface and the cohesion forces, which keep the biofilm together to disperse it.
The mechanical stability of biofilms is mainly attributed to weak physicochemical
forces such as hydrogen bonding, weak ionic interactions, hydrophobic and van der
Waals interactions and entanglement (Mayer et al. 1999; Flemming and Wingender
2010 a). While surface active substances mainly address hydrophobic and van der
Waals interactions, complexing substances act on ionic bonds. Hydrogen bonds
can be addressed by so-called chaotropic agents such as urea, tetramethyl urea and
others which interfere with the shell of water molecules surrounding biopolymers.

Matrix stability provided by entanglement of the biopolymers (Wloka et al. 2006)
can be weakened by either oxidizing biocides or by enzymes, both shortening
the chain length of the polymers. Enzyme applications in the food industry
have been extensively studied (Lequette et al. 2010). In another very recent publica-
tion, Kolodkin-Gal et al.(2010) reported biofilm disassembly in B. subtilis,
P. aeruginosa, and S. aureus by a mixture of D-amino acids, releasing amyloid
fibers that linked the cells together. Bacteriophages induce a wide range of polysac-
charide-degrading enzymes in their hosts. Dispersion by induction of a prophage,
followed by cell death and subsequent cell cluster disaggregation has been observed
(Webb et al. 2003). However, phage enzymes are very specific and rarely act on
more than a few closely related polysaccharide structures. Phages and bacteria can
coexist symbiotically within biofilms, suggesting that they would make poor tools
for the control of biofilm formation. Combinations of phage enzymes and
disinfectants have been recommended as possible control strategies under certain
conditions (Tait et al. 2002) with the phage added before addition of disinfectant
being more effective than either of these alone. Mixtures of enzymes are commonly
used, composed on arbitrary base. However, Brisou (1995) already showed that
there were a vast variety of target structures that enzymes had to interact with,
indicating that there is no single enzyme or enzyme mixture to effectively remove
biofilms. Klahre et al. (1998) report poor performance of enzymes alone in antifoul-
ing efforts in paper mills, particularly in long-term applications. The enzymes
themselves are rapidly degraded by extracellular proteases.



98 H.-C. Flemming

An interesting, but possibly overestimated approach to get rid of biofilms is the
employment of signalling molecules regulating biofilm development are prime
targets for biological biofilm removal (Webb et al. 2003). In technical systems,
however, there are no reports of successful applications so far. Recently,
a substituted fatty acid, cis-11-methyl-2-docecenoic acid, called “diffusible signal
factor” (DSF), was recovered from Xanthomonas campestris, which was responsi-
ble for virulence as well as for the induction of release of endo-B-1,4-mannanase
which degrades mannose containing polysaccharides (Dow et al. 2003). Davies and
Marques (2009) suggested the activation of stress regulons, which may be involved
in biofilm dispersion. They reported cis-2-decenoic acid as a fatty acid messenger,
produced by P. aeruginosa, capable of inducing dispersion of biofilms formed by
E. coli, K. pneumoniae, Proteus mirabilis, S. pyrogenes, S. aureus, B. subtilis, and
the yeast C. albicans. Such a “universal biofilm disperser” is of great interest in
medical and technical systems. Equally recently, the role of nitric oxide has been
revealed as signal for biofilm dispersion (Barraud et al. 2009). However, all these
signalling molecules can only influence bacteria in their vegetative state. When
they are dormant, they cannot respond to the signals. And it is a fact that in biofilms,
a large proportion of the cells is in a resting, dormant or viable but nonculturable
(VBNC) state and not affected by these molecules. Furthermore, none of them
eradicates existing even fully viable biofilms completely. Therefore, their use as
antifoulants in technical systems appears very limited, particularly if one considers
that it is not easy and by no means cheap to produce them in the required amounts
and to apply them in the required sites. Due to their biological nature, they have
limited life spans and may be degraded before they have completed their function.
It is the great variability of EPS, which protects biofilms and, in turn, limits the
success of enzymatic antifouling strategies.

4.5 Surface Monitoring

A big problem for the implementation of timely countermeasures is the already
mentioned fact that the surfaces of technical systems usually are poorly or not at all
accessible. The response in practice is frequently preventive overdosing of cleaning
and biocidal chemicals, which in turn can damage industrial equipment. Also, an
environmental burden is generated when the employed substances are released into
wastewater, which will have to undergo specific treatment for removal of these
substances. Efficiency control of cleaning is usually performed in the reverse way
as biofouling is detected: by improvement of process parameters or product quality.
This means that it is very indirect and vague and can easily lead into a new round in
the vicious circle as depicted in Fig. 2.

Conventional monitoring methods employ sampling of defined surface areas or
on exposure of test surfaces (“coupons”) with subsequent analysis in the laboratory.
A classical example is the “Robbins device” (Ruseska et al. 1982), which consists
of plugs smoothly inserted into pipe walls, experiencing the same shear stress as the
wall itself. After given periods of time, they are removed and analyzed in the
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laboratory for all biofilm-relevant parameters. The disadvantage of such systems is
the time lag between analysis and result.

What is lacking is information about site and extent of fouling deposit and, thus,
effective and down-to-the-point countermeasures. Therefore, it would be very
useful to have “eyes in the system,” which allow for the detection of biofilm growth
before it turns into biofouling. This is the case for advanced surface monitoring
(Flemming 2003; Janknecht and Melo 2003). Systems are needed which have to
provide information about the presence of a deposit, its quantity, thickness and
distribution, the nature and composition of the deposit, and the kinetics of formation
and removal to assess the fouling potential and cleaning success. Some criteria and
characteristics for early warning systems are:

— Continuous and automated detection of fouling-relevant parameters;

— Reliable and fast response;

— Easy handling combined with little maintenance;

— Feasible in controlled conditions in the laboratory and in the field situation;
— Easy to interpret output software.

This information should be available online, in situ, in real-time, nondestruc-
tively, and suitable for data processing and automatization of response.

Such systems will be mainly based on physical principles, some of which have
been addressed earlier (Nivens et al. 1995). To meet the demands as listed above, a
technique must

— Function in an aqueous system;

— Not require sample removal;

— Provide real-time data;

— Be specific for the surface, that is minimize signal from organisms or contaminants
in the water phase.

As early as 1985, Hillman and Anson gave the most comprehensive overview until
today on physical measuring principles related to fouling, which meet quite a few of
requirements above. Strangely, almost none of them made it to the market, although
they were very sophisticated and original. They included already changes in ultra-
sound, heat transfer resistance, and Nivens et al. (1995) have given an excellent
overview on continuous nondestructive biofilm monitoring techniques, including
Fourier transform-infrared (FT-IR) spectroscopy, microscopic, electrochemical and
piezoelectric techniques. An important aspect has to be taken into account: physical
methods mostly respond to nonspecific effects of biofilms. Three levels of information
provided by these methods can be identified (Flemming 2003):

4.5.1 Level 1 Monitoring

Level 1 monitoring devices can be classified as systems which detect the kinetics of
deposition of material and changes of thickness of deposit layer but cannot differ-
entiate between microorganisms and abiotic deposit components.
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They provide information nondestructively, on line, in situ, continuously, in real
time, and with a realistic potential as a signal for automatic countermeasures. Some
examples of this category have already been successfully applied to biofilms
(Table 3). It is surprising that they are only very reluctantly accepted in the market
an developed further to practical application, although they might save considerable
values — blind dumping of biocides still remains the common practice.

An interesting approach for biofouling monitoring in separation membranes has
been developed by Vrouwenvelder et al. (2006), using a membrane fouling simula-
tor. This device both determines friction resistance and allows for optical inspection
of the surfaces. In an exciting study, it was combined with NMR imaging, revealing
the actual hydrodynamics in the device and the dominant role of the spacer for
biofouling in membrane modules (Von der Schulenburg et al. 2008).

Table 3 Examples of level 1 monitoring devices

Device Principle References
Rotoscope Determination of light absorption in response to  Cloete and Maluleke
deposit formation (2005)

Differential Two turbidity measurement devices, one of them Klahre and Flemming
turbidity cleaned, determination of difference between (2000) and
measurement both caused by surface deposit on Wetegrove and
(DTM) measurement window Banks (1993)

Hot wire, heat Determination of heat transfer changes in Hillman and Anson
transfer response to deposit (1985), Fillaudeau
resistance (2003)

Fiberoptical device Determination of light backscattered from Tamachkiarow and
(FOS) deposit on top of a light fiber Flemming (2003)

Electrochemical Determination of changes in electric conductivity Nivens et al. (1995),
measurement caused by material deposited on the surface Bruijs et al. (2000),
device Mollica and Cristiani

(2003)

Acoustic fouling Acoustic backscattering by deposit Hillman and Anson
detector (1985)

Quartz crystal Quenching of frequency of quartz crystal by Nivens et al. (1995),
microbalance deposit White et al. (1996),

Helle et al. (2000)

Mechatronic Sonic actuator and detector on surface, Pereira et al. (2007)
surface sensor determination of vibration response

Surface acoustic Determination of difference between speed of ~ Ballantine and Wohltien
waves acoustic waves with and without deposit (1989)

Photoacoustic Absorption of eletromagnetic radiation inside Schmid et al. (2003,
spectroscopy a sample, where nonradiative relaxation 2004)
sensor processes convert the absorbed energy into

heat. Due to thermal expansion of medium,
a pressure wave is generated, which can be
detected by microphones or piezoelectronic
transducers
Hillman and Anson
Friction resistance ~ Determination of pressure drop due to biofilm 1985, Eguia et al.
measurement roughness (2008)
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4.5.2 Level 2 Monitoring

In level 2, systems can be categorized, which can distinguish between biotic and
abiotic components of a given deposit. A suitable way to accomplish this is the
specific detection of signals of biomolecules. Examples are:

Use of autofluorescence of biomolecules such as amino acids, for example,
tryptophane or other biomolecules (Angell et al. 1993; Nivens et al. 1995; Zinn
et al. 1999; Kerr et al. 1998; Wetegrove 1998). Such molecules are considered as
representative for the presence of biological material. Again, this is only true for
systems which normally do not contain biomass, for example, heat exchangers,
membrane systems for water treatment, or process water systems. However, it
seems that the discrimination of the fluorescence signals of such molecules is
difficult to identify, in particular in presence of quenching substances.

FTIR-ATR-spectroscopy specific for amid bands. This approach is suitable for
systems, which usually do not contain biological molecules, for example, cooling or
process water systems. One way to follow this approach is a bypass pipe with IR
transparent windows. For measurement, the water is drained transiently and the
measurement is performed (White et al. 1996; Flemming et al. 1998). A very
elegant system has been developed by Wetegrove and Banks (1993) and is called
the “rotating disk device.” This device is based on a disc which is mounted
eccentrically on an axis. The lower part is immersed into a water system. After
given intervals, the disk turns upside and is analyzed by IR spectroscopy. Strictly
spoken, these systems are not completely continuous but they still fulfil fundamen-
tal demands of monitoring systems.

Microscopical observation of biofilm formation in a bypass flow chamber and
morphological identification of microorganisms (Nivens et al. 1995). Microscopi-
cally, however, it may be difficult to distinguish microorganisms from
agglomerated abiotic material without application of a dye. Also, microscopic
observation requires either a microscopist who more or less continuously carries
out the work or a powerful image analysis system, which encounters the same
problems as the microscopist when complex deposits accumulate.

4.5.3 Level 3 Monitoring

Systems, which provide detailed information about the chemical composition of the
deposit or directly address microorganisms. An example:

FTIR-ATR-spectroscopy in a flow-through cell. In such an approach, not only the
amide bands are considered but also the entire spectrum of medium infra red, which
has proven to be the most indicative for biological material. The system is composed
of an IR-transparent crystal of zinc selenide or germanium which is fixed in a flow-
through cell (White et al. 1996; Flemming et al. 1998). The attenuated total reflection
(ATR) spectroscopy mode allows to specifically receive the signals of material
depositing on the ATR crystal because the IR beam penetrates the medium it is
embedded in, that is, water, only into a maximum depth of 1-2 pm. Such systems
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allow to distinguish and identify abiotic and biotic material, which attaches to the
crystal surface. Raman spectroscopy and microscopy may also provide such informa-
tion (Wagner et al. 2009).

NMR imaging of deposits in pipes or porous media. Nuclear magnetic resonance
imaging (NMRI) techniques were employed to identify and selectively image
biofilms growing in aqueous systems (Hoskins et al. 1999). This technique can
give information about the extent and spatial distribution of the biofilm and/or
deposit and information about the chemical nature of certain components.

5 Conclusions

From the considerations as outlined in this review, it is obvious that successful
strategies against biofouling should be based on integrated approaches, which
consider the entire system to be protected. It is not possible to eradicate biofilms
once and forever. Requests like this from practice remind to the well-known situa-
tion when children hate to brush their teeth. Until now, there is no way to brush teeth
once and forever. If this is acknowledged, it is possible to learn how to live with
biofilms and minimize biofouling problems — which requires just some attention.

The most promising approaches include technical hygiene (“good house-
keeping”) to minimize the fouling potential of the water phase, for example, by
keeping bacterial numbers as well as nutrients as low as possible. Easy-to-clean
surfaces and materials which do not support microbial adhesion and growth are
another element of integrated antifouling strategies; here, one can learn a lot from
food industry, in particular, the implementation and application of the HACCP
concept (hazard analysis critical control point; Mortimore, 2001). That includes
cleaning-friendly design of the systems and material surfaces, which are smooth
and do not leach biodegradable substances such as plasticizers and other additives
to plastics.

Establishment of early warning capacity is important to initiate timely
countermeasures. Surface monitoring will help a lot, either performed by regular
sampling of accessible surfaces or by following fouling-related parameters using
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Fig. 8 Key elements of an integrated antifouling strategy
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devices as presented earlier. Integrated approaches are, in a nutshell, depicted
in Fig. 8:

Practically, all components required for integrated solutions are already available
and only have to be assembled and adapted to their particular application. However,
such solutions require a shift of paradigms and of the point of view, away from the
so much desired one-shot solutions. Tailored solutions can be applied right now
and only have to be selected and adapted from the big range of tools, many of which
have been mentioned in this review. And although optimal solutions not always
exist, the already present ones would proof very effective if applied in the context of
holistic approaches. This is where further research should be dedicated — in particu-
lar, for longer-term, sustainable solutions. The benefit would be much more success
in antifouling and much less environmental damage by biocides, disinfectants and
other components, which we do not want to further pollute our waters.
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Advances in Biofilm Mechanics

Thomas Guélon, Jean-Denis Mathias, and Paul Stoodley

Abstract A knowledge of the mechanical properties of bacterial biofilms is
required to more fully understand how a biofilm will physically respond, and
adapt, to the physical forces, such as those caused by fluid flow or particle or
bubble impingement, acting upon it. This is particularly important since biofilms
are problematic in a wide diversity of scenarios and spatial and temporal scales and
many control strategies designed to remove biofilms include a mechanical compo-
nent such as fluid flow, particle or bubble impingement or a physical contact with
the surface generated by scraping or brushing. Knowing when, and how, a biofilm
might fail (through adhesive or cohesive failure) will allow better prediction of
accumulation and biomass detachment, key processes required in the understanding
of the structure and function of biofilm systems. However, the measurements of
mechanical properties are challenging. Biofilms are living systems and they readily
desiccate if removed from the liquid medium, it is not clear how quickly their
mechanical properties might change when removed from their indigenous environ-
ment into a testing environment. They are also very thin and are inherently attached
to a surface. They cannot be formed into standard test coupons such as plastics or
solids, and cannot readily be poured or placed into conventional viscometers or
rheometers, such as liquids and gels. Measured parameters such as the elastic and
shear modulus, adhesive strength or tensile strength are sparse but are increasingly
appearing in the literature. There is a large range of reported values for these
properties, although there is general agreement that biofilms are viscoelastic.
Biofilms have been assessed with various experimental methods depending on the
desired characteristic and available equipment. The aforementioned challenges and
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lack of standard methods or equipment for testing attached biofilms have led to the
development of many creative methods to tease out aspects of biofilm mechanical
properties. In this paper, we review some of the more common techniques and
highlight some recent results.

1 Introduction

Bacteria in natural, industrial and clinical settings predominantly live in surface-
associated communities called biofilms (Costerton et al. 1995). They develop at any
interface with conditions compatible with microbial life. Important examples where
biofilms occur are the teeth and gums (dental plaque) (Socransky and Haffajee
2002; Bradshaw and Marsh (1999), riverbed and marine sediments, plant leaves,
soil, and engineered systems such as waste water treatment systems (Woolard and
Irvine 1994; Wagner and Loy 2002) industrial process plants and marine structures
(Beech et al. 2005; Coetser and Cloete 2005), and sewage pipelines and bioreactors
(Godon et al. 1997).

Biofilms can be beneficially used in industrials bioreactors for the production of
useful chemicals such as acetic acid, ethanol or hydrogen (Bartowsky and
Henschke 2008, Liao et al. 2010), or in the waste water treatment process, where
they convert organic carbon and ammonia waste into utilizable biomass (for
fertilizer, or fuel) and gas (Woolard and Irvine 1994; Wagner and Loy 2002).
Indeed, microbial biofilms play a major role in the global recycling of elements
vital to life. On the contrary, biofilms can be problematic in many industrial
processes such as water distribution pipelines, ship hulls or biofouling in the food
industry, where they can cause drag, corrosion and contamination. Pathogens in
such biofilms can represent a public health risk. On medical devices biofilms are
almost universally undesirable and often result in chronic infection, with acute
outbreaks. To sum up, for applications where biofilms have a beneficial purpose, it
is desirable to retain biofilms in the system, however, the removal, or prevention, of
biofilms is of prime importance when biofilms are harmful and have a negative
impact on industrial processes, or human health. The efficacy of any removal
process which involves degradation of the matrix by chemical or enzymatic diges-
tion or the application of a physical force such as natural fluid flow or mechanical
scraping will be determined in part by the mechanical properties of the biofilm.

Understanding and characterizing the mechanical properties of bacterial biofilms
constitutes an important scientific and economic issue. Indeed, the physical properties
of biofilms will determine the shape and mechanical stability of the biofilm structure
and consequently affect both mass transfer and detachment processes. A primary
interest in determining the mechanical properties of bacterial biofilms is to predict and
manage biofilm accumulation and detachment. These processes represent key-issues
to many applications in the context of the control of bacterial biofilms. Active natural
biofilm detachment and dispersal of cells from biofilm structures (i.e. initiated by the
bacterial communities themselves) is important as it allows the micro-organisms to
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escape from the biofilm matrix, where they can contaminate the bulk fluid and
colonize downstream surfaces. The recent discovery of active dispersal also provides
the opportunity to exploit the natural mechanisms for biofilm control through exoge-
nous manipulation using natural dispersal molecules (Barraud et al. 2006; Davies and
Marques 2009). Hence, it is important to understand all of the factors affecting the
detachment of biofilm in any given system. However, it is difficult to test and calculate
the mechanical properties of bacterial biofilms because of a number of factors. (1)
Biofilms are living materials and are difficult to control — they do not form convenient
testing coupons, which are typically used for tensile and compression tests of solid
materials. (2) Biofilms are highly hydrated, with the most prolific and problematic
biofilms, such as those encountered in marine biofouling, growing in aqueous
environments and will quickly desiccate when removed from their liquid medium,
thus necessitating the desire to perform tests in submersion, or at least at high
humidity. (3) Biofilms are usually thin (microns) with very small volumes and so it
is difficult to harvest enough material to perform conventional tests designed to
measure fluid properties. (4) Biofilms are inherently attached to surfaces and the
process of removal from a surface may compromise the very properties which are
trying to be measured. (5) Biofilms are generally very soft and require sensitive
equipment capable of imparting and measuring low stresses and strains. (6) Biofilms
of medical and dental interest contain pathogens and therefore require special
biological handling conditions, not normally found in conventional mechanical test-
ing facilities.

There are various studies in the literature that use different and imaginative
techniques to assess the material characteristics of bacterial biofilms. However,
with mechanical testing, the testing method employed will often influence the
interpretation. In this paper, we review some of the most common methods ranging
from cone and plate rheometry (Picologlou et al. 1980) and the later pioneering
work by Ohashi and Harada (1994), who proposed a centrifugation method to
assess the tensile force required to separate biofilm fragments to more recent
techniques like microcantilever (Aggarwal et al. 2009) or the flow cell method
(Mathias and Stoodley 2009). We broadly classify these methods into two
categories (1) methods which use a directly applied and controlled loading force
and (2) methods which use hydrodynamic loadings. The direct applied force means
that the bacterial biofilm is affected directly by a mechanical force, usually without
hydrodynamic flow, such as micro-cantilevers (Poppele and Hozalski 2003;
Aggarwal et al. 2009; Aggarwal and Hozalski 2010), indenters (Cense et al.
2006b) or T-shaped probes (Chen et al. 1998, 2005), which are used to pull (tensile
testing under a normal load) or push (compression testing under a normal load) the
biofilm. Spinning disk rheometry has been used to load biofilms in shear
(Vinogradov et al. 2004). With regards to methods using hydrodynamic loading,
bacterial biofilms are subjected to a fluid flow such as in flow cells (Stoodley et al.
1999a, b, 2001a, 2002) or Couette—Taylor type reactors (Coufort et al. 2007;
Rochex et al. 2008).

The structural behaviours of the biofilm subjected to a defined applied load are
measured to determine the mechanical properties of the biofilm. Several
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behaviour laws exist, which link the various materials parameters. In several
studies, bacterial biofilms have been reported to behave as viscoelastic materials
with a relaxation time equal to few minutes (Klapper et al. 2002; Cense et al.
2006a, b; Lau et al. 2009), while in other studies they are described as elastic
(Ohashi et al. 1999; Aravas and Laspidou 2008). The choice of either measure-
ment method depends on which mechanical property is being investigated, and
conversely the method employed dictates the sorts of properties that can be
characterized. In the first part of the review, we investigate the different
behaviours of biofilms and present the main basis of constitutive laws. Then,
we detail methods using either direct applied forces or hydrodynamics loading.
A summary of results of mechanical properties specifically relating to the partic-
ular methodology used is presented. Finally, we discuss future developments in
the domain of biofilm mechanics.

2 Mechanical Background

Here, we present the mechanical basis and language (Table 1) required to discuss, and
characterize, bacterial biofilms from a materials standpoint. As we explain above, a
variety of different methods can be used to assess different mechanical properties. The
determination of the rheological properties of biofilms and the interpretation of the
findings is complicated by the structural heterogeneity of biofilms, which is a common
characteristic of biofilms. The term “structural heterogeneity” refers to the observation
that in many biofilms the EPS matrix is interspersed with water pores and channels
(i.e. Costerton et al. 1995), (Fig. 1). The situation is further complicated by local
density variations in the biofilm. Biofilms tend to be denser at the base and there is
evidence that some of the water channels are devoid of bacterial cells but may contain
low density strands of EPS (de Beer et al. 1994).

In our discussions, we simplify the situation by considering the biofilm as a
homogeneous material and only the macroscopic parameters are explained and
detailed. Various mechanical behaviours have been highlighted in the literature
including elasticity, viscoelasticity and plasticity. Furthermore, the failure of bac-
terial biofilms has been studied in (Cense et al. 2006a, b; Aggarwal and Hozalski
2010) to assess biofilm strength. Mechanical definitions are recalled hereafter.

Some of these terms will be defined in greater detail below.

2.1 Elasticity

A number of studies report a linear behaviour of bacterial biofilm (Korstgens et al.
2001a, b; Mathias and Stoodley 2009) when they are subjected to rapid low
loadings. In this case, the elasticity framework can be used to describe the mechan-
ical behaviour of bacterial biofilm. In the general framework, anisotropic
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Table 1 Quantifiable and descriptive terms of relevance to biofilm mechanics

Term

Description

Units ST and base units
(mass, length, time)

Adhesive or
interfacial
failure

Cohesive failure

Constitutive
Law

Elasticity

Failure

Force

Hydraulics

Hydrodynamics
Linear Range

Load
Plasticity

Strain

Stress

Ultimate
strength
Viscoelasticity

Viscosity

Yield strength

Failure at the plane of attachment between two
materials, in this case the biofilm and the
attachment surface

Failure (i.e. the breaking of bonds) within the bulk
material, in this case the biofilm

A set of equations which describe the deformational
response of any material to a mechanical stress

The property of a material that allows it to returns to
its original shape after the removal of an
applied load

Permanent damage of a material caused by an
applied load

An entity which has the ability to do work or cause
physical change, expressed as F=ma in Newton’s
second law

The scientific study of water and other liquids

The characteristics of a flowing fluid

A range of applied stress over which the degree of
deformation (elastic and/or viscous) is directly
proportional to the stress

The magnitude and manner in which a force is
applied

The property of a solid, which allows it to undergo a
permanent deformation (change its shape) under
an applied load

The deformation of a material in response to an
applied stress. Simple strain is the ratio of the
change in length caused by loading to the original
length

In mechanics, stress refers to the magnitude of a
force applied over a given area. Stresses can be
normal, i.e. perpendicular to the surface of a
material, or shear, i.e. parallel or tangential to a
surface

The maximum stress a material can withstand before
permanent failure

The properties of a material, which allow it to display
both solid (elastic) and fluid (viscous)
deformation when subjected to a load

The resistance of a fluid to deformation (flow) by an
applied load

The stress at which a material is irreversibly
deformed

N.A.

N.A.
N.A.

Pa (kg m! sfz)

N.A.

N (kg m sfz)

N.A.
N.A.
N.A.

N.A.
N.A.

Dimensionless (—)

Pascals (Pa), N m~2,
kgm s~

Pa (kg m s

N.A.

Pas (kg st m’l)

Pa (kg m's7?)

N.A. Not applicable

behaviours can be defined. An anisotropic behaviour can be used if bacterial
biofilms respond differently to forces which are applied from different directions.
For the sake of simplicity, we only consider the linear isotropic elastic behaviour,
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Fig. 1 Streptococcus mutans biofilm exhibiting heterogeneous structure of cell clusters with an
undulating surface. Individual bacterial cells were stained green (live) or red (dead), and the EPS
slime matrix surrounding the cells was stained blue. The EPS surface is made transparent in the
“cutaway” in the foreground to show cells within the biofilm. Scale: major divisions = 10 um

that is to say bacterial biofilms exhibit the same mechanical behaviour in all
directions. It corresponds to the following relation between the stress ¢ (expressed
in Pa) and the strain € (dimensionless):

Oxx 1—v v \J 0 0 0 Exx
Oyy v 1—v v 0 0 0 Eyy
oz | E v v 1—-v 0 0 0 £2x 0
Oxy (I+v)(1=2v)| O 0 0 1-2v 0 0 Exy
Oxz 0 0 0 0 1-2v 0 Exz
Oyz 0 0 0 0 0 1—2v Eyz

In this equation, E represents Young’s modulus (expressed in Pa) which
characterizes the rigidity of the biofilm. If E is high, the biofilm displacements
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are low and vice versa. The coefficient v represents the Poisson’s ratio and
characterize the perpendicular strain caused by a normal loading. In many studies,
utilizing hydrodynamic loading or rheometry, biofilms are subjected to a wall shear
stress. In this case, the shear modulus G is used:

E
G=— " . 2
2(1+v) @
Young’s modulus has been evaluated in (Stoodley et al. 1999a, b; Korstgens
et al. 2001a, b; Mathias and Stoodley 2009; Aggarwal and Hozalski 2010) and the
shear modulus in (Stoodley et al. 1999a, b; Towler et al. 2003).

2.2 Viscoelasticity

Microrheological in-situ measurements of biofilm “streamers” based on tracking
particles embedded in a biofilm in response to changes over time in response to
elevations in liquid shear stress clearly demonstrated the viscoelastic properties of
biofilms (Stoodley et al. 1999a, b, 2002). This behaviour is time dependent, and it is
important to not confuse viscoelasticity with plasticity. In the case of viscoelastic
solids, the theory of viscoelasticity allows us to take into account completely reversible
deformation over time. However, data from flow cell experiments (Stoodley et al.
2001a, 2002), and viscosity measurements on detached biofilms (Ohashi and Harada
1994) suggest that pure culture biofilms behaved like viscoelastic fluids, in which
biofilms exhibit both irreversible viscous deformation and a reversible elastic recoil
response. These experiments show that biofilms, in response to stress, exhibited
behaviour consistent with those of both an elastic solid and a viscous liquid (see
Fig. 2b). Note that in the case of ideal fluids the strain is completely irreversible.
Figure 2 shows the idealized structural strains for various classes of materials when the
material is exposed to an applied load. When a constant stress is applied to a
viscoelastic material (e.g. bacterial biofilm), creep is observed over time with the strain
progressively increasing (Fig. 2b). Conversely when a viscoelastic material is
subjected to a constant strain, a progressive relaxation of the induced stress is observed
over time (Fig. 2¢). These two phenomena describe the time dependent behaviour of
the material which may be analyzed in the frame of the theory of linear viscoelasticity
(Lemaitre and Chaboche 1988; Couarraze and Grossiord 1991; Nowacki 1965;
Mandel 1958). According to this theory, the stress o(¢) resulting at any time 7> 0
from an imposed history of strain &(¢) is given by Boltzmann’s equation (Nowacki
1965):

t
o) = JR(t,t) {0) du+ S H( - 1) R( 1) Acn), 3)
0 !
where ) is the time derivative of the strain loading function; &(¢), A&(#;) denotes a

set of strain discontinuities occurring at specified times #; and H(f) corresponds to
the Heavyside function.
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Fig. 2 Different kinds of biofilms behaviour. (a) Elastic: when a stress is applied the material
immediately “stretches” in proportion to the magnitude of the stress. If the material is not stressed
to failure (i.e. breaking) when the stress is removed the material immediately contracts to its
original dimensions. (b) Viscoelastic under applied stress: the strain response of a viscoelastic
material to an applied stress. When a stress is applied first there is an immediate elastic response
and then the material slowly stretches over time. (¢) Viscoelastic under applied strain: when a
viscoelastic material is stretched the initial imparted stress dissipates over time. (d) Plastic
behaviour: when the material is stressed it behaves elastically until the yield point is reached
when the stress—strain relationship becomes non-linear

In this fundamental expression, R(¢,¢;) is called “relaxation function” which
depends on the mechanical properties of the material and on the period of time 7 — ¢;
elapsed since the application of a constant imposed strain. Owing to the principles
of thermodynamics applied to the mechanics of viscoelastic media (Mandel 1958),
this function can be developed as a sum of decaying exponential terms in the form
of a Dirichlet’s series with #, the time at which a constant strain is imposed:

R(1, 1) ZEe (1=t0) )

where E; and o; are material parameters. This relationship can be represented by an
analogous generalized Maxwell’s chain with r + 1 branches, where branches con-
sist of a spring (elastic) connected to a dashpot (viscous). ;! = n,/E; is called
relaxation time of branch i. Note that in the case of solid materials, the relaxation
time of branch 0 is equal to 0.
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For further reference, viscoelastic behaviour in biofilms has been highlighted in
(Stoodley et al. 1999a, b, 2002; Cense et al. 2006a, b; Hohne et al. 2009; Lau et al.
2009). An experimentally derived creep curve for a Staphylococcus aureus biofilm
is shown in Fig. 3 exhibiting classical viscoelastic features. The response was

0,3
0,25
IIl. Viscous flow
0,2
= IV. Elastic recover
'g 0,15 Il. Viscoelastic flow Y
7
0,1
V. Viscoelastic recovery
0,05 - I. Elastic stretching
V1. Permanent deformation
0 T T T T T 1
0 100 200 300 400 500 600
Time (sec)
Elevated shear (loading) No shear (unloading)
= s

Kelvin element

Maxwell element —/\/\/\/\/__
Gz
Bl |
Gy :E
N2

Fig. 3 Measured creep curve (blue diamonds) under loading and unloading for a S. aureus biofilm
grown in a flow cell. The response was modelled (solid blue line) using a Burger spring (elastic
constants) and dashpot (viscous constants) model shown underneath. When the shear was elevated
(loading), there was an immediate elastic response (I) represented in the model as G;. This was
followed by a time-dependent viscoelastic response (II) represented as a second elastic constant G,
and viscosity constants 7; and 1,. Once the spring G, was “fully extended” the biofilm continued to
deform by viscous flow alone (III), represented by viscosity 77;. When the load was removed (i.e. flow
was turned off), there was an immediate elastic recoil (IV) represented by G;. Finally, there was a
viscoelastic recovery (V) governed by the Kelvin element in the model. The permanent deformation
(VI) was due to unrecovered fluid flow suggesting that the biofilm behaved as a viscoelastic fluid
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modeled using a Burger’s model of springs (elastic constants) and dashpots
(representing viscosity), see caption for details. In this case, the Burger model
incorporates both reversible behaviour due to the springs in the model and irrevers-
ible behaviour due to the in series dashpot in the model. In this case, the load was
induced through hydrodynamic shear in a flow cell, although spinning disk
rheometry testing showed similar mechanical behaviour.

In some cases, it is convenient to use dynamic tests in order to analyse
viscoelasticity. Viscoelasticity in the linear range can be analysed using dynamic
mechanical tests by applying a small oscillatory strain on the biofilm and measure
the resulting stress, or vice versa. In purely elastic materials, the stress and strain
are exactly in phase since an applied stress results in an immediate deformation
(i.e. strain). However, if a material also exhibits viscous behaviour there will be a
delay between the applied stress and the induced strain resulting in a phase shift
between the sinusoidal curves. The shear modulus (G) represents the relationship
between the stress and the strain. It can be decomposed in a complex expression as
follows:

G=G +iG",
where i* = —1. G’ is the storage modulus and G” is the loss modulus:
G' =224 cos s, (5)
&0
G = %0, sin o, 6)
&o

and where o and & are the amplitudes of stress and strain and ¢ is the phase shift
between them. G’ enables us to quantify the elastic behaviour of the biofilm and G”
the viscosity of the biofilm.

2.3 Plasticity

In some instances, biofilm testing exhibits an irreversible feature, corresponding to
permanent strain. In this case, the plasticity framework can be used. Note that the
study of plastic behaviour of biofilms has been seldom addressed in the literature.
In most cases, an elastic behaviour precedes the plastic behaviour (see Fig. 2d). The
yield strength can be defined where the plastic behaviour starts (see Fig. 2d).
This yield strength is denoted oy. This yield strength must be then defined. The
most popular criterion can be used, called “Von Mises criterion”. For this purpose,
an equivalent stress is calculated as follows:

(02 = 0)" + (02 = 7y)* + (0 = 022)" + 6(ay + 02+ 0,)°]. (D)

| =

OFQ =
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Then, the plasticity occurs when gp > oy. Many plasticity models are described
in the literature (i.e., Chaboche 2008). In the case of perfect-plastic behaviour, the
evolution of the plastic strain " can be defined as follows:

def ==d)— (8)

where ¢ corresponds to the deviatory part of the stress tensor and A denotes the
plastic multiplicator. When the stress increases, the material reaches a point where
it finally fails (see Fig. 2d). This point corresponds to the “tensile strength” of the
material in the case of a tensile test. The term “ultimate strength” is also used in
the literature. Plastic behaviour was discussed in (Korstgens et al. 2001a, b) and the
yield strength and the ultimate strength have been evaluated in Korstgens et al.
(2001a, b), Aggarwal and Hozalski (2010), however, few studies have been
designed specifically to study plasticity.

2.4 Failure

How, and when, a biofilm fails is arguably the most important mechanical parame-
ter from a practical perspective and must be clearly defined. Two types of failure,
cohesive and adhesive, are commonly described based on observation. Cohesive
failure occurs within the biofilm and leads to the detachment of parts of the biofilm,
while some underlying biofilm or bacterial cells remain attached. Cohesive failure
occurs when the loading is higher than the ultimate strength of the biofilm. In the
case of fluid flow, the load is caused by a combination of skin friction, pressure drag
and lift. This is a failure caused by the intrinsic properties of the material. In
biofilms, the situation is complicated by the fact that biofilms are not homogeneous
materials and can be mechanically stronger at some locations than others. Also,
because of the heterogeneous structure of biofilms loads are not evenly distributed
thus failure can be site specific. For example, a two-dimensional fluid—structure
interaction model which coupled fluid and biofilm interactions utilized by
Taherzadeh et al. (2010) predicted that biofilm streamers would fail where stresses
were concentrated, at the location where the streamer was attached to the upstream
cell cluster, or at a bend in the streamer tail as it waved in the flow. Another
complication in measuring biofilm mechanical properties is that biofilms are not
static entities but are alive and can grow, respond and adapt to mechanical shear
(and as such can be considered as “self-repairing” materials) so that tests to failure
should be conducted over relatively short time scales.

The second type of failure is interfacial, or adhesive, fracture. It occurs at the
interface of the biofilm and the surface on which the biofilm grows. Generally,
adhesive failure leads to the detachment (or sloughing) of large pieces, or even the
whole biofilm, and can therefore be more desirable for biofilm removal strategies
than localized cohesive failures, which can leave underlying biofilm to rapidly
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regrow. Adhesive failure depends on the property of the interface between the
biofilm and the surface. Several models have been developed in the literature to
evaluate this de-adhesion in a mechanical point of view (Mignot et al. 1980; Xu and
Needleman 1994), for example. The most popular model used to simulate interfa-
cial decohesion is the cohesive zone model (CZM). A review of CZM is available in
(Xu and Needleman 1994). Briefly, the CZM has been used to simulate fracture as a
gradual phenomenon. The separation of two elements takes place across an
extended crack “tip”, or cohesive zone. This zone increases proportionally to
cohesive tractions (Ortiz and Pandolfi 1999). This type of model can be useful to
simulate interfacial failure in biofilms.

3 Methods for Mechanically Testing Biofilms

The framework for describing the mechanical properties of biofilms has been
presented as elasticity, viscoelasticity, plasticity and strength. Our intent is to
present in the following section the main methods which enable us to characterize
the mechanical behaviour of biofilms. The identified mechanical parameters and the
interest of each method are presented.

3.1 Hydrodynamic Loading

A variety of methods have been used to estimate mechanical properties of bacterial
biofilms. In this section, we discuss methods using hydrodynamic loading. To
impose a hydrodynamic load, there are two possibilities. The first is to impose a
movement to the bacterial biofilm (an imposed rotation of the biofilm for example).
The second is to impose a hydrodynamic flow by controlling the speed of the flow.
The following section aims at distinguishing methods using hydrodynamic loading
following these two possibilities.

3.2 Imposed Hydrodynamics Flow

3.2.1 Flow-Cell

Stoodley et al. (1999a, b) have developed a method for conducting simple
stress—strain and creep tests on mixed and pure culture biofilms in situ by observing
the structural deformations caused by changes in hydrodynamic shear stress. The
principle of the flow cell method is to grow a bacterial biofilm under steady flow
and then to impose a hydrodynamic “load” by changing the flow. The flow cell
method is used with a microscopy to observe biofilm structural deformation and



Advances in Biofilm Mechanics 123

detachment. The resulting biofilms were heterogeneous and consisted of filamen-
tous streamers that were readily deformed by changing the wall shear stress. The
flow cells have the advantage that they are relatively simple and cheap to operate
and can be used to perform simple stress—strain and creep tests on attached biofilms
by using the flow rate to vary the shear stress. In Fig. 4, we can see the experimental
set up of the flow cell method. The biofilm is grown in a flow cell. The system is
composed of two parts: one for the observation of the displacements of the biofilm
with digital video imaging controlled by a computer, and the second part is a
recirculation loop attached to a mixing chamber, which has a waste overflow.
A pump is used upstream of the biofilm to regulate fluid flow. Figure 5 shows a
biofilm grown in a flow cell with high flow.

Several articles used the method developed by Stoodley (Klapper et al. 2002;
Aravas and Laspidou 2008; Mathias and Stoodley 2009). Young’s modulus has
been approximated using this technique. Viscoelastic effects have been
documented (Stoodley et al. 1999a, 2002; Mathias and Stoodley 2009) and some
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Nutrients Mixing chamber
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Fig. 4 Experimental set-up for growing and monitoring biofilms during transient changes in fluid
shear stress
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Fig. 5 Confocal side view of a biofilm using particle image velocimetry to reveal the fluid pathlines
around the biofilm. The average flow velocity was 8 cm s~!. The flow over and around the biofilm
imparts a shear stress over the surface, downstream drag and the aerofoil effect creates lift

strength values have been estimated (see Table 1). Mathias and Stoodley (2009)
used Digital Images Correlation to characterize the mechanical behaviour of
biofilms in response to wall shear stress using digital video micrographs taken
from biofilm flow cells (Fig. 6). DIC is a more sophisticated use of digital micros-
copy, which has been developed by materials scientists to quantify material
behaviour by computing the displacement field in response to an applied force
(Sutton et al. 1983). While this method is useful for precisely measuring structural
deformations in real time, the deformations could only be related to the average
wall shear stress since precise measurements of local forces acting on the biofilm
were not possible. However, coupled fluids—solids models such as that described by
Taherzadeh et al. (2010) might be used to calculate the predicted local shear
stresses and drag forces from biofilm structure, flow cell dimensions and bulk
fluid flow rate.

3.2.2 Flow Dynamics Gauging

Fluid dynamic gauging (FDG) is a technique for the measurement of the thickness
of soft deposit layers on solid surfaces immersed in a liquid environment (Chew
et al. 2004a, b). Mohle et al. (2007) used this method to measure the mechanical
strength of biofilms by applying a shear stress by aspirating fluid from above the
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Fig. 7 Fluid dynamic gauging experiment: the fluid flows over the biofilm and is sucked by the
gauge creating a shear stress

biofilm (Fig. 7). The adhesive strength was estimated by monitoring when the
biofilm was completely removed from the substratum. Moreover, the FDG offers
the possibility to calculate the wall shear stress in the rotating disk reactor. Mohle
et al. (2007) have shown that the biofilm thickness was dependent on substrate
concentration and shear stress.The main advantage of this method is that it is easier
to perform a test than with the flow cell technique. This method also provides the
advantage that forces acting on the biofilm derive from fluid flow tangential to
substratum surface. This is rather typical for many technical as well as natural
biofilm systems. FDG has application in detecting the type of fouling of filtration
membranes.
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3.3 Imposed Displacement on Bacterial Biofilm

3.3.1 Rotating Disk

The rotating disk biofilm reactor (RDBR) is a cylindrical reactor in which a disk
rotates in the culture medium (Vinogradov et al. 2004) (Fig. 8). The rotational speed
of the disk is controlled by a magnetic stirrer. In addition to imparting a shear stress
on the biofilm the rotation also ensures that the reactor is completely mixed.
Coupons or theometer disks can be held within the rotating disk to grow replicate
biofilms. Biofilms grown in the RDBR can be removed for testing with techniques
such as FDG.(Mohle et al. 2007) or spinning disk rheometry.

3.3.2 Couette-Taylor

The Couette—Taylor reactor is composed of two concentric cylinders, the inner
cylinder is fixed and the outer cylinder is rotated by a motor drive. The measure-
ment of torque required to prevent rotation of the inner cylinder under the effect of
the viscosity force of the fluid contained between two cylinders can be used to measure
drag. Several teams have adapted the Couette—Taylor reactor to assess mechanical
parameters of bacterial biofilms. This reactor can used to evaluate the influence of
fluid dynamic shear on the extent of biofilm and mode of detachment of bacteria from
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Fig. 8 Rotating disk technique: the disks are arranged on the axis of the rotating motor, which
creates a shear force on biofilms developed on the surface. There is a recirculation loop with a
substrate bluffer, which feeds the bioreactor
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biofilms. By changing the rotation speed of the inner cylinder the wall shear stress can
be varied. Couette—Taylor type reactors provide a constant wall shear stress distribu-
tion on surfaces and are suitable for the cultivation of biofilms in turbulent flows
(Fig. 9). Recently, (Willcock et al. 2000 and Rickard et al. 2004) developed a
concentric cylinder reactor, consisting of four cylindrical sections contained within
concentric chambers, thus creating a variety of wall shear stresses in the same reactor,
since the rotating speeds of the surface are proportional to their radius. This reactor
allows the simultaneous generation of different shear rates on the same inoculating
population (Willcock et al. 2000) but the four chambers were independently fed. In
conclusion, with these types of reactors, the shear modulus and the cohesion strength
can be calculated. The detachment phenomenon and the potential biodiversity impact
can also be investigated (Coufort et al. 2007; Rochex et al. 2008; Derlon et al. 2008).

ZOOM

Outflow

Medium Dilution water Waste

Biofilms growth on disks

Aeration system

o

Fig. 9 Couette-Taylor reactor. The experimental set-up with a recirculation loop air feed and a
medium reservoir with a pump used to feed the bioreactor on the /eft. A zoomed schematic of the two
cylinders is shown on the right. The internal cylinder is fixed and the rotation of the external cylinder
creates the shear stress. The arrows indicate the flow direction of the air and dilution water
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Table 2 Summary of reported biofilm mechanical properties with hydrodynamics loads
techniques

Parameter Range of
measured Method used value References
Young’s — Flow cell 17-353 Pa Stoodley et al. (1999a, b), Mathias and
modulus Stoodley (2009), Dunsmore et al.
(2002)
Shear modulus — Flow cell 1.1-27 Pa  Stoodley et al. (1999a, b), Mathias and
— Rotating disk 0.2-24 Pa Stoodley (2009), Towler et al. (2003)
Cohesive shear ~ — Couette—Taylor 2-13 Pa
strength reactor
— Rotating disk and 6-7 Pa
fluid dynamic
gauging Mohle et al. (2007), Coufort et al. (2007)

Some of the main results of mechanical properties measured using various
methods of hydrodynamic loading are shown in Table 2.

4 Method Using a Direct Applied Force

In this section, we discuss methods which test biofilms by using a directly applied
force. We broadly classify these techniques in three categories. The differences are
due to the type of effort that is sustained by the bacterial biofilm. Indeed, with a
direct applied force, the bacterial biofilm can be subjected to a tensile force,
a compressive force or a shear force.

4.1 Tensile Testing

4.1.1 Centrifugation

Ohashi and Harada (1994, 1996) grew bacterial biofilms on circular plates in a
traditional biofilm reactor. Then, the plates were perpendicularly fixed on a rotary
table. The detachment of the biofilm was investigated by imposing various
magnitudes of centrifugation forces, which generated a tensile force. The adhe-
sion strength was defined as the force required to resist the tensile test stress
immediately before failure (detachment). Data from these methods are difficult to
interpret because the applied forces depend on the mechanism (rotary table and
biofilm-attached plates) and geometry of the separation events, which were not
evaluated. Moreover, biofilm strength could be obtained as a range but not as a
single quantity.
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4.1.2 Tensile Test Device Using Biofilm-Attached Tubes

This technique consists in performing a tensile test on pair of tubes (Ohashi et al.
1999). The tubes were placed one on top of the other and the bacterial biofilm
developed at the interface of the tubes. Then, each pair of tubes was tested in
tension by pulling them apart. The lower tube was pin-fixed to a supporting rod and
the upper tube was pulled by until tubes separated. This technique was used
primarily to investigate biofilm detachment; however, it could be readily adapted
so that the displacements are registered by a video camera and the tensile force is
measured, thus allowing the stress—strain curve to be constructed to determine
parameters such as Young’s modulus, and tensile strength.

4.1.3 Microcantilever Technique

The microcantilever method is a micromechanical technique used to measure the
tensile strength of bacterial aggregates (Poppele and Hozalski 2003). This method
is based on a method described by Yeung and Pelton (1996) for estimating the tensile
strength of abiotic flocs and fractal dimensions. The method consists in picking up
single floc particles and pulling them apart using glass suction pipettes, during which
the required rupture forces is measured. Poppele introduced a microcantilever tech-
nique by which a tensile test is performed on a biofilm fragment immobilized by
suction between a straight micropipette and a cantilevered micropipette (Fig. 10).
Microbial aggregates were tested by moving the microscope stage and attached
cantilever away from the capture pipette. The increasing deflection of the cantilever
produces an increasing force that continues until either the sample separates or the
suction between the sample and one of the pipettes is broken. The trials were recorded
with a microscope equipped with a video capture device. Deflection of the cantilever
arm was determined by measuring the distance the cantilever moved as the aggregate

Coupon support Basin Tubing to suction

Biofilm coupon

Microcantilever Microcantilever support platform

Video camera

Fig. 10 Microcantilever device, the biofilm grows on the coupon, thanks to the suction transmit-
ted in the microcantilever by the suction tube, we can measure the failure strain. The camera
allows us to follow the displacement of the biofilm during the test
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Fig. 11 Microcantilever technique separation of floc redrawn after Poppele and Hozalski (2003).
Top panel: frame immediately prior to separation. The floc is fixed by the capture pipette (/eft) and
is under stress from the force applied through the cantilever. Bottom panel: floc and cantilever after
separation

separated. The stress applied to the aggregate was determined by dividing the applied
force by the area over which the separation occurred.

The separation area was estimated by assuming a circular separation area pattern
ith a diameter equal to the observed width of the floc at the point of separation. The
manipulation is showed Fig. 11.

The method can be used to determine the strength of biofilm fragments sampled
from any system. The main drawback of this method is that the tests are conducted on
fragments taken from bacterial biofilms. The tests are not performed with intact biofilms
and thus the location and orientation of the fragment in the biofilm are unknown.

To solve this problem, Aggarwal et al. (2009) proposed a modification of the
microcantilever method that permits the testing of mechanical properties of intact
biofilms. An acrylic platform is built to conduct the strength testing under a
microscope. The platform is designed to keep the biofilm sample disk submerged

4.2 Compression Testing

4.2.1 Uniaxial Compressive Test

As for the tensile tests, compression tests can also be used to measure mechanical
properties of the biofilm. The compression tests are usually conducted using
indenters but can also be performed using rheometers, which are capable of
measuring force as a function of gap thickness as biofilm is “squeezed” between
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Fig. 12 Confocal side view of a biofilm formed from the dental pathogen Streptococcus mutans
(a) before and (b) after 10 min compression with a force of 0.1 N. The biofilm was highly
compressible. Image taken from Vinogradov et al. (2004) reprinted with permission from
Cambridge University Press

two plates (Fig. 12). Uniaxial compression experiments have been used to obtain
the stress—strain curve and consequently determine the “apparent” Young’s modu-
lus, the shear modulus or the yield strength (Korstgens et al. 2001a, b). The term
“apparent” is used due to the fact that the biofilm is a viscoelastic material. This
means that during the timescale of the deformation, some relaxation processes take
place, which are based on conformational changes of polymer segments, thus the
slower the indentation test the greater the contribution of viscous flow to the
deformation. The advantage of this technique is that it is relatively quickly and
easy to perform.

4.2.2 Micro-indentation

To perform a compression test, the microindentation method (also called
microindentation hardness test) can be used to determine the hardness of a material
as its resistance to deformation. The principle of this method is to impress an indenter
of specific geometry into the surface of the test specimen using a known applied force
(Fig. 13) and measuring the corresponding force on the biofilm. To adapt this method
for use with bacterial biofilms, biofilms were grown on a round glass coupon,
positioned in a cell chamber of the microindentation device and compression tests
were carried out by pressing the indenter into the sample. Relaxation tests can also be
performing with this technique (Cense et al. 2006a, b). However, a general concern
with uniaxial testing is that it is not necessarily the most relevant loading regime which
biofilms experience in the real world. In many cases, particularly in flow situations,
shear is arguably the most relevant stress. Nevertheless, normal testing (compression
or tensile) can be useful in determining the relative influence of particulates and
solutes on biofilm mechanical properties.
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Fig. 13 Micro-indentation technique. The micro-indenter compresses the biofilm and the video
camera helps visualize the displacement of biofilm to produce a force displacement curve

4.3 Shear Tests

4.3.1 Spinning Disk Rheometry

Rheometers are usually used to measure the mechanical properties of viscous
liquids and gels. Conventionally, a few millilitres of sample is placed on a bottom
plate or in a cup and a cone or flat disk is brought down on the sample such that
under ideal conditions the sample completely fills the gap. The disk can then be
rotated at varying speeds in the same direction or oscillated back or forth at a
controlled or measured rate and displacement. In some rheometers, there the
displacement (strain) is controlled and the shear stress measured, while in others
the shear stress is controlled and the resulting strain is measured. Creep and
relaxation shear tests can be performed, respectively, by (1) applying a shear stress
and monitoring the strain (i.e. rotation of the disk) over time, or (2) by applying a
strain and monitoring the dissipation of stress over time. Responses can also be
measured when the sample is unloaded. Dynamic testing can also be performed by
oscillating the rotation and measuring the viscoelastic parameters. While rheometry
is useful for measuring biofilm mechanical properties, there are practical problems
since biofilms are very thin and it is desirable to perform measurements in the
attached state. In our lab, we developed a technique to use a TA Instruments
AR1000 rheometer to measure viscoelasticity in biofilms by growing the biofilms
directly on flat theometer plates and performing creep and compression tests in
submersion (Vinogradov et al. 2004; Towler et al. 2003). Because the thickness of
the biofilms was highly variable, we did not test with a defined gap thickness, as is
conventional, but rather used a defined normal compressive force of 0.1 N and let
the gap thickness vary over the course of the test. We also built a reservoir on the
bottom plate of the rheometer using modelling clay however, commercially avail-
able geometries for measuring in submersion or high humidity are available with
most instruments.
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4.3.2 Pulling Testing Shear

Chen et al. (1998) designed a micromanipulation technique, which was similar to a
scratch test in which they used a specially designed T-shaped probe to measure the
adhesive strength of biofilms formed in pipes or on the surface of glass test studs (Chen
et al. 2005) (Fig. 14). The principle is to pull a whole biofilm from the glass test stud
surface using the T-shaped probe, thus creating a shear stress. The applied force on the
probe for pulling the biofilm is recorded in a computer. Results showed that the
adhesive strength was found to depend on the condition under which they were grown.

The main results of mechanical properties using a method with direct force
applied are showed in Table 3.

5 Discussion, Perspectives

5.1 Identification of Mechanical Parameters

Over the last two decades, several creative techniques to assess mechanical
properties of biofilms have been developed depending on the desired mechanical

Micro
manipulator
'7.
| T-shaped probe
____
D | Petri dish
with Biofilm
Glass
Computer i
Microscope

Fig. 14 Pulling test. The T-shaped probe pulls the biofilm developed on the surface of the tube.
The microscope is used to quantify the displacement and the computer controls the force
transmitted by the micro manipulator to pull the biofilm
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Table 3 Summary of biofilm mechanical properties with direct applied force techniques

Parameter
measured Method used Range of value References
Adhesive — Centrifugation 5-50 Pa Ohashi and Harada (1994), Chen et al.
strength — Micromanipulation ~ 0.05-0.2 J m > (1998)
technique
Tensile — Centrifugation 0-8 Pa Ohashi and Harada (1996), Ohashi
strength — Tensile test with 500-1,000 Pa et al. (1999), Aggarwal et al.
tubes 61-5,842 Pa (2009), Aggarwal and Hozalski
— Microcantilever (2010)
method
Young — Uniaxial 6,000-50,000 Pa  Korstgens et al. (2001a, b), Aggarwal
modulus compression 990-1,550 Pa et al. (2009), Aggarwal and
— Microcantilever Hozalski (2010)
method
Yield stress — Uniaxial 900-2,000 Pa Korstgens et al. (2001a, b)
compression
Adhesion — Micromanipulation  0.12-0.65 J m~2  Chen et al. (2005)
shear technique
stress
Storage — Microindentation 1,000-8,000 Pa Cense et al. (2006a, b)
modulus and confocal 5,000-10,000 Pa
Loss microscopy
modulus
Cohesive — Atomic force 0.1-2.05 nJ pm_3 Ahimou et al. (2007)
energy microscopy
Failure — Tensile test 150-320% Ohashi et al. (1999), Aggarwal and
strain — Microcantilever 224-256% Hozalski (2010)
method
Effective — Disk rheometry 80-200 Pa Vinogradov et al. (2004)
shear
modulus

parameters to be measured, the desired loading regime and equipment and materials
to hand. The characterization of the mechanical behaviour of bacterial biofilms
remains challenging. While there appears to be consensus that biofilms are visco-
elastic, there is a very wide range (many orders of magnitude) of reported elastic
moduli. It is not clear what the main contributing factors are to this large variability
but it is likely a combination of the bacteria strains used, the growth conditions, and
the testing methods themselves. The assessment of the viscoelastic and plastic
behaviour remains complicated because experiments on living, intact biofilms are
very hard to conduct. Indeed, ideally the loading must be precisely controlled as
well as the geometry of the biofilm. As a living entity, the biofilm might also change
over the duration of testing, particularly if tests are carried out over time scales
longer than a few minutes. Another difficulty lies in the fact that bacterial biofilms
are heterogeneous materials and the behaviour of the biofilm may depend on
different parameters such as bacteria density for example. Applying the full-field
measurement method can help meet the challenge. Full-field measurement methods
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enable us to calculate local rigidities and to obtain a rigidity field. A first application
to biofilms has been addressed recently (Mathias and Stoodley 2009) on 2D images
from biofilms grown in flow cells. However, the response of the bacterial biofilm
depends on the local thickness of the biofilm as well as the local wall shear stress. In
future work, it should be possible to perform 3D measurement of bacterial biofilms
using time-lapse 3D confocal microscopy to assess to the geometry of the biofilm
and its 3D displacement in response to wall shear stress. Wall shear stresses acting
on individual clusters could be better estimated using a pressure drop measurement
rather than using calculations based on the flow rate through a clean tube; however,
they would still remain averaged over the entire flow cell. Once the experimental
fields are obtained, inverse identification methods, used by mechanical engineers,
can be used. For this purpose, two techniques seem to be promising. The first
consist in using a finite element model to identify the mechanical parameters.
Indeed, we can vary the elastic moduli in the numerical model to match the
numerical displacement fields with those from experiments to estimate mechanical
properties. The second method consists in using the virtual field method (VFM)
(Grédiac et al. 2006). This method is based on the choice of pertinent virtual
displacement fields which enable us to simplify the mechanical equilibrium
equations and to deduce the mechanical properties.

5.2 Biofilm Failure

Characterizing the failure of bacterial biofilms is of prime interest from a practical
point of view and hence constitutes an important economic key issue. However, the
failure of biofilm must be clearly defined. Indeed, when some pieces break off due
to an applied stress other pieces might remain so, unlike a structural material,
failure does not necessarily compromise the entire structure. Moreover, failure
can be of benefit for biofilm populations in terms of improving overall mechanical
stability (i.e. be shedding weaker parts, or optimizing structure for drag reduction)
and for biological dispersal. The different types of fracture must be clearly
distinguished.

Cohesive failure occurs within the biofilm matrix. It leads to the detachment of
parts of the biofilm, while some cells or biofilm remains attached to the surface.
This type of failure can be advantageous for the biofilm because the biofilm can
rapidly grow back (a process termed regrowth), thus replacing weaker parts with
stronger parts. The second type of fracture is interfacial or adhesive fracture. It
occurs at the interface of the biofilm with a substratum. Generally, it leads to the
detachment of the whole biofilm or segments of whole biofilm from a surface, and
may therefore be considered undesirable for the biofilm. This type of failure is due
to some interfacial mechanism, which bonds the base layer of cells to the substra-
tum. In this case, interfacial models might be used to characterize the adhesion
features of the biofilm.
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Both of these types of failures can be provoked by wall shear stress. However,
some mechanisms can increase the effect of the wall shear stress on failure. There
are two main mechanisms. First, the failure can be due to fatigue through some type
of hydrodynamic cycling. Fatigue is the progressive and localized structural dam-
age that occurs when a material is subjected to cyclic loading. For example, a high
value of cycles with a low value of the wall shear stress can lead to the failure of
biofilm. This phenomenon has been seldom addressed in the literature but is likely
an important factor in the study of biofilm failure. This failure mechanism might
become more significant with ageing. Material ageing is commonly understood as
changes of material properties with time, due to some chemical reaction for
example. This leads to a decrease of the strength and biofilm failures may occur
with a low value of the loading.

It is clear that many different phenomena play a role in biofilm failure and
conventional models of material failure are not adequate for direct application to
biofilms. Biofilms are heterogeneous and the theory of continuum mechanics may
be of limited use in describing or predicting how biofilms respond to mechanical
forces. Moreover, the material behaviour of the biofilm must be clearly identified
before we can characterize failure or even define what we mean by mechanical
failure when it comes to bacterial biofilms. The future of biofilm mechanics
certainly lies in the development and the enhancement of new experimental and
modelling techniques. It is also clear that the interest in biofilm mechanics is
growing rapidly and researchers from various disciplines are turning their attention
to it, and coming up with highly creative and innovative ways in modifying
conventional methods or designing completely novel methods to study biofilm
mechanics.
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Wound Healing by an Anti-Staphylococcal
Biofilm Approach
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Abstract In this chapter, we discuss the use of anti-biofilm agents as critical players
for achieving healing of chronic wounds. These types of wounds are typically persis-
tent due to the presence of biofilms that become a major barrier toward healing.

RNAIII inhibiting peptide (RIP) is the main anti-biofilm agent described in this
chapter. By functional genomics (microarray analysis), RIP was shown in Staphy-
lococcus aureus to downregulate the expression of genes involved in biofilm
formation. Such genes participate both in neutralizing acidic pH and enabling
survival in an anaerobic environment. RIP was also shown to downregulate the
production of multiple toxins, yielding nonpathogenic bacteria.

The implementation of the general use of RIP in managing complex wounds,
along with other anti-biofilm strategies, dramatically changed the outcomes for
many of the most desperate wounds. The amazing improvement in wound healing
trajectory is best explained by the suppression of staphylococcal biofilms.

Hopefully, the evidence gathered will help establish changes in the way
clinicians tackle chronic persistent wounds. Instead of amputation, the concept of
healing might become a better alternative with the addition of anti-biofilm agents
to the existing protocols.
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1 Introduction

1.1 The Problem: Chronic Biofilm-Based, Nonhealing Wounds

Complex nonhealing wounds are often associated with the presence of a biofilm
containing multiple bacterial species and cultured with staphylococci on at least one
culture (Wolcott et al. 2009). In patients with diabetic neuropathy, for example,
a small cut can often become a life-threatening wound due to the common underly-
ing conditions of an immunocompromised host who also has bad perfusion. These
situations usually lead to severely infected diabetic foot ulcers that generally
become chronic and are very difficult to treat. These chronic wounds often do not
respond to commercially available agents such as appropriate antibiotics, selective
biocides, and advanced dressings. Eradicating bacterial biofilms from these types of
chronically infected wounds through the use of anti-biofilm agents is key for their
healing (Wolcott and Rhoads 2008). Otherwise, the limb is typically amputated,
or the infection might aggressively spread, creating a high risk of death. Such
infections, using conventional treatment modalities, now result in more than
100,000 limb amputations and killing tens of thousands of people a year in the USA
alone (Ziegler-Graham et al. 2008). An APIC Guide 2010. Therefore, a new treating
agent, one that would specifically target staphylococcal biofilm, is urgently needed.

The National Institutes of Health estimates that up to 80% of human infectious
diseases are biofilm based (Costerton et al. 1999; James et al. 2008). However,
biofilm-based infection management is very new to the medical community, and
often comes with scrutiny (Amy 2008). Nevertheless, series of treatments that allow
successful eradication of biofilm bacteria is already saving many limbs and lives.
Under the novel standard of care that includes anti-biofilm strategies (see below),
up to 91% of the wounds that would have been deemed “unhealable” and would
have resulted in a major limb amputation are now healed. In addition, with the use
of anti-biofilm strategies, the use of conventional antibiotics has dropped by 85%,
indicating that the key to enhanced recoveries was the implementation of anti-
biofilm treatments (see case histories below) (Wolcott and Rhoads 2008). The use
of an anti-biofilm strategy is described below.

1.2 Staphylococci and Biofilms

Staphylococcus aureus and S. epidermidis are Gram-positive bacteria that are part
of the normal flora of the skin but can become pathogenic and cause devastating
diseases, which have led to 90,000 deaths per year in just the United States
(Chang et al. 2006). Diseases caused by these bacteria vary from food poisoning
to cellulitis, mastitis, arthritis, osteomyelitis, keratitis, pneumonia, endocarditis,
device-associated and wound-associated infections, toxic shock syndrome, and
sepsis. Staphylococci survive in the host and cause disease through the formation
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Table 1 Some of the virulence factors produced by Staphylococcus aureus

Virulence factor Activity in host tissue
Cell wall components
Capsular polysaccharide Anti-phagocytic
Cell surface proteins
Protein A Interacts with the Fc region of IgG
Fibrinogen, fibronectin,
collagen-binding protein Facilitate cell adhesion
Extraceullular toxins and enzymes
Hemolysins (a,[3,9,Y) Cytotoxic to tissue cells and leukocytes
P-V leukocidin Destroys leukocytes
Toxic Shock syndrome toxin Superantigen
Enterotoxins Superantigen
Coagulase Catalyzes conversion of fibrinogen to fibrin
Proteases Degrade proteins
Nucleases Cleave DNA and RNA
Staphylokinase Converts plasminogen to fibrinolytic plasmin
Hyaluronidase Degrades hylauronic acid
Siderophores Capture iron from the host
Factors important in a biofilm
Urease Maintenance of pH
Arginine deiminase (ADI) Use of arginine in anaerobic conditions as a source of energy

of biofilms and especially S. aureus by the production of numerous toxins, such as
hemolysins, proteases, and lipases (Table 1) (Lowy 1998).

Many of the virulence factors are regulated by quorum-sensing mechanisms,
where bacteria coordinate their activities. This coordinated behavior is acquired by
cell- to-cell communication, or quorum-sensing, where bacteria secrete molecules
that activate signal transduction pathways, leading to the expression of genes to
enhance their ability to survive in a specific environment (Novick and Geisinger
2008). In staphylococci, quorum-sensing influences the formation of biofilms and
production of multiple toxins that allow the bacteria to survive within the host and
cause disease. Some of the molecules involved are the agr gene products, which
include the autoinducing cyclical octapeptide (AIP), which activates the phosphor-
ylation of the two component system AgrC/AgrA, which in turn activates the
production of a regulatory mRNA molecule (RNAIII) that induces in S. aureus
the production of numerous toxins while upregulating the expression of surface
molecules such as Protein A (Dunman et al. 2001).

1.3 RNAIII Inhibiting Peptide: An Inhibitor of Quorum-Sensing
and Biofilm F ormation

Our approach is to suppress infections using RIP. RIP was initially discovered in
the supernatants of a nonhemolytic staphylococcus spp (Balaban and Novick 1995)
and has since been used in its synthetic amide form YSPWTNF-yy,.
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RIP inhibits staphylococcal colonization and toxin production. It has been
shown to be extremely effective in preventing and treating drug-resistant staphylo-
coccal infections in multiple experimental infection models. Those include the
murine cellulitis, arthritis, wound and sepsis models, the rabbit osteomyelitis and
keratitis models, the rat wound and device associated infection models, and the cow
mastitis model. RIP has been shown to suppress infection caused by any staphylo-
coccal strain tested, including various drug-resistant strains such as methicillin- or
vancomycin-resistant S. aureus (MRSA, VISA) and S. epidermidis (MRSE, VISE)
(Balaban et al. 1998, 2007, 2000, 2003a; Anguita-Alonso et al. 2007; Cirioni et al.
2003, 2006; Balaban and Stoodley 2005; Kiran et al. 2008a; Ghiselli et al. 2006;
Giacometti et al. 2005, 2003; Dell’ Acqua et al. 2004; Schierle et al. 2009; Lopez-
Leban et al. 2010).

While the molecular mechanisms of RIP are not completely known, RIP was
shown to repress agr expression and RNAIII production (Kiran et al. 2008b) and
to repress agr-regulated toxin production in vitro (Vieira-da-Motta and Ribeiro
2001). RIP was also shown to suppress biofilm formation in an agr-independent
manner, since RIP inhibited biofilm formation in agr-deficient strains (Novick and
Geisinger 2008; Balaban et al. 2003b). Additionally, RIP was shown to repress
TRAP phosphorylation. TRAP (Target of RNAIII Activating Protein) is a 167
amino acid residue protein whose phosphorylation is naturally activated by the
autoinducer RNAIII activating protein (RAP) (Balaban et al. 2001). The sequence
of TRAP is highly conserved among staphylococci (Gov et al. 2004) and has
structural homologues in other Gram-positive bacteria, such as YhgC in bacilli.
Both TRAP and YhgC have recently been shown to bind DNA and to protect it from
stress. TRAP was also shown to protect DNA from spontaneous and adaptive (agr)
mutations, and like S. aureus in the presence of RIP, YhgC— mutant B. anthracis
were defective in their ability to form a biofilm (Kiran and Balaban 2009;
Kiran et al. 2010). The observation that RIP suppresses both agr and TRAP func-
tion suggests that RIP may regulate S. aureus virulence using multiple independent
molecular mechanisms, some through agr and some through TRAP. Although RIP
does not have the properties of a conventional antibiotic, being neither bacteriocidal
nor bacteriostatic (Kiran et al. 2008b), it does reduce the ability of the bacteria
to survive within the host, allowing even the most meager immune responses to
overcome an infection.

2 Results

2.1 Clinical Cases

The implementation of the general use of RIP in managing complex wounds, along
with other anti-biofilm strategies, dramatically changed the outcomes for many of
the most desperate wounds. The following cases were chosen to illustrate that
wounds treated with RIP healed much better than would be expected by
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conventional techniques or other anti-biofilm approaches alone. The amazing
improvement in wound healing trajectory is best explained by suppression of
staphylococcal biofilms.

2.1.1 Casel (Fig. 1)

Fig. 1 Case report

An 83-year-old male had a nonhealing wound, which included MRSA biofilm on
the forefoot that produced osteomyelitis and a progressive dying back of the
forefoot. The patient had failed to respond to previous commercially available
treatments including Iodosorb, Acticoat, and Hydroferra Blue. He had also failed
to respond to initial anti-biofilm efforts using lactoferrin and xylitol. On a compas-
sionate use basis, this was one of our first cases to use RIP. The results were
remarkable. Once RIP was added to the treatment protocol, the dying back stopped
almost immediately, and several weeks later the patient had granulation tissue
covering all the exposed bone that had previously been present. The patient went
on to heal his wound in a total of 9 months. This was accomplished in a limb with
critical limb ischemia, osteomyelitis, and severe peripheral neuropathy in an older
man with longstanding diabetes. Our conclusion was that since lactoferrin and
xylitol gel alone did not produce such dramatic positive outcomes, RIP is the
most likely explanation for the dramatic improvement. Thereafter, subsequent
cases were treated with lactoferrin and xylitol gel in conjunction with RIP (see
cases below).

2.1.2 Case 2 (Fig. 2)

Fig. 2 Case report

A 63-year-old patient presented with a severe diabetic foot ulcer. He started
treatment with RIP, lactoferrin, and xylitol gel with frequent debridement, selective
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biocides, and antibiotics. Very quickly the necrotic tissue resolved, and the dying
back ceased. Within weeks, the exposed bone was covered, and the wound showed
contraction and slow but persistent healing. By 9 months, the patient’s foot was
completely healed, and he was able to return to his job.

2.1.3 Case 3 (Fig. 3)

Fig. 3 Case report

A 4l-year-old male was a juvenile onset diabetic with a renal transplant on
immunosuppressives. The patient had peripheral arterial occlusive disease and
peripheral neuropathy of his right foot. He had his left leg amputated approximately
two years prior to this presentation of a surgical site infection. The patient was not a
candidate for revascularization and had to remain on his immunosuppressants. Yet
with the inclusion of RIP with concurrent use of frequent debridement, selective
biocides, lactoferrin/xylitol, and antibiotics, the patient was able to heal his wound
in 12 weeks.

2.14 Case 4 (Fig. 4)

Fig. 4 Case report

A 56-year-old female with a 20-year history of diabetes mellitus presented to her
podiatrist with necrotic fourth and fifth toes. The patient had adequate perfusion and
underwent a fourth and fifth toe resection. This surgical site dehisced, and there was
significant necrosis; the patient was referred for comprehensive wound care. She
had MRSA, and RIP was instituted on her first visit together with lactoferrin, xylitol
gel, and Acticoat. The patient went on to heal in 8-10 weeks.
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2.1.5 Case 5 (Fig. 5)

Fig. 5 Case report

A 45-year-old male presented with a longstanding diabetic foot ulcer on the first
metatarsal head region of his right foot. The patient had gone golfing and developed
two new necrotic lesions. There was significant swelling. The patient was a diabetic
but without significant peripheral arterial occlusive disease or peripheral neuro-
pathy. The wound was painful. Early cultures showed Coagulase-Negative
Staphylococci, resistant to methicillin (MRSE). The patient was started on RIP
therapy with lactoferrin and xylitol gel, and Acticoat along with aggressive debride-
ment, including opening of the undermining in the area. The patient went on to heal
his wound in 7 weeks. It is interesting to note that his pain dramatically decreased
within 2-3 days of starting the topical use of RIP gel.

2.1.6 Case 6 (Fig. 6)

Fig. 6 Case report

A 91-year-old female was admitted to a long-term acute care facility after nearly
dying from a volvulus. The patient had a colostomy and a nonhealing surgical
wound for more than 60 days that had cultured MRS A, even though the patient had
been on Vancomycin for several weeks. Anti-biofilm agents (Lactoferrin and
xylitol gel) along with RIP were applied. Two weeks later the patient showed
dramatic closing of the wound and was healed within 21 days. In the presence of
RIP gel, the healing trajectory was much more consistent with an acute wound than
the chronic wound (James et al. 2008) she possessed.
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2.1.7 Case 7 (Fig. 7)

Fig. 7 Case report

This 46-year-old diabetic male first noticed his plantar diabetic foot ulcer approxi-
mately 3 weeks before being referred to the wound care center. The wound was
found to track 2-3 cm toward the great toe. There was copious drainage, quite a bit
of slough, and the wound was deep, but no bone involvement was noted. The patient
had a culture result showing methicillin-resistant S. epidermidis (MRSE). He was
started on daptomycin along with RIP and other anti-biofilm strategies (Lactoferrin
and xylitol gel). The undermining was opened. Within 5 weeks, the patient
demonstrated almost complete healing.

2.1.8 Case 8 (Fig. 8)

Fig. 8 Case report

Wounds other than diabetic foot ulcers also showed improved healing with sup-
pression of staphylococcal biofilm agent RIP. For example, a 34-year-old graduate
student with an infected nonhealing surgical wound in the neck had been managed
for more than 3 months without success with intermittent IV antibiotics (vancomy-
cin for 14 days followed by linezolid for 10 days) and wet-to-dry dressings. He had
MRSA in the wound and also fragments of bone. Two spinous processes were
exposed. He was started on Linezolid and topical RIP with lactoferrin xylitol gel
along with frequent debridement. In 8 weeks, the patient was healed.

2.1.9 Case9 (Fig. 9)

A 33-year-old male developed a furuncle on his right chest. He was treated with
outpatient antibiotics and then spent a week in the hospital on IV antibiotics
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Fig. 9 Case report

(daptomycin). His culture showed MRSA, and he was referred for chronic wound
management. The wound was intensely painful to the patient. The application of
topical RIP along with IV daptomycin brought the pain under control within
2448 h. The patient demonstrated near complete healing of a severely infected,
very deep wound in 20 days.

2.1.10 Case 10 (Fig. 10)

Day 1

136

Fig. 10 Case report

Hamamelitannin is a nonpeptide analog of RIP. Hamamelitannin was identified
based on the sequence homology of RIP to the N terminal part of RAP and by
virtual screening of a RIP-based pharmacophore against a database of commer-
cially available small-molecule compounds. Hamamelitannin, a natural product
found in the bark of witch hazel, has no effect on staphylococcal growth in vitro,
but like RIP, it inhibits the expression of agr (RNAIII) and formation of staphylo-
coccal biofilms in vitro (Kiran et al. 2008b). Below is a case history of a person
treated with hamamelitannin to salvage limb and save life.

A 50-year-old male was working his cattle when a steer kicked him in his left
lower leg. This shattered the tibia and fibula. The patient was hospitalized and
underwent open reduction and internal fixation of his fracture. The site where the
plate was placed dehisced, and the patient was left with a large nonhealing surgical
wound over the metal plate about 5—7 days after his surgery. The surgeons felt like
the metal plate needed to be removed, and if it was, they would have to amputate his
leg above the knee.

The patient decided to leave the metal plate and try to heal the wound that was
cultured with S. epidermidis. The patient was treated with a topical preparation,
which included hamamelitannin and Triclosan. The patient was treated orally with
Doxycycline for 8 weeks. The patient showed rapid closure of the wound over the
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implanted medical device. It took a total of 16 weeks to heal the wound over
the plate. The patient has been doing his farm and ranch activities, and x-rays show
the fracture is healed. Clearly, hamamelitannin was important in suppressing the
S. epidermidis biofilm to the point where the patient could heal his wound.

In conclusion, many of the cases described above are some of the most severe
diabetic foot ulcers because these occurred in older individuals with longstanding
diabetes, peripheral neuropathy, and severe peripheral arterial occlusive disease
with very low transcutaneous oximetry measurements (TCOMs), neither of which
could be revascularized. They had a number of other comorbidities, yet by simply
suppressing the staphylococcus biofilm, even the meager host defenses and host
healing mechanisms that remained in these individuals were enough that over time
the patients could heal their wounds. These cases suggest that wound biofilm is a
very important barrier to wound healing, and its suppression may be sufficient to
obtain wound healing even in the most desperate of wounds.

An important point to make about the efficacy of RIP is the speed of healing.
When wound biofilm is suppressed, chronic wounds tend to act as their “acute”
counterparts, meaning that the healing trajectory most closely correlates with that
of acute wounds, which heal faster (Wolcott and Rhoads 2008).

3 Results

3.1 Molecular Mechanisms of RIP

Although RIP has been demonstrated as a very effective molecule that can prevent
and treat persistent infections, the lack of detailed information on its molecular
mechanisms has created much controversy and has greatly hindered the clinical
development of the molecule. To gain knowledge on the genes regulated by RIP
and thus to better understand its activity as an anti-biofilm agent, microarray
analysis of RNA isolated from S. aureus grown in the presence or absence of RIP
was performed.

Specifically, S. aureus lab strain RN6390B was grown in LB overnight at 37°C
while shaking. Culture was then diluted 1:100 in LB, grown for about 2 h to ODgqg
of 0.3 (early exponential phase of growth). Cells (300 pl ~ 3 x 10® CFU) were
grown with 10 pl water or RIP (340 pg, i.e., ~3 pmoles/10° bacteria) for an
additional 60 min at 37°C while shaking (to ODgg of 1.2). Cells were placed on
ice, collected by centrifugation at 4°C, and supernatant removed. Cell pellet was
resuspended in 40 pl TE (10 mM Tris, 1 mM EDTA pH 7.2), frozen, and thawed
several times with vigorous mixing. Lysostaphin was added (final concentration
100 pg/ml) and cells incubated at 37°C for 30 min. SDS and proteinase K were
added to a final concentration of 1% SDS/500 pg/ml proteinase K, and sample
vigorously mixed and incubated at 22°C for 10 min. RNA was isolated using
Qiagen RNeasy ™ Protect (Qiagen) according to the manufacturer’s instructions.
Purified RNA was Dnase I-treated and RNAsin® (Ribonuclease Inhibitor,
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Promega). Total RNA was used both to test for RNAIII production by northern
blotting as described (Korem et al. 2003), as well as for microarray analysis.
Microarray analysis was carried out by Genome Explorations using GeneChip®
S. aureus Genome Array (Affymetrix) that contains sequences of S. aureus N315,
Mu50, NCTC 8325, and COL. The array contains probesets to over 3,300 S. aureus
open reading frames and probes to study over 4,800 intergenic regions sequences.
Analyses of microarray results were carried out by ArrayStar v2.0.

3.1.1 RIP Downregulates Toxin Genes

Microarray analysis of cells treated or not treated with RIP indicates that in
the presence of RIP, important virulence factors such as alpha and beta-hemolysins,
V8 proteases, and phospholipase C are significantly downregulated. Several
genes involved in capsular polysaccharide production showed a tendency to be
downregulated as well (Table 2). At the same time, cell surface molecule Protein A
was upregulated. No significant change in the expression of cell surface proteins
such as fibrinogen-fibronectin or collagen binding proteins was observed. The
pattern of virulence gene expression is very similar to that of agr mutant strains
(Dunman et al. 2001).

As shown in Fig. 11, RNAIII production is reduced in the presence of RIP.
RNAIII is the effector molecule of the agr, and when their expression is disrupted,
toxin genes are downregulated while protein A is upregulated. We thus conclude
that RIP downregulates toxin production by suppressing the agr.

3.1.2 RIP Regulates Genes Important for Biofilm Formation
and Stress Response

Microarray analysis also indicates that in the presence of RIP, multiple genes
important in formation of biofilms and in survival under stress conditions were
also regulated (Table 3). For example, genes that were upregulated include: clpP,
clpX, hrcA/dnaK/grpE, groES/groEL, ctsR, sodM. These genes are known to be

Table 2 Virulence genes regulated by RIP as well as by agr (Dunman et al. 2001)

Gene Description RIP+ Agr—

set Exotoxin 2 Down Down
hib Beta-hemolysin Down Down
hig Gamma-hemolysin Down Down
aur Zinc metalloproteinase aureolysin Down Down
spl Serine protease V8 Down Down
ssp Cysteine proteinase Down Down
plc Phospholipase C Down ?

vwb von Willebrand factor-binding protein VWbp (coagulase) Down ?

cap Capsular polysaccharide synthesis enzymes Down Down

spa Protein A Up Up
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Fig. 11 RIP suppresses RNAIII production: S. aureus were grown with or without RIP, RNA
isolated, and northern blotted. The presence of RNAIII was detected using RNAIII-specific
radiolabeled DNA and membrane autoradiographed. Loading control is demonstrated as ethidium
bromide-staining of ribosomal RNA (rRNA)

Table 3 Stress response genes regulated in S. aureus by RIP or TRAP and in B. anthracis by

YhgC
Class Gene Description RIP£ TRAP-  YhgC-
Stress
ATP-dependent Clp protease
clpP proteolytic subunit Up Up Up
ATP-dependent Clp protease ATP-
clpX binding subunit Up Up Up
Transcription repressor of class III
ctsR stress genes Up Up Up
Heat-inducible transcription
hrcA repressor Up Up Up
grpE Heat shock protein (HSP24) Up Up Up
dnaK Chaperone protein (HSP70) Up Up Up
groES Chaperonin (HSP10) Up Up Up
groEL Heat shock 61 kDa protein Up Up Up
sodM Manganese superoxide dismutase Up Up Up
Biofilm
ureABCEFGD  Urease gene cluster Down  Down Down
arcABDC Arginine deiminase (ADI) pathway Down  Down ?
Anaerobiosis
Ribonucleoside-triphosphate
nrdDG reductase system Down  Down Up
Oxygen-responsive nitrogen
nreABC regulation system Down  Down ?
narGHJI Nitrate reductase Down  Down Up

involved in stress response (Frees et al. 2004, 2005; Chatterjee et al. 2009, 2010;
Derre et al. 1999; Chastanet et al. 2003).

Genes that were downregulated include ureABCEFGD, arcABDC, nrdDG,
narGHJI, nreABC. Most of these genes are known to be important for biofilm
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The effect of RIP on cell attachment
1.2

0.8

0.6

Biofilm Bacteria (600nm)

H20 RIP

Fig. 12 RIP inhibits cell attachment in vitro: S. aureus were placed in polystyrene plates and
incubated with RIP or H20 for 3 h at 37° C without shaking. Attached cells were stained (Top) and
ODggonm determined (Bottom) as described (Kiran et al. 2008b)

survival since they aid in bacterial growth under anaerobic conditions and low pH,
as occurs in the biofilm environment (Beenken et al. 2004).

Most of these genes are known to be important for biofilm survival (Beenken
et al. 2004). Interestingly, a similar pattern of regulation was observed in traP-
S. aureus mutants as well as in yhgC— B. anthracis mutants (Table 3). This suggests
that RIP may regulate biofilm formation and stress response via TRAP. The
downregulation observed in the genes involved in biofilm formation possibly
explains why in the presence of RIP biofilm production is reduced (Fig. 12).

4 Discussion

Because bacterial biofilm is the major contributor to nonhealing chronic wounds,
there is a specific demand for biofilm-targeted strategies to tackle this problem.
Although the standard care of wound treatment regime is critical, it is still not enough



154 R.D. Wolcott et al.

to allow proper healing. It is in this context that the addition of anti-biofilm agents
such as RIP can be the final decisive factor needed to reach a positive outcome.

Although RIP has been used successfully to treat chronic wounds and has been
shown to enhance the sensitivity of biofilms to antibiotics (Cirioni et al. 2006;
Balaban et al. 2003b), its clinical development has been hindered by the lack of the
basic understanding of its effect on single or polymicrobial biofilms (Novick and
Geisinger 2008). To try to better understand the effect of RIP on gene expression in
S. aureus, functional transcriptomics experiments were carried out and showed that
RIP downregulates toxin genes and genes important for biofilm formation. At the
same time, RIP was shown to upregulate stress response genes.

4.1 RIP Reduces Toxin Production

RIP was shown here by transcriptional profiling and by other experimental methods
(Vieira-da-Motta and Ribeiro 2001) to inhibit the production of various toxins
important for pathogenesis (Lowy 1998). At the same time, protein A was
upregulated but no significant upregulation of adhesion molecules was observed
(such as fibrinogen, fibronectin, or collagen-binding protein). This pattern of gene
expression suggests that in the presence of RIP, the bacteria reduce toxin produc-
tion without increasing cell adhesion, while maintaining their ability to protect
themselves from host immunoglobulin by expressing protein A. We assume that
RIP affects virulence by suppressing the agr or its effector molecule RNAIIIL. This
is supported both by northern blotting (Fig. 11) and by the transcriptional profiling
that is strikingly similar to that of the agr (Dunman et al. 2001).

4.1.1 RIP Reduces Genes Important for Biofilm Survival

RIP was shown to downregulate ureABCEFGD, arcABDC, nrdDG, narGHJI,
nreABC, collectively important for biofilm mode of growth, which requires adap-
tation both to anaerobic conditions and to an acidic pH (Beenken et al. 2004).
The maintenance of pH homeostasis is achieved by producing alkaline compounds
such as ammonia that buffer the surrounding microenvironment by neutralizing
the acids. Ammonia is generated through two pathways: the urease (urea
amidohydrolase encoded by ureABCEFGD) and arginine deiminase (ADI)
pathways (encoded by arcABDC). The ADI pathway also enables bacterial growth
under anaerobic conditions by using arginine as an energy source(Makhlin et al.
2007). The expression of the nrdDG genes, which encode for Class III ribonucleo-
tide reductases that were shown to be required for anaerobic growth, was also
shown to be important as a virulence determinant in the pathogenesis of staphylo-
coccal arthritis in a mouse model. (Kirdis et al. 2007). The nreABC genes that
encode for members of the two-component regulatory system are involved in the
control of dissimilatory nitrate/nitrite reduction in response to oxygen. NreB/nreC
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activate the expression of the nitrate (narGHJI) and nitrite (nir) reductase operons,
important for growth of S. aureus in anaerobic environments (Schlag et al. 2008).

All these genes, ureABCEFGD, arcABDC, nrdDG, narGHJI, nreABC, are
downregulated in the presence of RIP, indicating that the ability of these bacteria
to form and survive in a biofilm is diminished. The cells are unable to maintain a
stable pH or reducing conditions compatible with an anaerobic environment, and
thus biofilms are not produced. Of note is that the same genes were downregulated
in traP— S. aureus and in yhgc— B. anthracis mutants, and like with RIP, yhgC—
B. anthracis were also defective in their ability to produce a biofilm (tested for 3 h
in vitro). Put together this suggests that RIP may regulate the expression of genes
important for biofilm formation via the TRAP/YhgC family of proteins.

4.1.2 RIP Increases Bacterial Stress Response

RIP upregulates genes important for survival under stress conditions, such as clpP,
clpX, hrcAldnaK/grpE, groES/groEL, ctsR, and sodM. In S. aureus, stress response
was shown to be controlled by six different classes of genes distinguished by their
regulatory mechanisms (Derre et al. 1999; Schumann 2003; Clements and Foster
1999). Our results indicate that in the presence of RIP members of Class I, Class III,
and class VI stress protein genes are upregulated Class I genes encode classical
chaperones such as DnaK, Dnal, GrpE, GroES and GroEL. Their expression involves
a o™-dependent promoter and the highly conserved CIRCE (controlling inverted
repeat of chaperone expression) operator sequence, which is the binding site for the
HrcA repressor (Fleury et al. 2009). Class III genes are defined as those devoid of the
CIRCE operator sequence and whose induction by heat shock and general stress
conditions is o® -independent. They are controlled by the Class III stress gene
repressor, CtsR, which recognizes a repeated heptad operator sequence (Derre et al.
1999). Class III genes encode the ATP-dependent protease ATP-binding subunit
ClpC (Msadek et al. 1994; Kruger et al. 1994), ATP-dependent protease proteolytic
subunit ClpP (Gerth et al. 1998; Msadek et al. 1998) and ATP-dependent protease
ATP-binding subunit CIpE. Class VI contain the ClpX ATPases, FtsH, LonA, HtpG,
AhpC, and TrxA heat shock proteins (Derre et al. 1999). Collectively, such responses
to a stress allow the refolding or elimination of damaged proteins.

An additional protection mechanism is the production of a nonspecific DNA
binding protein, Dps (DNA binding protein from stationary phase cells), which
protects DNA from free radicals, radiation and heat shock (Gupta and Chatterji
2003; Nair and Finkel 2004; Liu et al. 2006a; Liu et al. 2006b) by the formation of a
biocrystalline complex with DNA (Gupta and Chatterji 2003; Almiron et al. 1992;
Wolf et al. 1999; Liu et al. 2006a; Imlay 2003; Levin-Zaidman et al. 2000; Wolf
et al. 1999; Frenkiel-Krispin et al. 2004). DNA is thus protected through structural
transitions that lead from an open, dispersed DNA conformation (which is vulnera-
ble to damaging agents) into ordered structures. DNA molecules in these ordered
structures are tightly packed, and this limits the accessibility of the DNA to
detrimental factors such as oxidizing agents and nucleases. MrgA is a Dps homolog
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in S. aureus (Morikawa et al. 2006). Bacteria that are deficient in DNA protection or
repair mechanisms have increased susceptibility to reactive oxygen species (ROS),
have increased susceptibility to phagocytes and reduced virulence (Fang 2004).
Both TRAP in S. aureus and YhgC in B. anthracis have been shown to bind
DNA and protect it from oxidative stress response Kim, personal communication,
(Kiran and Balaban 2009; Kiran et al. 2010), essentially qualifying these molecules
as belonging to the Dps family of proteins. RIP inhibits the phosphorylation of
TRAP. Interestingly, the same pattern of gene expression was found by microarray
analysis in S. aureus treated with RIP, in S. aureus TRAP- mutant, and in
B. anthracis YhgC— mutant. This supports the notion that TRAP and YhgC are
functional homologues and that RIP probably regulates stress response via TRAP.

In an attempt to try to better understand stress response in bacteria, let us take a
look at one of the more primitive eukaryotic cells, the yeast Saccharomyces
cerevisiae, in which stress has been extensively studied. It is known that in the
adaptation of the cell to environments that have poor conditions for growth and
survival, the environmental stress response program (ESR) is triggered (Gasch
et al. 2000). This is a survival skill of the yeast cell in which a broad spectrum
of genes are turned on to respond in a positive way, adapting the cell’s metabolism
to the new physiological requirements. Mechanisms of DNA repair, protein
folding, defense against reactive oxygen species, energy generation, and storage
are increased functions, while cell growth and protein synthesis are arrested
(Gasch et al. 2000). Although ESR is a typical response in which the cell will
automatically turn on and off particular sets of genes, other environmental stimuli
will specifically target other genes, rendering a unique gene expression pattern
customized for each specific condition (DeRisi et al. 1997). A similar situation
might be encountered by different bacterial pathogens during the process of infec-
tion. The coordinated regulation of apparently unrelated gene networks is key for
the microorganism’s survival, achieving the appropriate and rapid response to
changing adverse environmental conditions in the host (Boor 2006).

4.1.3 Functional Equivalent Pathogroups and Synergistic
Treatment Protocols

Chronic wounds often contain polymicrobial biofilms composed of Gram-positive
and Gram-negative bacteria (Kiran et al. 2008a; Wolcott and Ehrlich 2008;
Narisawa et al. 2008). The persistence and tenacity of these wounds are thought
to be functions of the populations’ range of phenotypes and genotypes (Ehrlich
et al. 2005). Observed patterns of population diversity in chronic wounds have led
to the concept of a functional equivalent pathogroups (FEPs) (Dowd et al. 2008).
FEPs are a consortium of genotypically distinct bacteria that in monoculture do not
cause disease but as an aggregate, collectively possess the necessary factors to
maintain chronic infections (O’Connell et al. 2006). Based on the knowledge of
phenotypic diversification existing in the microbial biofilm ecosystem that ensures
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its survival, it is then not surprising the need of diverse and potentiating techniques
to achieve healing. The successful treatment of nonhealing chronic wounds there-
fore relies on the combinatorial and cooperative effect of antibiotics, cleaning
procedures, better perfusion, and immune response in conjunction with a variety
of anti-biofilm agents such as RIP, lactoferrin, xylitol, silver, copper, zinc, nitric
oxide, quaternary ammonium compounds (QACs), etc. (Hetrick et al. 2009;
Harrison et al. 2008; Bjarnsholt et al. 2007; Baker et al. 2010). The cooperative
activity between anti-biofilm agents is well known. In the cases shown in this
chapter, most of the treatments described included RIP, lactoferrin, and xylitol as
anti-biofilm agents acting synergistically. Another example is copper and QACs
that can act alone or in concert, interfering with normal biofilm growth by reducing
the activity of nitrate reductases, thus interfering with its metabolism (Harrison
et al. 2008). RIP showed a tendency of reduced activity of the nitrate reductases as
well, implying that perhaps one of the reasons RIP inhibits biofilms is by the same
molecular mechanisms as seen for these compounds. Similar to RIP, excess copper
has been shown to upregulate oxidative stress response genes and the misfolded
protein response genes, while downregulating genes involved in the production of
virulence factors as well as biofilm formation (Baker et al. 2010). This might make
sense from the bacterial point of view, as a desperate attempt of the bacteria to try to
thrive for survival.

In summary, the similarities between gene expression in bacteria treated
with RIP or mutated in agr or traP, we hypothesize that RIP directly affects
staphylococci by interfering with stress responses (TRAP-mediated) and quorum-
sensing (agr-mediated)-based gene regulation (Fig. 13). This interferes with a key
component of the FEP and collapses the collective ability of the consortia to persist.
When the biofilm collapses, the once protected bacterial community can be targeted
by the immune system and by antibiotics, allowing complete recovery of the
otherwise nonhealing wound.

RIP
TRAP~P RNAIII
Reduced survival Reduced toxin
under stress Production

Reduced pathogenesis

Fig. 13 Studies carried out in vitro indicate that RIP may regulate pathogenesis by
downregulating TRAP phosphorylation (which leads to the reduced ability of the bacteria
to survive under stress conditions) and by down regulating RNAIII production (which leads to
reduced toxin production)
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Interfering with ‘““Bacterial Gossip”

Thomas Bjarnsholt, Tim Tolker-Nielsen, and Michael Givskov

Abstract Biofilm resilience poses major challenges to the development of novel
antimicrobial agents. Biofilm bacteria can be considered small groups of “Special
Forces” capable of infiltrating the host and destroying important components of the
cellular defense system with the aim of crippling the host defense. Antibiotics
exhibit a rather limited effect on biofilms. Furthermore, antibiotics have an “inher-
ent obsolescence” because they select for development of resistance. Bacterial
infections with origin in bacterial biofilms have become a serious threat in devel-
oped countries. Pseudomonas aeruginosa biofilms are thought to be the dominant
agent in many chronic infections including those in cystic fibrosis lungs and chronic
wounds. With the present day’s awareness of biofilms, the future task is to exploit
this knowledge for development and application of antimicrobial intervention
strategies that appropriately target bacteria in their relevant habitat with the aim
of mitigating their destructive impact on patients. In this review, we describe
molecular mechanisms involved in “bacterial gossip” (more scientifically referred
to as quorum sensing (QS) and c-di-GMP signaling), virulence, biofilm formation,
resistance and QS inhibition as future antimicrobial targets, in particular those that
would work to minimize selection pressures for the development of resistant
bacteria.
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1 Introduction

Bacteria appear in nature as single, free floating (planktonic) cells, or organized as
sessile, matrix embedded aggregates. The latter form is commonly referred to as
the biofilm mode of growth. These two life forms have serious implications for infec-
tions in humans. To generalize, acute infections involve planktonic bacteria and they
are often treatable with either one or the other antibiotic. However, in the cases where
bacteria succeed in forming biofilms within the host, the infection may, despite
massive antibiotic therapy, develop into a chronic state. The important hallmarks of
chronic, biofilm infections are development of local inflammations, extreme tolerance
to the action of conventional antimicrobial agents, and an almost infinite capacity to
evade the host defense systems in particular innate immunity. To device novel
intervention principles for biofilm control, it is important to understand the molecular
mechanisms underlying biofilm formation, in particular under in vivo conditions.
Key to successfully establish a chronic infection is the ability of bacteria to
interact with each other and make collective decisions as well as the capability to
perceive evocative signals and stimuli from the host organism and vice versa.
Where conventional antibiotics have been designed to hinder bacterial growth by
blocking basal life processes, new ways of attenuating bacteria may take into
account important interactive control elements such as those involved in signaling
known as Quorum Sensing (QS) and c-di-GMP. QS constitutes a cell—cell signal-
ing-based regulatory mechanism, which becomes operational when cells have
amassed at high densities (Allison and Matthews 1992) (which is the case in biofilm
aggregates) (see Fig. 1). In particular, N-acyl-L-homoserine lactone (AHL)-based
systems are the most well-studied examples of QS. QS, or autoinduction as it was
initially called, was first reported in the late 1960s and early 1970s by Tomasz
(1965) and Nealson et al. (1970). Nealson et al. (1970) studied the biology of light-
producing organelles in deep-sea fish, the light was produced by bacteria of the
species Vibrio fischeri, by a cell density dependent reaction. Bioluminescence
originates from the expression of two luciferase genes, the /ux genes, which rapidly
increases when the growth of the bacteria enters the late exponential phase and
early lag phase of growth. The signaling dependency was elucidated by the lumi-
nescence of bacteria in early log phase was inducible by the addition of cell-free
medium derived from stationary phase bacteria. However, QS involvement in more
complex, corporative behavior such as swarming motility was first described for
Serratia liquefaciens by Eberl et al. (1999). Today, more than 70 Gram-negative
bacterial species have been reported to harbor AHL-based systems (Fuqua et al.
2001; Taga and Bassler 2003). Except from basal life processes, QS controls a wide
range of functions in Gram-negative bacteria, such as Ti-plasmid conjugation in
Agrobacterium tumefaciens, antibiotic production in Erwinia carotovora (Taga and
Bassler 2003), virulence gene expression in Vibrio cholerae (Zhu et al. 2002),
Burkholderia cepacia (Gilligan 1991), and P. aeruginosa (Whiteley et al. 1999),
and surface motility by means of swarming in S. liquefaciens (Eberl et al. 1996,
1999), P. aeruginosa (Kohler et al. 2000), and B. cepacia (Huber et al. 2001).
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Fig. 1 The basic QS regulator, with the R-gene encoding the regulator protein and the /-gene
encoding the signal molecule synthetase. The red crosses symbolizes the putative sites for QS
inhibition, with known QS inhibitors listed in the red table (*marks QS inhibitors verified in
animal models). The active complex of the R-protein and signal molecule activates numerous
targets, as listed in the orange table

Instead of AHL molecules, the Gram-positives employ small peptides as signaling
molecules, usually 5-17 amino acids in length (Federle and Bassler 2003).
Examples of Gram-positive QS controlled behavior are development of genetic
competence and sporulation in Bacillus subtilis (Magnuson et al. 1994), virulence
expression in Enterococcus faecalis (Qin et al. 2000) and Staphylococcus aureus
(Kong et al. 2006) and biofilm development in S. aureus (Boles and Horswill 2008)
as described in another chapter of this book.

2 Pseudomonas aeruginosa

P. aeruginosa is a well-characterized bacterium capable of causing chronic infec-
tions, and it is considered the archetypical lab bacterium for in vitro biofilm studies
and cell-cell communication, in particular QS. The genome of the sequenced
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P. aeruginosa PAO1 consists of 5770 open reading frames (ORF) (Stover et al.
2000c), which make it one of the largest known bacterial genomes, around 50%
larger than Escherichia coli. Based on its genetic complexity, P. aeruginosa
resembles simple eukaryotes such as Saccharomyces cerevisia. Numerous experi-
mental tools are available for P. aeruginosa in particular those required for genetic
engineering, controlled gene expression, reporters, and a variety of in vivo models
of infection including plants (O’Sullivan and O’Gara 1992), nematodes
(Rasmussen et al. 2005a), and animals (Bjarnsholt et al. 2005a, b; Christensen
et al. 2007; Hentzer et al. 2003; Jensen et al. 2007a; Rasmussen et al. 2005¢; van
Gennip et al. 2009; Wu et al. 2001, 2004b) as well as DNA-microarray chips for
transcriptomics.

Pseudomonas can be isolated from most environments including soil, marshes,
costal marine habitats, plants, and mammal tissue (Stover et al. 2000b). In hospital
environments, it grows in moist reservoirs such as food, cut flowers, sinks, toilets,
floor mops, dialysis equipment, and even in disinfectant solutions (Murray et al.
2002). P. aeruginosa is an opportunistic human pathogen, which is not part of
the normal human flora, but it may give rise to acute infections in hospitalized
patients in particular immunocompromised individuals, such as AIDS and neutro-
penic patients undergoing chemotherapy. P. aeruginosa is a significant cause of
infections in burn victims and patients having foreign bodies inserted. It causes
pneumonia in patients receiving artificial ventilation in intensive care units as well
as keratitis in users of extended-wear soft contact lenses (Lyczak et al. 2000; Stover
et al. 2000a; van Delden and Iglewski 1998b). It is also the predominant cause of
chronic lung infection and mortality in CF patients (Frederiksen et al. 1997; Hoiby
1974; Koch and Hoiby 1993). Other susceptible patients include those suffering
from venous leg ulcers and diabetic foot ulcers. Its ability to cause disease relays on
biofilm formation and production of a cocktail of extracellular virulence factors,
many of which expression is coordinated by the QS systems (Rumbaugh et al. 2000;
van Delden and Iglewski 1998a; Williams et al. 2000).

3 QSin P. aeruginosa

The first reports of QS to be a controller of virulence surfaced in the mid-1990
(Davies et al. 1998b; Latifi et al. 1995). Classical genetics and later, transcriptomic
analysis (Hentzer et al. 2003; Schuster et al. 2003; Wagner et al. 2003) as well as
in vivo models of infections in plants (O’Sullivan and O’Gara 1992), nematodes
(Rasmussen et al. 2005b) and animals (Bjarnsholt et al. 2005a, b; Christensen et al.
2007; Hentzer et al. 2003; Jensen et al. 2007a; Rasmussen et al. 2005¢; van
Gennip et al. 2009; Wu et al. 2001, 2004b) have substantiated this (see Fig. 1).
P. aerugonosa QS builds on two quorum sensors composed of a signal generators
(D and receptors (R) encoded by the gene clusters lasl,R and rhll,R (Pesci et al.
1997a) (see Fig. 1). The systems employ a 3-oxo-C12-HSL specific signal for the
LasR receptor and a C4-HSL specific signal for the RhIR receptor. A second
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receptor for 3-oxo-C12-HSL is the QscR receptor (Lequette et al. 2006). The las-
and rhl-encoded quorum sensors were identified as being hierarchically ordered
with the rhl quorum sensor underlain control by the las system (Pesci et al. 1997b).
The current model is as follows: at low cell densities, the /as quorum sensor is
expressed constitutively at an idle level, producing the Lasl synthetase (which in
turn produces the 3-0x0-C12-HSL signal molecule), and the LasR transcriptional
regulator. The majority of produced 3-oxo-C12-HSL signal molecules are pumped
out of the cell by efflux pumps (Pearson et al. 1999a), which are likely to produce an
equilibrium of signal molecules between the inside and the outside of the cell.
When the cell density increases, the concentration of signal molecules increases
inside and outside of the cells. Consequently, the transcriptional inducing complex
of LasR with bound 3-oxo0-C12-HSL increases because of the self-inducing effect
(Seed et al. 1995). At the threshold level, the 3-oxo-C12-HSL signal molecule
triggers LasR proteins to form the active multimeric transcriptional induction
complexes. These complexes acts to induce the transcription of target genes
among them the expression of /asl and lasR (see Fig. 1). In batch cultures, genes
regulated by QS are not induced all at once, they exhibit a temporal expression
pattern over the remaining cell cycle (Hentzer et al. 2003). The /as system also acts
as a positive regulator of the ri/ quorum sensor (de Kievit et al. 2002). 3-oxo0-C12-
HSL associated with the QscR receptor controls a regulon comprising a number of
specific genes as well as it overlaps with the two other LasR and RhIR controlled
regulons (Lequette et al. 2006). Since a QscR null-mutant appears hypervirulent,
this indicates that one role of QscR is to carefully adjust maximum expression of
LasR- and RhIR-controlled virulence.

It has been shown that the rA/ QS system induces the expression of many genes
involved in virulence including the signal generator rhll, and despite previous
genetic analysis stated complete dependency of a functional /as quorum sensor,
transcriptomic analysis has demonstrated that 4/ QS can operate independently
(Medina et al. 2003; Skindersoe et al. 2008) of the las system. Interestingly, a recent
article describes the activity of the rh/ system to only be delayed in the absence of
a functional /as system and even overcoming the absence of the /as activation by
activating las-specific functions such as generation of signal molecules both 3-oxo-
C12-HSL and PQS (Dekimpe and Deziel 2009). Apart from this, the expression of
genes regulated by the rhl system follows the same pattern as described for the las
system. In contrast to the las signal molecule the rkl signal molecule C4-HSL
diffuses freely in and out of the cells due to its small sized acyl chain (Pearson
et al. 1999b). The active complex of RhIR-BHL acts as a positive transcriptional
regulator, self-inducing its own synthesis and a number of target genes (Skindersoe
et al. 2008).

A third signal molecule, the Pseudomonas Quinolone signal (PQS) is a
4-quinolone-based entity encoded by the biosynthetic pgsABCDE operon and
pgqsH, that through condensation of anthranilate and B-keto dodecanoate generate
more than 50 2-alkyl-4-quinolones out of which HHQ (2-heptyl-4-quinolone) is
converted to PQS by PqsH. HHQ is thought to diffuse between cells and to be
converted to PQS in the target cells. Of all the synthesized 2-alkyl-4-quinolones,
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HHQ and PQS are the dominant molecules, and especially the PQS molecule is
bioactive. PQS is produced during logarithmic growth (Dubern and Diggle
2008) through early stationary phase peaking in late stationary phase of growth
(McKanight et al. 2000b). The PQS system has been shown to be an integrated part
of the P. aeruginosa QS hierarchy. Expression of the pgsABCDE regulon is regulated
via PgsR and depends on the ratio between the two AHLSs; 3-0x0-C12-HSL induces
and BHL-HSL reduces expression of the operon (McGrath et al. 2004). Pesci et al.
(1999) reported that synthesis of PQS required a functional LasR protein. However,
later it was shown that a /asR mutant is capable of producing PQS in the “late”
stationary phase, indicating that only “early” (or transition phase) PQS synthesis
requires LasR (Diggle et al. 2003a). McKnight et al. (2000a) showed that PQS
imposes a significant transcription initiation effect on rhll. Exogenous addition of
PQS at the time of inoculation initiates the production of several virulence factors
such as elastase, lectin A, and pyocyanin, independent of the density or growth
phase of the bacteria (Diggle et al. 2003b). It has been reported that a functional
PQS system is required for P. aeruginosa pathogenicity in a nematode model of
infection (Gallagher and Manoil 2001), and the PQS signal of P. aeruginosa has
been detected in the lungs of CF patients (Collier et al. 2002).

4 P. aeruginosa QS and Biofilm Differentiation

P. aeruginosa forms biofilms which during infection enable them to cope with
hostile environments in particular those of relevant host organisms. In the host,
biofilm formation may therefore be considered as an important pathogenicity trait.
P. aeriginosa biofilms are bacteria encapsulated in extrapolymeric substances (EPS)
produced by the bacteria and additionally adapted from the host. The EPS consists
of polysaccharides, extracellular DNA and other macromolecular components
such as proteins, lipids and biosurfactants (Pamp et al. 2007). The EPS seems to
constitute the scaffolding component of the aggregating bacteria in the biofilm
(Allesen-Holm et al. 2005; Bjarnsholt et al. 2005a; Nivens et al. 2001), acts as
scavenger of free oxygen radicals (Simpson et al. 1989), and annihilates the effect of
antibiotics including aminoglycosides (Allison and Matthews 1992; Hentzer 2001).

Many believe that biofilm formation is a developmental progression that
involves a number of complex and highly regulated processes (O’Toole et al.
2000) including cell—cell signaling. Sauer (2003) have generated proteomic data
suggesting that in vitro P. aeruginosa biofilm formation proceeds through an
ordered, temporal series of events which inevitably relies on the ordered expression
of a collection of biofilm-specific genes (the biofilm program) (O’Toole et al. 2000;
Sauer 2003). What at the present speaks against a specific genetic biofilm program
is that specific genes, expressed independently of environmental or the laboratory
setups under which biofilms have been formed, still have not been identified
in P. aeruginosa (Hentzer et al. 2003). In our view, the available data support
a model by which P. aeruginosa biofilm formation, and the successive growth and
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development may proceed through different but converging paths each of which
may contain chaotic elements. So instead of one particular, predestined biofilm
program, much of the available data suggest that the P. aeruginosa biofilm trans-
criptome reflects adaptation to nutritional and environmental conditions (Hentzer
et al. 2005a, 2005; Purevdorj et al. 2002; Reimmann et al. 2002). However, what we
need to get the full picture is increased sensitivity of the present transcriptomic
protocols and omics analysis performed under relevant in vivo conditions.
Throughout the years, great emphasis has been put on mushroom-shaped multi-
cellular structures as a phenomenon that underscores the presence of confined cell
differentiation and diverge activities of subpopulations in development of biofilm
architecture. Davies et al. (1998a) concluded that P. aeruginosa required QS
signaling to enable development of differentiated biofilms with mushroom-shaped
multicellular structures. There has been a lot of controversy about this dogma.
Heydorn et al. (2002) showed that with citrate as the carbon source the wild-type
and QS mutant form similar flat biofilms. Apparently, the involvement of signaling
in the biofilm forming process depends on the specific conditions of each in vitro
laboratory setup and is therefore conditional (Kjelleberg and Molin 2002). Another
contribution to the apparent inconsistency of the involvement of QS in biofilm
development is the application of QS mutants with uncertain genetic backgrounds.
It was reported by Beatson et al. (2002) that QS mutants accumulate secondary
mutations, which leads to misinterpretation of the QS effect on biofilm formation.
This is further supported by Schaber et al. (2007) who observed that P. aeruginosa
forms a biofilm in a thermal induced infection of mice independently of QS.
Apparently, nutrient availability is the major factor in determining development
of mushroom structures in P. aeruginosa biofilm in vitro. Klausen et al. (2003b)
showed that with glucose as carbon source P. aeruginosa forms a highly differ-
entiated biofilm composed of mushroom structures, but with citrate as carbon
source the same strain forms a flat and undifferentiated biofilm. With glucose as
carbon source the cells differentiate into a nonmotile subpopulation engaged
in forming the stalks of the mushrooms, and a motile subpopulation subsequently
engaged in forming the caps of the mushrooms (Klausen et al. 2003a). With citrate
as carbon source, the entire population is motile in the initial phase of biofilm
formation and microcolonies that could serve as mushroom stalks are not formed
(Klausen et al. 2003b). When citrate is used as carbon source, it is present in much
higher concentration than iron in the medium. Because citrate chelates iron, it is
possible that the use of citrate as carbon source in flow-through systems reduces the
level of iron available to the bacteria. Iron limitation has been shown to induce
surface motility in P. aeruginosa (Singh et al. 2002), which may explain why the
entire population is motile in P. aeruginosa biofilms irrigated with citrate medium.
We would like to emphasize, therefore, that the available evidence suggests that
formation of the mushroom-shaped structures in P. aeruginosa biofilms is first and
foremost subject to the physical and chemical conditions present in the laboratory
flow-cells, which argues against the hypothesis that biofilm formation in essence
follows a predestined developmental program which as indispensable components
include surface sensing and concomitant QS signaling. As we will discuss later, the
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role of QS is to offer protection and enable the biofilm bacteria evade host
immunity and detrimental action of antimicrobial compounds. Furthermore, the
presence of mushroom structures has to our knowledge never been reported in
ex vivo samples. However, although they may be limited to flow-cells, the studies
involving these structures have provided important insights regarding the funda-
mental processes of biofilm formation and tolerance development that may be of
relevance outside the laboratory model systems.

S P. aeruginosa, Intracellular Signaling and Biofilm
Differentiation

The role of intracellular signaling in the biofilm lifecycle has gained momentum.
Biofilms are thought to maintain “steady state” by means of growth and dispersal.
The dispersal occurs either as single cells or as small microcolonies ripped-off from
the biofilm (Costerton et al. 1999; Stapper et al. 2004; Stoodley et al. 2001; Webb
et al. 2003). Evidence is accruing that the shift between the biofilm lifestyle (with
production of matrix components such as Pel/Psl polysaccharides and Cup
fimbriae) and the planktonic lifestyle (without production of these matrix
components) is regulated via proteins that contain diguanylate cyclase or phospho-
diesterase activities. Such proteins influence the intracellular level of the second
messenger molecule cyclic diguanosine-5'-monophosphate (c-di-GMP) (Hickman
et al. 2005; Meissner et al. 2007). It appears that high intracellular c-di-GMP levels
upregulate matrix production and biofilm formation, whereas low intracellular c-di-
GMP levels downregulate matrix production and induce a planktonic lifestyle.
Several factors may contribute to dispersal of biofilms including phage induction
(Webb et al. 2003), carbon starvation Gjermansen et al. (2005, 2009; Schleheck
et al. 2009), and nitric oxide signaling (Barraud et al. 2006, 2009). Carbon starva-
tion and nitric oxide signaling were shown to mediate phosphodiesterase activity in
P. aeruginosa causing decreased intracellular c-di-GMP levels. In addition, Davies
and colleagues have recently shown that P. aeruginosa produces a small organic
compound, cis-2-decanoic acid which, when added exogenously at native
concentrations (2.5 nM), was able to induce dispersion in an in vitro P. aeruginosa
biofilm (Davies and Marques 2009). Taken together, this suggests that dispersal is
both a programmed process and subject to physical conditions such as shear forces
and sloughing.

These conclusions are based solely on in vitro observations, but if massive
dispersal can be chemically promoted and occurs in medical biofilms, it may
have severe implications since it is a mechanism by which biofilm bacteria might
disseminate through the infected organ to the entire body and thereby cause
rigorous systemic infections. For this “worst case scenario” to develop, it would
require flow conditions as those present in blood vessels or in the synovial fluid
surrounding a moving artificial limp. If the biofilm, however, is located within the
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tissue or organs such as in the CF lung, a chronic wound or permanent tissue fillers,
the absence of direct flow limits the dissemination of bacteria, but localized
increase in inflammation may occur as a consequence of biofilm spreading to vacant
areas.

6 Signaling and the EPS Matrix

P. aeruginosa QS mutants evidently are able to form mushroom-shaped structures
in vitro (Allesen-Holm et al. 2005). This can be explained by the fact that bacteria in
the upper part of P. aeruginosa biofilm have a growth advantage (Pamp et al. 2008),
it may be expected that there is a strong selection in P. aeruginosa QS mutant flow-
chamber biofilms for secondary mutants that are able to form extended multicellu-
lar structures. Recent work has suggested that P. aeruginosa QS mutants can form
microcolonies in biofilms, but that subsequent formation of mushroom caps
requires QS-regulated components such as rhamnolipid and extracellular DNA
(eDNA) (Pamp and Tolker-Nielsen 2007; Yang et al. 2009a). In addition, evidence
has been shown that chemical inhibition of the PQS system causes P. aeruginosa to
form microcolonies on which mushroom caps are not subsequently formed (Yang
et al. 2007, 2009a). Transcriptomic analysis unquestionably reveals that QS
controls gene expression in biofilms. Hentzer et al. (2005a) showed that the
majority of QS-regulated genes are expressed 16 h after inoculation in flow
chambers and are inducible in a lasl, rhll background by the addition of exogenous
OdDHL and BHL. With background in comparison of the transcriptome at various
stages of the growth cycle of planktonic cells (in our laboratory settings), there
appears to be a subclass of QS regulated biofilm genes that are not expressed in the
planktonic mode of growth according to Hentzer et al. (2005a). A number of genes
involved in iron scavenging or metabolism appear to be dependent on a functional
QS system for expression in the biofilm mode of growth, which supports the
findings that iron availability plays a role in the development of biofilm architecture
(Banin et al. 2005). A recent study has provided evidence that, after formation of
the initial microcolonies in P. aeruginosa biofilm, PQS chelation of iron helps
inducing genes involved in iron scavenging, which promotes subsequent structural
development (Yang et al. 2009a). Hentzer et al. (2004a) have shown that older (10
days or more) QS-deficient biofilms differ in volume compared to the wild type. In
line with that, Bjarnsholt et al. (2005a) showed that QS deficiency impairs the
structural stability of the biofilm. Microscopic inspections revealed that the towers
and mushrooms of QS-deficient biofilms appeared wobbly and were less robust
than their wild-type counterparts. An important link between biofilm stability and
QS is the production of the eDNA, which is QS regulated (Allesen-Holm et al.
2005). Whitchurch et al. (2002) reported that eDNA plays a role as matrix compo-
nent in P. aeruginosa biofilm formation. The eDNA has been shown to offer
rigidity to the biofilm architechture (Jensen et al. 2007b; Bjarnsholt et al. 2005a),
which might explain why QS-deficient mutants are often reported ‘“biofilm
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negative” in microtiter assays as the wash and staining procedures mechanically
remove the less robust QS-deficient biofilm.

In conclusion, it appears that although QS contributes actively to the regulation of
gene expression in the biofilms under in vitro conditions, a functional QS system is
not required for P. aeruginosa biofilm formation per se. QS gets activated as
a consequence of increased cell density, which in turn leads to increased concentra-
tion of QS signal molecules (MacLehose et al. 2004). The spatial build-up of signal
molecules is likely to be more pronounced in biofilms compared with planktonic
cultures, due to the confined space of the biofilm matrix (Charlton et al. 2000).

7 How P. aeruginosa Resists Antibiotics and Immune Defenses

Numerous investigations have fueled the dogma that biofilm bacteria are superior to
their planktonic counterparts when it comes to coping with detrimental effects
of antimicrobials (Anwar et al. 1989; Bjarnsholt et al. 2005a, 2007; Costerton
et al. 1995; Donlan and Costerton 2002; Drenkard 2003). In the recent years, a
number of molecular mechanisms have started to surface which seem to enforce
and combine the “mid nineties” hypothesis of the biofilm matrix providing an
extensive barrier for penetration in combination with classical resistance
mechanisms and physiological adaptations. Chemostat experiments performed
during the 1970s and 1980s demonstrated that tolerance can at least in part be
attributed to the physiology of slow growth, a condition observed in large areas of
in vitro biofilms. Slow growth is likely to be caused by nutrient-limiting gradients
present in the biofilm (Roberts and Stewart 2004). DNA array-based analysis
performed by us has shown that the transcriptome of a biofilm (showing increased
tolerance to antibiotic treatments) resembles the transcriptome of a transition
phase planktonic culture including expression of genes involved in anaerobiosis
(Hentzer et al. 2005a). This can explain the reduced antimicrobial properties of most
antibiotics, since they target biological processes, which are most predominant in
actively growing cells (Donlan and Costerton 2002; Hoyle and Costerton 1991).
This is in accordance with observations by Pamp et al. (2008) and Haagensen et al.
(2006), showing that in vitro P. aeruginosa consists of at least two sub-populations
one growing more actively than the other. Accordingly, the outer layer being most
similar to exponential growing cells are killed by conventional antibiotics whereas
cells in the more central parts due to conditions of slow growth tolerate these
antibiotics. These cells, however, are killed by membrane targeting antibiotics
such as Colistin and probably also sensitive to heavy metals which in contrast are
actively pumped out by efflux pumps in the growing outer subpopulation. The
microenvironment of the biofilm such as a difference in the pH, pCO,, pO,, etc.
may affect the efficacy of antimicrobial compounds, for example, macrolides and
tetracyclines are compromised at low pH (Dunne 2002; Walters et al. 2003).

QS is involved in the development of antibiotic and biocide tolerance, but the full
mechanistic pathway is not yet known (Bjarnsholt et al. 2005a; Hassett et al. 1999;
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Hentzer and Givskov 2003; Hentzer et al. 2002, 2003; Shih and Huang 2002).
However, eDNA release is QS regulated and recently Mulcahy et al. (2008) demon-
strated that eDNA by means of its cationic chelating properties can neutralize the
activity of many antimicrobials including tobramycin. This may explain our previ-
ously published observations that in vitro tobramycin tolerance is in part QS depen-
dent and may explain why treatment with QS inhibitors (QSI) show synergistic action
with tobramycin (Bjarnsholt et al. 2005a). The protective role of the biofilm matrix
has also been shown to provide the biofilm embedded cells resistance against heavy
metals such as zinc, copper, lead (Teitzel and Parsek 2003), and silver (Bjarnsholt
et al. 2007). Teitzel and Parsek (2003) observed that exponentially growing cells
were more tolerant to heavy metals than stationary phase planktonic cells.

P. aeruginosa biofilms are now believed to play a key role in persistent
infections, in particular in nonhealing leg ulcers (chronic wounds) (Bjarnsholt
et al. 2008; Kirketerp-Moller et al. 2008b) and the chronic lung infection of CF
patients (Bjarnsholt et al. 2009a) (see Fig. 2). Chronic wounds may arise from
pressure wounds or cuts in patients with reduced or impaired blood circulation in
the lower extremities. The Chronic wound remain at an inflammatory stage, which
is characterized by a continuing influx of polymorphonuclear neutrophils (PMNs)
(Banin et al. 2005) that release cytotoxic enzymes, free oxygen radicals, and

Fig. 2 P. aeruginosa biofilm in a chronic infected CF lung. The bacteria are detected by specific
PNA FISH (red) and the leucocytes are detected by DAPI (blue)
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inflammatory mediators causing extensive collateral damage to the host tissue. We
have recently put forward that, within a chronic wound, the healing and destructive
processes are out of balance (Bjarnsholt et al. 2008). Consequently, manipulating
and counterbalancing these processes may promote healing of the chronic wound.
Furthermore, the P. aeruginosa infected wounds have a larger surface area than
wounds without P. aeruginosa (Amara et al. 2009) infection, and it is our view that
the presence of P. aeruginosa plays a significant role in delaying or even preventing
the healing process (Anwar et al. 1989).

CF is a monogenic autosomal recessive, multiorganic disease though the main
cause of morbidity and mortality has its root in the patients increased susceptibility
to lung infections. The genetic cause of CF was identified in 1989 as a defect in the
Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) gene, located on
chromosome 7 (Kerem et al. 1989; Riordan et al. 1989; Rommens et al. 1989). This
causes a dysfunction of a chloride ion channel, depleting the otherwise normal
mucus of water which impairs the mucociliary clearing mechanism of the bronchia.
Here, inhaled microorganisms are able to multiply which in turn recruits an
inflammatory response. The lower respiratory tract in patients with CF is recur-
rently colonized with a variety of bacteria, such as Haemophilus influenzae,
S. aureus, and P. aeruginosa before it is chronically infected with P. aeruginosa
(80% of the adult patients). However, aggressive antibiotic treatments, which delay
the onset of chronic infection, remarkably prolong the life expectancy of patients
with CF (Barraud et al. 2006).

Microscopic inspections of ex vivo samples from wounds and lungs of CF
patients reveal that bacteria are assembled in structures consisting of aggregated
cells, which are surrounded but not penetrated by inflammatory cells, in particular
phagocytic cells such as PMNs (see Fig. 2). We propose that bacterial persistence,
including the extreme tolerance to antibiotics and evasion by the immune system, is
caused by the bacteria’s ability to form these aggregations which represent bacterial
biofilms in vivo. In these settings, the presence of the EPS component alginate can
be demonstrated by fluorescent antibodies (Bjarnsholt et al. 2009a; Kirketerp-
Moller et al. 2008a). Second, both kinds of patients are immunocompromised
suffering from defects in the primary line of defenses. Chronic wounds consist
primarily of granulation tissue composed of a network of collagen fibers, new
capillaries, and extracellular matrix, together with PMNs, macrophages, and
fibroblasts. Embedded in this, we have found the aggregated microcolonies of
bacteria. This is in accordance with our observations from the chronic infected
CF lung; here within the lumen of the bronchial airways, P. aeruginosa is also
detected in aggregated microcolonies. Since the patients in both diseases do not
suffer from defects in the cellular defense, the PMNs would be expected to
eradicate the bacteria.

The key to this persistence is caused by particular components of the EPS
matrix. P. aeruginosa produces rhamnolipids (Jensen et al. 2007b) powerful deter-
gents, which cause cellular necrosis and concomitant elimination of the PMNs
(Alhede et al. 2009; Jensen et al. 2007b; van Gennip et al. 2009) . Accordingly, the
rhamnolipids function as a PMN shield, and we put forward that the capability of
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mounting this shield significantly contributes to the ability of P. aeruginosa to
persist in the lung as well as in the wound (see Fig. 3). The implications of sustained
PMN lysis are that antimicrobials as well as tissue-devastating compounds spill out.
Examples of such compounds are myeloperoxidase, elastase, and matrix metal-
lopeptidase 9 (MMP-9) in which chronic wound fluids are particularly rich, in
contrast to fluid from acute wounds in humans (Wysocki et al. 1993). This also
applies for CF patients, in contrast to patients suffering from acute respiratory
failure (Gaggar et al. 2007). We also suggest that the elimination of PMNs may
facilitate further colonization.

Regulation of rhamnolipid synthesis is governed by QS, in particular the PQS
and rhl systems (Alhede et al. 2009). Rhamnolipid production constitutes a “biofilm
shield” functions to promote necrosis of PMN-leukocytes (upon biofilm contact),
which subsequently causes collateral tissue damage and promotes development
of inflammation. This suggests that quora (which are likely to be represented by
the observed bacterial biofilm aggregates) have amassed at certain locations in
chronic wounds (Fazli et al. 2009; Kirketerp-Moller et al. 2008b) and in the CF lung
(Bjarnsholt et al. 2009a). Such quora are then capable of eliminating PMNs by the
production of rhamnolipid, which in turn would reduce the number of functional
PMNss at their location (Alhede et al. 2009; Jensen et al. 2007b). Interestingly, AlgR
was recently shown to reduce expression of RhIR-controlled gene expression in
the biofilm mode (Morici et al. 2007). Concurrently, we found that the content of
rhamnolipids was below the detection limit in our in vitro biofilms (Alhede et al.
2009). However, exposure to freshly isolated PMNs superseded AIgR repression
and significantly increased expression of rhamnolipids up to a level of 50 pg/g
biofilm, which in pure form would causes lysis of PMN within 30 min of exposure
(Alhede et al. 2009) (Jensen et al. 2007b). The inducing effect was found to require
a functional QS system to induce transcription initiation of the RhIR and PQS
regulated genes, and it indicates that P. aerginosa to upregulate its PMN shield
receives and responds to signal molecules originating from the host defense cells.
Specific effects of cytokines such as interferon gamma (IFN-g) have recently been
shown to be transmitted through IFN-g binding to OprF, resulting in the expression
of the QS-dependent virulence determinants PA-I lectin, BHL and Pyocyanin
(Wu et al. 2005). The observation that lungs of mice infected with wild-type
P. aeruginosa contain significantly less intact PMN compared with lungs of mice
infected with a rh#/A mutant supports our current “shield model” (Alhede et al.
2009); in the host similar to the in vitro (Jensen et al. 2007a), P. aeruginosa biofilms
resist phagocytosis by eradicating the PMNs on contact.

Cross-kingdom signaling plays a significant role in bacteria—host interactions.
Recent evidence from us also supports the view that QS signal molecules have
distinct targets and alter gene expression in mammalian cells (Kristiansen et al.
2008). These alterations include modulation of pro-inflammatory cytokines and
induction of apoptosis. In particular, we found that P. aeruginosa QS signals
decrease the production of IL-12 by murine bone marrow-derived dendritic cells
(BM-DCs) without altering the IL-10 release. BM-DCs exposed to QS signals
during antigen stimulation exhibit a decreased ability to induce specific T-cell



T. Bjarnsholt et al.

176

wyolq sruesoyjed pue juers[ol ay) Sunuaaald ‘sionquyui SO Aq paidnisip sI plarys ayj Inq BLIAJORq JO
dnpying owes oy syordop uonemIs Jomof oy, "pretys pidrjoutneys oy Y wiyolq drueSoyied e Jo dnpying oy sjordop uonemis dog, ‘fopowr prerys oy, ¢ Siq

ela)oR( SSojWwleH elI9}0B] SSO|WleH

umop pialys A“ S a
@ . “. 3
2Tl :
0 G— H -.eeL- e C—
UOIOBJUI DILUOIYD ON U vy o
asuajop 1soy ay) Aq panowas ale eliajoeq ayL JONCR
Swiyoiq 1ueI3|o} ON o® ®
L]
\.. -
s19%00lq o
[eubis
L) L) O,
90UB|NIIA ON ..“ S . i
° H

BlI910B(] SSo|WlIeH

eusloRg
sjeuBis ||@o-[18D

@ H
O&\z/__\/\
o H ©
N

SI010B} 80US|NIA o&\ Yo Y T

o o

dojensp suonsajul olUCIYD

SonoIgiue pue esuajep
150y Y3 sisissad wyyolq 3y



Interfering with “Bacterial Gossip” 177

proliferation. These in vitro results suggest that the P. aeruginosa QS signal
molecules impede DCs in exerting their T-cell-stimulatory effects and function as
immunomodulators changing the milieu from the host-protecting proinflammatory
TH1, thereby possibly enabling the establishment of bacterial infection within the
host (Skindersoe et al. 2009).

8 Interference with Bacterial Gossip and Why It Works
as and Antimicrobial Strategy

Knowledge of the above described bacteria—host interactions and shielding makes
the development of new treatment scenarios possible. Lately, several studies have
proven the concept of inhibiting QS as a functional and relevant antimicrobial
strategy (Bjarnsholt et al. 2005b; Hentzer et al. 2003; Rasch et al. 2004; Wu et al.
2004b) (see Figs. 1 and 3). Despite the fact that QS systems do not control
expression of essential genes per se, QS systems have been shown to constitute
new promising antimicrobial drug targets (Bjarnsholt et al. 2005a, b; Hentzer and
Givskov 2003; Rasch et al. 2004; Wu et al. 2004b). We also recently demonstrated
that knockout of the rhlA (leaving an otherwise functional QS system) leads to
significant attenuation in two infectious animal models (van Gennip et al. 2009).
We propose that the main reason why QSI conduct functional antimicrobial effects
in vivo is by preventing the establishment of the PMN shield, and consequently
reinstate proper antimicrobial functions of the PMNs (see Fig. 3). Since PMN lysis
is then likely to be reduced, local tissue destruction and inflammation will be kept to
a minimum. This in turn reduces release of PMN DNA, which will be expected to
further contribute to reduction of the viscosity of the bronchial secretion in CF. This
may help increasing and maintain lung function (Hodson et al. 2003). Both effects
will be expected to tip the balance in favor of bacterial eradication and subsequent
healing. Disruption of the QS signaling cascade may be a particularly valuable
strategy in the treatment of chronic, biofilm infections. Likewise, it has to be
emphasized that the rationale behind this approach is to specifically interfere with
disease-causing traits and development of inflammation rather than restricting the
growth of the bacteria. As production of virulence factors is inhibited, the pathogen
can no longer maintain its position in an increasingly more hostile host environment
and consequently become cleared by the innate host defenses. Given that the mere
attenuation of the pathogen does not impose a harsh and direct selective pressure
on the cells, it can be anticipated that resistant mutants will not arise as readily as
in the case of conventional antibiotic treatment. We have denoted this as the anti-
pathogenic drug principle (Hentzer and Givskov 2003).

The first example that nature has already applied QSIs as an antibacterial strategy
was the halogenated furanones produced by the Australian macroalga Delisea
pulchra (de Nys et al. 1993; Givskov et al. 1996; Kjelleberg et al. 1997). The authors
showed that the halo-furanones, administered within a certain concentration
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window, specifically inhibit bacterial QS, thereby blocking surface colonization
and virulence factor expression in S. liquefaciens. Western blot analysis indicated
that the halo-furanones are able to promote rapid turnover of LuxR homologues
proteins, thereby reducing the amount of protein available to interact with AHL and
act as transcriptional regulator (Manefield et al. 2002). These observations taken
together with a mutational and in silico docking analysis of compounds into the
LuxR crystal structure indicate a direct interaction with the receptor protein (Koch
et al. 2005). The efficacy against P. aeruginosa QS and virulence was greatly
enhanced after subsequent development of a series of synthetic furanone analogues.
Among these, compound C-30 (Hentzer et al. 2003) and C-56 (Hentzer et al. 2002)
showed QSI drug potential in P. aeruginosa. Hentzer et al. (2003) showed that
biofilms grown with and without furanone C-30 were not significantly different
with respect to formation and biomass. However, when treating 3-day-old biofilms
with 100 pg/ml tobramycin, grown either in the presence or in the absence of
furanone C-30, a significant number of dead cells in the furanone C-30 treated
biofilm were detected. The antimicrobial properties of both furanone C-30 and
furanone C-56 were also demonstrated in a chronic pulmonary mouse model
(Hentzer et al. 2003; Wu et al. 2004a), an implant model (Christensen et al. 2007;
Rasch et al. 2004), and a fish model for Vibriosis 141. The bacteria were cleared
significantly faster in mice treated with 1 pg/g body weight furanone compared
to placebo-treated mice. Other furanone derivatives have been synthesized by
Kim et al. (2008); however, these furanones also block in vitro biofilm formation
of P. aeruginosa. This indicated that these furanone derivatives are highly toxic to
the bacteria since genetic analysis shows that a functional QS system is not required
for biofilm formation in vitro. Since the discovery of the halo-furanones, a number
of papers have reported on synthesis of QSI compounds by means of organic
chemistry approach (Borlee et al. 2008; Geske et al. 2007, 2008a, b, c; Mattmann
et al. 2008; Muh et al. 2006; Olsen et al. 2002; Persson et al. 2005a, b; Riedel et al.
2006). However, a detailed overview of this is not the scope of this chapter.
Many of these compounds have been developed based on agonist-based designs
and probed for their action by means of specific QS screens (see below). The
Greenberg group has employed in silico analysis for drug development (Muh
et al. 2006) were the 12 akyl chain substituted tetrazol PD12 showed an IDsy of
staggering 30 nM. Except for that and the fact that the target specificity and
functionality of only C-30 has been validated by transcriptomic analysis and animal
experiments, this compound is so far the most active, functional QSI drug ever
designed with an IDs, of 2 uM and full QS inhibition (without any growth inhibi-
tion) exerted even at 10 pM. In connection with that, we emphasize that physiolog-
ical relevant concentrations of P. aeruginosa QS signals are likely to be in the range
of 1-20 uM. Recently, a crystal structure of a LasR-peptide with OdDHL bound
became available (Bottomley et al. 2007). For the first time it has become possible
to apply in silico analysis of receptor—ligand interactions such as those performed
by Amara et al. (2009). The authors demonstrated direct covalent interaction of
a reactive isothiocyanate AHL derivative with an amino acid present in the binding
site. Based on the 3-dimensional structure of the LasR protein (without ligand), we
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have used computer-based virtual screening in a search for putative quorum-
sensing inhibitors from a database comprising approved drugs and natural
compounds (Yang et al. 2009b). Three potential QSIs, which showed effects on
P. aeruginosa virulence factor expression, were identified but much less active
compared with C-30.

QSI compounds are present in food, herbal, and fungal sources. Several years
ago, we developed a new tool for high-throughput screening of fresh samples as
well as crude extracts and pure compounds of QSI (Bjarnsholt et al. 2009b;
Rasmussen et al. 2005a). The presence of QSI compounds in natural foods is
extremely interesting because, in most cases, vegetables and herbs are non toxic
to humans and are easily available. One of the most potent QSIs we have detected is
contained in extracts of garlic (Bjarnsholt et al. 2005b; Rasmussen et al. 2005a).
Also fungi produce QSIs (Rasmussen et al. 2005¢) and supports the view that
organisms devoid of functional immune systems relay on chemical defense systems
against competing or detrimental bacteria.

In 2001, Teteda et al. (2001), published results showing the antibiotic azithro-
mycin inhibits QS of P. aeruginosa. This led us to investigate whether QS inhibition
is a common feature of antibiotics. We screened 12 antibiotics for their QS-inhibi-
tory activities using the QSI selector system (Rasmussen et al. 2005a). Three of the
antibiotics tested (azithromycin, ceftazidime, and ciprofloxacin) were active in the
assay and were further examined for their effects on QS-regulated virulence factor
production in P. aeruginosa. Consistent results from the virulence factor assays,
reverse transcription-PCR, and the DNA microarrays support the finding that
azithromycin, ceftazidime, and ciprofloxacin decrease the expression of a range of
QS-regulated virulence factors. The data suggest that the underlying mechanism
may be mediated by changes in membrane permeability, thereby influencing the
flux of 3-oxo0-C12-HSL (Skindersoe et al. 2008). Azithromycin inhibits or reduce
the production of several of the virulence factors of P. aeruginosa, such as elastase,
rhamnolipids (Skindersoe et al. 2008) and interfere with alginate polymerization
(Hoffmann et al. 2007). Recently, another group reported that azithromycin inhibits
the transcription AHL synthesis by blocking unknown lasl and rhll regulation (Kai
et al. 2009). It is proposed that the azithromycin interferes with one of the precursors
of the AHL molecules indicating that the QSI activity is a secondary effect (Kai et al.
2009). Azithromycin does improve the respiratory function in CF patients (Saiman
2004; Southern and Barker 2004). The principal role of QSIs is to attenuate the
virulence of the bacteria, and in our opinion if the excreted rhamnolipids are reduced
P. aeruginosa biofilms are dramatically weakened. Due to this, it is of great interest
that Park et al. (2008) published Solenopsin A extracted from the fire ant Solenopsis
invicta to target the rhl QS system specifically.

With the present-day knowledge the central role of “bacterial gossip” in patho-
genesis is evident. In particular QS seems to be an obvious new drug target to the
control of unwanted microbial activity. This implies both the production of viru-
lence factors, antibiotic resistance, and modulation of the host immune system.
We believe that QSI and also c-di-GMP modulating drugs could be beneficial in the
fight against biofilm infections, though much effort and enthusiasm from the
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industry is needed to develop pharmaceutical relevant molecules. This endeavor is
of global, societal, and economic significance. Despite the selective force imposed
by signaling drugs may be less stringent compared with conventional antibiotics, it
will however be unwise to assume that resistance at some point will not occur, and
this probably is why we will never end the battle against infections.
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Hygienically Relevant Microorganisms in
Biofilms of Man-Made Water Systems

Jost Wingender

Abstract In recent years, it has become evident that biofilms in drinking water
distribution networks and other man-made water systems can become transient or
long-term habitats for hygienically relevant microorganisms. Important categories
of these organisms include faecal indicator bacteria (e.g. Escherichia coli), obligate
bacterial pathogens of faecal origin (e.g. Campylobacter spp.), opportunistic bacte-
ria of environmental origin (e.g. Legionella spp., Pseudomonas aeruginosa), enteric
viruses and parasitic protozoa (e.g. Cryptosporidium parvum). These organisms can
attach to preexisting biofilms, where they become integrated and survive for days to
weeks or even longer, depending on the biology and ecology of the organism and
the environmental conditions. There are indications that at least part of the biofilm
populations of pathogenic bacteria persist in a viable but non-culturable state. Thus,
biofilms in man-made water systems can function as an environmental reservoir for
pathogenic microorganisms and present a potential source of water contamination,
resulting in a health risk for humans. This review outlines the current knowledge
of the integration and fate of hygienically relevant microorganisms in biofilms of
man-made water systems, with consideration of the physicochemical and biological
factors that govern these processes.

1 Introduction

Biofilms are microbial populations that adhere to each other and/or to interfaces,
and are typically surrounded by a matrix of extracellular polymeric substances
(EPS) (Hall-Stoodley et al. 2004). In man-made water systems, interfaces for
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biofilm growth are usually solid—liquid as in piped water distribution systems, but
biofilms can also develop at air—liquid interfaces (pellicles or floating biofilms) as
in water storage tanks or water basins of cooling towers (Declerck et al. 2007a).
EPS mainly consist of polysaccharides, proteins, DNA and lipids; they determine
the structural and functional integrity of microbial biofilms, and contribute signifi-
cantly to the organization of the biofilm community (Flemming and Wingender
2010). Although the details of biofilm development processes vary depending
on the microbial species and the prevailing environmental conditions, general
distinct developmental steps have been recognized in biofilm formation (Stoodley
et al. 2002; Hall-Stoodley et al. 2004). These include the initial attachment of cells
to a surface, followed by the aggregation of cells into microcolonies, subsequent
growth and maturation of microcolonies into an established biofilm, and the
passive detachment or active release of single cells or aggregates of cells into
the surrounding environment. Biofilms develop on virtually any surface in natural
soil and aquatic environments, on tissues of plants, animals and humans as well as
in all types of man-made water systems (Costerton et al. 1987). Biofilms provide a
protected habitat, allowing survival of microorganisms under adverse environmen-
tal conditions and offering tolerance to antimicrobial compounds (Hall-Stoodley
et al. 2004).

Biofouling, which is defined as the undesirable development of biofilms on
surfaces, can be of substantial hygienic, operational and economic relevance in
technical water systems (Mittelman 1995). In recent years, it has become obvious
that microorganisms with pathogenic properties can persist and multiply in biofilms
of man-made water systems. In drinking water distribution systems (DWDS) and
domestic plumbing, but also in other technical water systems, biofilms can function
as an environmental reservoir for pathogenic microorganisms and then are potential
sources of contamination. Biofilms present a health risk when pathogens are
released from the biofilms and are transmitted to susceptible human hosts upon
exposure to contaminated water (Fig. 1).

Important modes of transmission are ingestion of contaminated water, inhalation
of pathogen-containing aerosols or infection by contact of skin, mucous
membranes, eyes and ears with contaminated water (WHO 2008). Other hygienic
aspects of biofilms in water systems are the production of biofilm-associated
metabolites of health significance such as H,S and nitrite, the release of endotoxins,
the deterioration of the aesthetic water quality through discolouration, turbidity
and malodours, and the build-up of trophic food webs leading to the multiplica-
tion of free-living protozoa and invertebrate animals. The general causes and
consequences of biofouling in man-made water systems as well as biofouling
control strategies have been reviewed previously (Mittelman 1995; Flemming
2002; Batté et al. 2003; Bachmann and Edyvean 2005). The focus of this review
is on the aspect of hygienically relevant microorganisms in biofilms of DWDS and
plumbing systems, but also other man-made water systems that supply water for
diverse human uses will be included.
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Fig. 1 Role of biofilms as environmental reservoirs of hygienically relevant microorganisms and
as sources of contamination and infection in man-made water systems

2 General Characteristics of Biofilms in Man-Made
Water Systems

DWDS belong to the most extensively investigated, regulated and monitored man-
made water systems in terms of the presence of microorganisms relevant to public
health. Since drinking water should meet the necessary quality requirements at the
point of consumption, it is important to understand the development of biofilms and
their role as reservoirs for pathogenic microorganisms both in water distribution
mains and in consumers’ plumbing systems. However, most studies have focused
on biofilms on materials relevant to public DWDS, while biofilms on materials
used to construct domestic plumbing systems have less often been considered
(Eboigbodin et al. 2008). Other technical water systems with a potential risk of
human exposure to water-related pathogens include recreational and therapeutic
water systems (e.g. swimming pools, spas, hydrotherapy pools), reclaimed water
systems, cooling water systems in industry and as components of air-conditioning
systems, water systems in the food, dairy and beverage industry or water systems of
paper manufacturing in paper mills.

Independent of the type of water system, biofilms are present on all surfaces in
water treatment, distribution and storage. Biofilm formation is especially critical in
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water systems of hospitals and other health-care facilities, where biofilm-derived
pathogens can contribute to water-associated nosocomial infections (Anaissie et al.
2002). At the point-of-use, biofilms can serve as a source for the continual presen-
tation of microorganisms to patients, care givers, and environmental surfaces with
which water may come into contact (Ortolano et al. 2005). Man-made water
systems include secondary circulatory systems, which display conditions conducive
to biofilm formation. Swimming pools, spas and pools used for therapeutic
purposes are usually equipped with circulatory systems including piping and filters;
elevated temperatures and sufficient nutrients from bathers promote biofilm forma-
tion in these systems, especially on filter media such as sand, which provide large
surface areas for attachment and growth of microorganisms (Unhoch and Vore
2005). Cooling water systems provide favourable conditions for the accumulation
and significant growth of microbial biofilms (Harris 1999).

In man-made water systems, surfaces are usually colonized at higher levels
compared with the bulk water phase. It has been estimated that 95% of the overall
bacterial biomass in DWDS can be located at drinking water pipe walls, while only
5% occur in the water phase (Flemming et al. 2002); in a domestic hot water
system, most of the culturable bacteria (72%) were found to be surface associated
(Bagh et al. 2004). Another important type of microbial accumulation in DWDS
and possibly other water systems occurs on loose deposits, which can be colonized
by microorganisms in high concentration (Zacheus et al. 2001; Batté et al.
2003). Thus, in man-made water systems, most of the numbers and activity of
microorganisms reside in biofilms on material surfaces and deposits; as a conse-
quence, biofilms represent an important potential for microbiological contamina-
tion and deterioration of the hygienic water quality.

New materials exposed to water systems are rapidly colonized reaching maximal
cell counts within weeks, but a real equilibrium is never reached since species
composition and density can vary depending on biofilm age (Martiny et al. 2003),
material which serves as a substratum and sometimes as a transient nutrient source
(Schwartz et al. 1998a; Norton and LeChevallier 2000), nutrient availability
(Norton and LeChevallier 2000), hydraulic conditions, water temperature, type
and level of disinfectant residuals (Norton and LeChevallier 2000) as well as
protozoan grazing, which can control biofilm growth (Pedersen 1990).

In DWDS, total cell counts of several months to years old biofilms on pipe
surfaces or coupons exposed to drinking water range in the order of 10*-10® cells
per cm? (Block et al. 1993; Servais et al. 1995; Kalmbach et al. 1997; Wingender
and Flemming 2004; Langmark et al. 2005a), while the numbers of culturable
heterotrophic plate count (HPC) bacteria in established biofilms can vary between
approximately 10" and 10° colony-forming units (cfu) per cm?> (LeChevallier et al.
1987; Block et al. 1993; Wingender and Flemming 2004; Langmark et al. 2005a).
Culturable bacteria usually represent a small fraction of the total cell numbers,
frequently varying between approximately 0.01% and a few percent of the total cell
counts (Kalmbach et al. 1997; Wingender and Flemming 2004). Low culturability
is a typical property of bacteria in oligotrophic water environments, and seems to
be characteristic of bacteria in months to years old drinking water biofilms.
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Occasionally, enhanced levels of biofilm bacteria with high proportions of
culturable bacteria can be found under conditions of sufficient nutrient levels in
the form of biodegradable organic substances entering the water system or leaching
from materials within the distribution system. Certain types of plastic and elasto-
meric materials can promote biofilm formation due to the release of biodegradable
compounds (Keevil 2002; Rogers et al. 1994b; Kilb et al. 2003).

In general, biofilms in man-made water systems predominantly consist of envi-
ronmental microorganisms without any relevance for human health (autochthonous
microflora). These natural populations usually develop and constitute the biofilms,
and are mostly non-pathogenic. However, aquatic biofilms can occasionally become
habitats for pathogenic microorganisms, which may be either faecally derived
(allochthonous organisms) or originate from natural soil and water environments
(autochthonous organisms).

3 Categories of Hygienically Relevant Biofilm Microorganisms

Diseases associated with exposure to contaminated drinking water, swimming
pool water or other types of water from man-made water systems are caused by
pathogenic heterotrophic bacteria, enteric viruses as well as parasitic protozoa and
some free-living amoebae (Percival et al. 2004); fungi may be involved in water-
related infections in certain settings such as in hospitals or in swimming pool
environments.

Multiple routes exist through which pathogens can enter man-made water
systems, before they form biofilms or become incorporated into established
biofilms. They may originate from the source water, and pass water treatment
barriers and disinfection, resulting in a breakthrough of the bacteria and an inocu-
lation of the distribution system. Alternatively, they may infiltrate water distribu-
tion networks through point source contaminations by leaking or broken pipes,
installation and repair works, cross connections or backflow.

Two categories of hygienically relevant microorganisms can be distinguished;
on the one hand, microorganisms with pathogenic properties, which have been
shown to be associated with water-related illness and outbreaks, and on the other
hand, bacteria which are primarily used as index and indicator organisms in water
analysis, pointing to the presence of pathogenic organisms of faecal origin (index
organisms) or indicating the effectiveness of water treatment processes as well as
integrity of water distribution systems (indicator organisms) (WHO 2008). Among
water-related pathogenic microorganisms are primary (obligate) pathogens, which
cause disease in humans independent of their health status and as enteric pathogens
are usually faecally derived, while others are potentially pathogenic organisms
(opportunistic pathogens), which cause disease in sensitive human subgroups
including the elderly, children, immunocompromised individuals, patients with
pre-existing disease or other predisposing conditions, which facilitate infection by
these organisms. Opportunistic pathogens are frequently natural aquatic organisms,
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and thus adapted to oligotrophic environmental conditions, which are typical of
many man-made water systems. A number of pathogenic microorganisms have
been recognized as emerging pathogens, either as newly discovered pathogens (e.g.
Campylobacter spp., H. pylori, Legionella spp., Cryptosporidium spp.) or as new
variants of already known species (e.g., enterohaemorrhagic Escherichia coli
O157:H7) (Szewzyk et al. 2000).

Depending on the biological properties and ecology of the microbial pathogens,
the organisms may attach to surfaces as primary colonizers and actively establish
biofilms alone or in combination with other microorganisms, and/or the organisms
may enter pre-existing biofilms and become integrated as secondary colonizers
in these biofilms (Fig. 1). Multiplication in biofilms can be expected for heterotro-
phic bacteria, free-living protozoa and fungi which adapt to the oligotrophic
conditions characteristic of many artificial water systems. Under suitable laboratory
conditions, all relevant water-related pathogenic bacterial species have actually
been shown to be able to adhere to solid surfaces and/or to form monospecies
biofilms, indicating their potential as biofilm organisms. However, enteric viruses
and parasitic protozoa are obligate parasites and dependent on multiplication in
animal or human hosts. Thus, these organisms can only be expected to attach to and
persist in biofilms without being able to proliferate.

Traditionally, pathogenic bacteria in water are analyzed by cultural methods.
However, pathogenic bacteria may enter a viable but non-culturable (VBNC) state.
Bacteria in the VBNC state cannot grow on conventional microbiological media on
which they would normally grow and develop into colonies, but are still alive and
are characterized by low levels of metabolic activity (Oliver 2010). The conversion
to the VBNC state is supposed to be a response to adverse environmental conditions
such as lack of nutrients, unfavourable water temperature, the presence of
disinfectants or toxic metal ions such as copper. VBNC bacteria can become
culturable again upon resuscitation under favourable conditions. Oliver (2010)
provided a list of pathogens known to enter the VBNC state, in which all relevant
water-associated bacterial pathogens are included. Investigations of the VBNC
state are usually performed using planktonic cells, so it is largely unknown whether
the VBNC state can also be induced in biofilm environments. To circumvent the
shortcomings of non-culturability of biofilm organisms, culture-independent
methods are increasingly used to characterize the composition and diversity of
microbial biofilm communities, and to identify pathogens in biofilms of man-made
water systems. Of relevance are immunological (antibody-based) techniques and
nucleic acid-based methods, which include fluorescence in situ hybridization
(FISH) or peptide nucleic acid FISH (PNA-FISH) with ribosomal RNA as a target
for group- or species-specific fluorescent oligonucleotide probes, and polymerase
chain reaction (PCR) targeted at specific DNA sequences, alone or in combination
with denaturant gradient gel electrophoresis, cloning and sequencing of 16S rRNA
genes. The use of fluorescently labelled antibodies or 16S rRNA probes in combi-
nation with microscopic techniques (scanning confocal laser microscopy, episcopic
differential interference contrast microscopy) allow the in situ visualization of
pathogens in biofilms (Keevil 2003). In Table 1, hygienically relevant bacterial
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Table 1 Hygienically relevant bacteria that were detected in drinking water biofilms by
culture-independent methods

Organism Type of drinking Culture- References
water biofilm independent
method
Campylobacter jejuni  Experimental flow- FISH Buswell et al. (1998),
through system Lehtola et al. (2006a)
Campylobacter coli Experimental flow- PCR-based Hummel and Feuerpfeil (2003)
through system method
Faecal streptococci Real distribution PCR-based Schwartz et al. (1998a)
system method
Escherichia coli Real distribution PNA-FISH Juhna et al. (2007), Williams
system, experimental and Braun-Howland (2003)
flow-through system
Helicobacter pylori Real distribution PNA-FISH Braganca et al. (2005)
system, plumbing PCR-based Park et al. (2001), Watson et al.
system method (2004)
Experimental flow- PNA-FISH Azevedo et al. (2003)
through system PCR-based Mackay et al. (1999), Exner and
method Rechenburg (2003)
Legionella Experimental flow- FISH Storey et al. (2004a), Langmark
pneumophila through system et al. (2005b), Moritz et al.
(2010)
PNA-FISH Lehtola et al. (2007)
Real distribution PCR-based Waullings et al. (2011)
system method
Mycobacterium avium Experimental flow- PNA-FISH Lehtola et al. (2007)
through system
Pseudomonas Experimental flow- FISH Moritz et al. (2010)
aeruginosa through system

species are listed that were shown to be present in real or experimental drinking
water biofilms, using culture-independent methods (Table 1). Significantly higher
cell numbers of pathogens over longer times were frequently detected by culture-
independent methods compared to colony counts determined on culture media as
has, for example, been shown for Camplyobacter jejuni (Buswell et al. 1998),
Legionella pneumophila (Lehtola et al. 2007) and Pseudomonas aeruginosa
(Moritz et al. 2010). These observations indicate that at least part of the populations
of bacterial pathogens may persist in a VBNC state in drinking water biofilms,
although this biofilm-associated non-culturable state and the potential of resuscita-
tion of these bacteria have not yet been characterized in detail. From a health
perspective, the detection of pathogens in the VBNC state is important, since they
can retain their virulence and are able to initiate infection when they revert to the
culturable state under favourable environmental conditions (Oliver 2010), thus
representing an infectious potential when present in biofilms of man-made water
systems.

Different approaches have been used to study pathogens in biofilms of man-made
water systems. A limited number of field studies have investigated the presence of
pathogens directly in biofilms of pipes and other parts of real distribution systems in
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regular operation. A more commonly used strategy for an efficient monitoring of
biofilm formation and pathogen occurrence in real systems is the installation of
biofilm-forming devices as a by-pass or directly connected to a water distribution
system. This allows more easy sampling of coupons for microbiological procedures
compared to the investigation of pipe section whose removal from water systems is
rather complex. Another common approach for the study of water-related pathogens
in biofilms is the use of laboratory biofilm reactors operated as continuous flow-
through systems or occasionally under batch conditions. These experimental
systems permit the investigation of pure culture or mixed-population biofilms
under controlled conditions, and have often been employed to study the integration
and the fate of pathogens in established biofilms, the influence of physical and
chemical factors on these processes, the interaction of pathogens with other biofilm
organisms and the protection of pathogens in biofilms from disinfectants. An
overview of literature data relating to the incorporation and persistence of hygieni-
cally relevant microorganisms in biofilms of man-made water systems obtained on
the basis of seeding experiments is given in Table 2.

3.1 Bacterial Pathogens of Faecal Origin

Important waterborne bacterial pathogens, which can infect the gastrointestinal
tract of humans or warm-blooded animals and are excreted with the faeces
into the environment include Salmonella enterica (e.g. serovar Typhi and
Typhimurium), Shigella spp., Vibrio cholerae, pathogenic E. coli variants
(e.g. enterotoxigenic E. coli, enterohaemorrhagic E. coli O157:H7), Yersinia
enterocolitica, Campylobacter spp. and Helicobacter pylori. These pathogens
have in common that they are transmitted by ingestion of faecally contaminated
water, are involved in enteric infections and can cause gastrointestinal (diarrhoeal)
diseases.

3.1.1 Salmonella and Shigella

S. enterica serovars, Shigella spp. and V. cholerae are obligate pathogens, which
have been known since the nineteenth century to be involved in waterborne
epidemics worldwide. Field observations suggest that these pathogens are not
normally present in biofilms of properly maintained municipal drinking water
networks. Thus, neither S. enterica nor Shigella spp. were detected culturally in
biofilms of galvanized iron pipes in a pilot system at the periphery of the Seoul
(Korea) (Lee and Kim 2003) or in biofilms from various South African DWDS
(September et al. 2007). In biofilms of the drinking water network within the
Stockholm area (Sweden), salmonellae and other enterobacteria were not detected
by FISH (Langmark et al. 2005a). However, seeding experiments suggest that
members of these pathogens have the potential to survive in biofilms of distribution
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system (Table 2). Thus, the integration and survival of S. enterica serovar
Typhimurium in drinking water biofilms for at least 43 days have been reported;
at 36°C, even multiplication of these bacteria was observed (Armon et al. 1997).
In annular reactors initially seeded with pure cultures of S. enterica serovar
Typhimurium, and then continuously challenged with heterotrophic drinking
water microorganisms at 20°C, the target bacteria were detectable in the biofilms
until the end of the 60-day experiment, in the absence and presence of low levels of
chlorine (0.05 and 0.2 mg/L) (Camper et al. 1998). S. enterica is also able to form
biofilms in pure culture (Bridier et al. 2010). In a laboratory reactor, the bacteria
formed substantial biofilms on polyvinyl chloride (PVC) pipe surfaces in a low-
nutrient medium at 22°C within 24 h (Jones and Bradshaw 1996).

Filter media used for water treatment are usually covered by biofilms composed
of heterotrophic water bacteria. In laboratory experiments, S. enterica serovar
Typhimurium and Shigella sonnei have been shown to attach to granular activated
carbon (GAC) particles from an operating water treatment plant, which were
colonized by HPC bacteria (LeChevallier et al. 1984). After attachment, these
bacteria survived in the biofilms in the presence of 2 mg/L of chlorine for 60 min
with only small decreases in culturable numbers, while planktonic bacteria were
undetectable after 5 min of contact. In another laboratory study, S. enterica serovar
Typhimurium readily colonized sterile GAC in pure culture and maintained
populations of ca. 10°~10" cfu/g for 14 days (Camper et al. 1985). When added
to a GAC column that had been pre-colonized with HPC bacteria by circulating
river water through the system at 20°C-22°C for at least 2 weeks, the bacteria
also attached to the biofilms, but at a lower level, and subsequently decre-
ased over 8 days to undetectable levels. These observations indicate that bio-
films in filters of water treatment plants may be a temporary reservoir for enteric
bacterial pathogens, which can be released from filter beds and then enter water
distribution systems.

Taken together, at least S. enterica serovar Typhimurium can survive for
prolonged periods, and perhaps even multiply under favourable conditions in
mixed-population drinking water biofilms either as a primary colonizer or after
integration in pre-existing biofilms. It remains to be investigated whether other
salmonellae, Shigella spp. and V. cholerae are also capable to survive in biofilms of
water distribution systems.

3.1.2 Yersinia enterocolitica

Y. enterocolitica is considered a relevant waterborne pathogen transmitted through
ingestion of faecally contaminated water (WHO 2008). In a study of German
DWDS, this organism was not detected by culture or PCR-based methods in
established biofilms in 18 pipe sections (2-99 years old) and from biofilm reactors
with stainless steel, copper, PVC and polyethylene (PE) coupons exposed to
unchlorinated drinking water for 24 months (Hummel and Feuerpfeil 2003). How-
ever, seeding experiments showed that Y. enterocolitica persisted in a culturable
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form in drinking water biofilms for 14 days after inoculation with declining
numbers (Hummel and Feuerpfeil 2003). Camper et al. (1985) found that
Y. enterocolitica was able to attach to biofilms of indigenous water bacteria on
GAC with a subsequent slow decline of the concentrations of culturable bacteria
over 2 weeks after inoculation. These observations indicate that Y. enterocolitica is
not normally present in DWDS biofilms, but in case of contamination events has the
potential to transiently colonize biofilms in filters of water treatment and in water
distribution systems and to persist there without multiplication before the bacteria
are eliminated within days.

3.1.3 Campylobacters

Campylobacter spp. (mainly Campylobacter jejuni and Campylobacter coli) are a
major cause of acute human gastroenteritis worldwide and have been involved in
waterborne epidemics.

Campylobacter spp. were not detected, neither by culture nor by PCR-based
methods, in established biofilms in 18 pipe sections (2-99 years old) from German
drinking water systems and in biofilm reactors with stainless steel, copper, PVC and
PE coupons exposed to unchlorinated drinking water for 24 months (Hummel and
Feuerpfeil 2003). However, laboratory experiments indicate that campylobacters
can form monospecies biofilms (Joshua et al. 2006) and survive after introduction
into pre-established mixed-population biofilms (Table 2). In a two-stage continuous
culture biofilm model system containing an established biofilm of autochthonous
water microflora, different isolates of C. jejuni and C. coli seeded into the system
were found to survive in these biofilms (Buswell et al. 1998). Using FISH with
Campylobacter-specific 16S rRNA probes, it was demonstrated that Campylobac-
ter spp. persisted up to the termination of the experiments after 28 days and 42 days
of incubation at 30 and 4°C, respectively. The survival times determined by culture
were significantly shorter, indicating that the bacteria possibly entered a VBNC
state. In addition, the background autochthonous water microflora of the biofilms
seemed to enhance survival of the pathogen. C. jejuni was associated with the
bacterial microcolonies of the biofilms, suggesting that it was incorporated within
the biofilm matrix (Buswell et al. 1998; Keevil 2002). It was speculated that this
location was probably preferred to obtain metabolites from the biofilm consortium
and also to seek lower oxygen environments favourable for the microaerophilic
physiology of Campylobacter (Keevil 2002). Lehtola et al. (2006a) studied the
survival of C. jejuni after injection in a flow-through reactor (Propella™ reactor)
with 4-week-old drinking water biofilms on PVC coupons. By culture methods,
C. jejuni was detectable for only 1 day, while the bacteria were found for at least 1
week in the biofilms and for 3 weeks in the reactor outlet when using the FISH
technique. In another seeding experiment, C. coli was added to a flow-through
reactor containing 14-day-old drinking water biofilms on paraffin-coated glass
coupons (Hummel and Feuerpfeil 2003). In the biofilms, C. coli was detected
culturally for only 1 h after inoculation, but at the end of the experiment (28 days)
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the bacteria could still be detected by a PCR-based method. These investigations
indicate that drinking water biofilms can be a transient reservoir for Campylobacter
spp. in case of contamination. Culture methods underestimate the real number
of Campylobacter in these biofilms; culture-independent methods may prove to
be useful as additional and more sensitive tools for detection of these pathogenic
organisms, which may survive in a VBNC state in drinking water biofilms, prefer-
entially at lower water temperatures.

3.1.4 Helicobacter pylori

H. pylori is an etiological agent of chronic gastritis, peptic and duodenal ulcer
disease. The exact mode of transmission remains unclear, but the water-associated
faecal-oral route has been suggested as one potential transmission pathway
(Percival and Thomas 2009). So far, no reports have been published on the
successful cultivation of H. pylori from drinking water biofilms. There is evidence
that H. pylori occurs in a VBNC state in drinking water environments. Thus,
culture-independent molecular methods (immunofluorescence techniques, FISH
and PCR-based detection methods) allowed the detection of H. pylori in water
distribution system biofilms. Helicobacter DNA was found in a biofilm of a cast-
iron pipe from a Scottish drinking water distribution system (Park et al. 2001) and
in biofilms of plumbing systems of schools and domestic environments in England
(Watson et al. 2004). In the latter study, a higher detection rate for Helicobacter
DNA was obtained in biofilms (42% of samples) compared to water (26% of
samples). H. pylori DNA was detected by real-time PCR in drinking water biofilms
generated on silicone tube surfaces (Linke et al. 2010). Using FISH, H. pylori was
found on PVC coupons in flow cells placed in a by-pass to a Portuguese drinking
water distribution system (Braganca et al. 2005).

In laboratory experiments, H. pylori formed monospecies biofilms at air-liquid
interfaces (Stark et al. 1999; Cole et al. 2004), and on the inner surfaces of silicone
tubes, where the bacteria developed cell shapes typical of the VBNC state of
H. pylori within 2-3 weeks (Linke et al. 2010). H. pylori rapidly colonized
plumbing materials including stainless steel, PVC, polypropylene (PP) and copper,
reaching steady state after 96 h (Azevedo et al. 2006a). High shear stress negatively
influenced the adhesion of H. pylori to stainless steel and PP, while temperature
(4, 23 and 37°C) and inoculation concentration appeared to have no influence on
adhesion (Azevedo et al. 2006b). Thus, sites in water systems with low shear stress
and high residence time such as well surfaces and water storage reservoirs may
promote the attachment of H. pylori to solid surfaces and an association with
biofilms (Azevedo et al. 2006b). The integration of H. pylori in pre-existing
biofilms was described in some studies (Table 2). The bacteria bound to established
drinking-water biofilms grown on stainless steel where they persisted for up to
8 days after inoculation (Mackay et al. 1999; Azevedo et al. 2003). Seeding
experiments in a flow-through reactor demonstrated the persistence of H. pylori
in low numbers in established drinking water biofilms on paraffin-coated glass
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slides and on PE coupons for 14 days (end of the experiment) after inoculation
(Exner and Rechenburg 2003), indicating the capability of these bacteria to attach
to existing biofilms and persist in this environment for days without multiplication.
Both field investigations and laboratory seeding experiments indicate that H. pylori
can integrate and survive, possibly in a VBNC state, in drinking water biofilms for
extended periods of time, supporting a potential waterborne route of transmission
for this pathogen.

3.2 Faecal Index and Indicator Organisms

Important index/indicator organisms include coliform bacteria (total coliforms,
E. coli) and faecal streptococci/enterococci (Payment et al. 2003). According to
the WHO (2008), E. coli is the parameter of choice for monitoring drinking water
quality. Coliforms other than E. coli may also indicate the presence of faecal
pollution, but they could also originate from a non-faecal source. However, their
presence indicates an undesirable contamination of water systems due to treatment
deficiencies or lack of water system integrity. Enterococci are used as an additional
parameter of faecal pollution. Long-term survival and regrowth of the index/
indicator bacteria in biofilms may contribute to the contamination of water distri-
bution systems by these organisms in the absence of known contamination events
(LeChevallier et al. 1987). From a public health perspective, this phenomenon is of
importance since contamination of drinking water with coliforms from biofilms in
distribution systems can interfere with their function to indicate faecal or other
undesirable exogenous contaminations and mask true failures in water treatment
and maintenance of the network. In addition, some index/indicator organisms can
also be relevant as pathogens in water-related diseases.

3.2.1 Escherichia coli

E. coli is a harmless and common inhabitant of the human intestinal tract, but some
variants of E. coli are obligate pathogens such as enterotoxigenic and enterohae-
morrhagic E. coli, which have been involved in waterborne outbreaks. E. coli was
not found in biofilms of DWDS in Germany (Wingender and Flemming 2004) and
Sweden (Langmark et al. 2005a) using cultural detection methods. In contrast,
Juhna et al. (2007) detected E. coli culturally in the biofilm of one of five cast iron
pipes that had been removed from DWDS in France, England, Latvia and Portugal;
all pipes were E. coli positive when analyzed by PNA-FISH. In the same study,
E coli was detected by PNA-FISH on 56% of cast iron, PVC and stainless steel
coupons exposed to drinking water distribution networks in France and Latvia for
1-6 months. The approximate bacterial numbers at several sites were in the range
of 200-500 cells/cm”. The E. coli cells were demonstrated to be viable based on
their capability of cell elongation after resuscitation in low-nutrient medium
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supplemented with the DNA gyrase inhibitor pipemidic acid, suggesting that the
bacteria were present in the biofilms in a metabolically active, but unculturable
state. The E. coli cells were observed as single cells and not in microcolonies
supporting the general assumption that these bacteria are most likely not
multiplying in drinking water environments (Juhna et al. 2007). On the occasion
of a coliform occurrence in a drinking water distribution system in New Jersey,
USA, biofilms on different surfaces were examined; among the coliforms isolated,
E. coli was identified on iron tubercles (LeChevallier et al. 1987). In these field
investigations, the sources of contamination were not known, but the observations
indicate the possibility of a sporadic appearance of viable E. coli in DWDS
biofilms, which is expected to occur following an ingress of faecally polluted
water into the distribution system.

E. coli is capable to form monospecies biofilms independent of the strain (Bridier
et al. 2010), and under low-nutrient and low-temperature conditions relevant to
drinking water systems (Jones and Bradshaw 1996), but can also become
incorporated into established drinking water biofilms of autochthonous water bac-
teria. In a flow-through biofilm reactor which was used to simulate biofilm forma-
tion in pipes, E. coli was shown to attach to chlorinated PVC pipe surfaces under
laminar flow conditions in a low-nutrient medium at an average temperature of 22°C
(Jones and Bradshaw 1996). The bacteria formed a substantial biofilm population of
more than 10° cells/cm? within 24 h with concomitant exopolysaccharide produc-
tion which was maximal after 4 days.

A number of studies demonstrated that E. coli can colonize mixed-population
biofilms both on filters used for water treatment and on materials used in DWDS
and domestic plumbing (Table 2). When added to a GAC column that had been pre-
colonized with HPC bacteria by circulating river water through the system for at
least 2 weeks, E. coli attached to the biofilm, and subsequently decreased slowly in
numbers over 14 days to culturally undetectable levels (Camper et al. 1985). The
fate of E. coli labelled with green fluorescent protein (GFP) was investigated after
introduction of the cells into a biofilter with glass beads as a filter medium on which
a steady-state biofilm of a microbial community from a coal/sand filter from a full-
scale water treatment plant had been established (Silva et al. 2006; Li et al. 2006).
E. coli cells were able to survive inside the filter biofilm matrix for a prolonged
period after the contamination event; cells were mainly present as microcolonies
intertwined with other biofilm components. A practical implication of the location
of E. coli microcolonies in deeper parts of biofilms in water filtration systems may
be protection from disinfectants such as chlorine applied during the backwash
process (Li et al. 2006).

Banning et al. (2003) reported the incorporation of GFP-labelled E. coli into
biofilms formed by indigenous groundwater microorganisms in a flow-through
laboratory-scale reactor. The numbers of E. coli increased over the first 3 days
and subsequently declined over 15 days, probably due to death and/or detachment
processes. The interaction with the biofilms seemed to slow the washout effect.
Removal of attached E. coli was slower with low-nutrient groundwater flow-
through compared with high-nutrient treated effluent, suggesting that an increase
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in available nutrients may reduce E. coli survival potential due to enhanced
competition for nutrients and/or enhanced antagonism by the indigenous microbial
biofilm populations (Banning et al. 2003). Using a chemostat model of a drinking
water distribution system fed with tap water, Robinson et al. (1995) found that an
environmental strain of E. coli became established in biofilms of naturally occur-
ring drinking-water bacteria and was present in these biofilms as microcolonies for
the duration of the experiments (13 days). Using lacZ and luxAB as reporter genes,
these microcolonies were found to reside in deeper parts of the biofilms where an
anaerobic environment existed. The fate of experimentally injected E. coli strains
was investigated in a drinking water pilot system whose surfaces were largely
colonized by autochthonous bacteria in several weeks old biofilms at quasi-steady
state (Fass et al. 1996). The bacteria rapidly attached to the surfaces; during the first
days the number of E. coli decreased more quickly than the theoretical washout, but
subsequently the number of the bacteria slowly increased. During 7 days at 20°C,
only a small fraction of the injected bacteria (0.001%) was able to adapt and start to
grow. The data indicated that the laboratory and environmental E. coli strains used
were able to grow at 20°C in the biofilms of the drinking water pilot system, but
growth was insufficient to sustain the presence of E. coli in this system. A similar
observation was reported by Sibille et al. (1998) when E. coli was added to an
experimental distribution system, which was free of protozoa. In the presence of
protozoa, there was an enhanced elimination of E. coli, indicating that removal of
E. coli from biofilms can be accelerated by the grazing activitiy of protozoa.
Williams and Braun-Howland (2003) observed that environmental E. coli
inoculated into 2-week-old drinking water biofilms survived for at least 10 days.
Using FISH, the cells were shown to maintain detectable amounts of rRNA
indicating their metabolically active state within the biofilms where they were
protected from exposure to high levels of chlorine and monochloramine and
remained still viable.

There are also indications that pathogenic E. coli strains can persist in biofilms of
water systems. Enterotoxigenic E. coli was shown to colonize both sterile GAC
particles and GAC which had been precolonized by HPC bacteria (Camper et al.
1985). Szewzyk et al. (1994) demonstrated that when added to a fixed bed continu-
ous flow reactor colonized by a heterotrophic bacterium, a pathogenic E. coli strain
was able to grow in the biofilm and subsequently re-enter the free water phase.
Individual cells as well as microcolonies of E. coli were observed in the biofilm.
After injection of enterohaemorrhagic E. coli O157:H7 into a reactor with glass
beads pre-colonized with drinking water biofilms for 2 or 3 weeks, significantly
more bacteria were retained compared to uncolonized reactors and washout of cells
was prolonged (Baumann et al. 2009). In another study E. coli O157 was shown to
colonize drinking water biofilms and persist there for several weeks at low
temperatures (10°C and 20°C) (Keevil 2002). Higher numbers were detected in
biofilms on polybutylene compared to copper and stainless steel, indicating that the
type of plumbing material may influence E. coli persistence in biofilms. In accord
with this observation, Yu et al. (2010) also reported that colonization of drinking
water biofilms by E. coli was dependent on pipe material. In a static test system,
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biofilm formation in drinking water inoculated with E. coli was followed at 25°C
over 90 days. After this period, the concentrations of culturable E. coli in the
biofilms were different on the materials in the order of copper < chlorinated PVC
< PE < polybutylene < stainless steel < steel coated with zinc.

As a conclusion, it can be expected that faecal contamination of drinking water
systems may lead to colonization of biofilms by E. coli in a transient manner. The
potential of limited persistence and growth of E. coli in water network biofilms
usually does not call into question the correlation between the presence of this
species and its indication of faecal contamination. However, the growth of E. coli in
biofilms and its later release and detection in the water phase may interfere with the
diagnosis of when the contamination started. Recently, growth experiments showed
that E. coli released mechanically from monospecies biofilms by ultrasonication
revealed a relatively short lag time before initiating multiplication that was the
same as the lag time of suspended exponential cells and significantly less than
suspended stationary cells (Caubet et al. 2006). Practical implications are that
E. coli cells mechanically mobilized from biofilms, for example by hydrodynamic
forces, which may be applied in cleaning procedures can be an important source of
contamination and display a high potential to rapidly recolonize new environments.

3.2.2 Coliform Bacteria Other than E. coli

Coliforms such as Citrobacter, Enterobacter and Klebsiella species are not only
common inhabitants of the intestinal tract of warm-blooded animals, including
humans, but can also be found in natural environments such as soil, vegetation or
surface waters (Leclerc et al. 2001). A number of field observations indicate that
coliform bacteria other than E. coli are occasionally present in low numbers in
biofilms of DWDS. Coliform bacteria were detected only on one (1 coliform per
cm?) of 20 pipe coupons samples exposed in different DWDS in the USA
(LeChevallier et al. 1987). Different coliform species (e.g., Citrobacter freundii,
Enterobacter agglomerans, Enterobacter sakazakii) were detected in biofilms of
exhumed water distribution pipes in the UK (Sartory and Holmes 1997). Wingender
and Flemming (2004) found coliform bacteria in biofilms from 2 of 18 pipes
removed from German DWDS. Batté et al. (2006) also detected coliforms only in
2 of 57 biofilm samples from cast-iron coupons exposed in French DWDS; E. coli
was not found. Several coliform species were detected in biofilms on galvanized
iron pipes at the periphery of the Seoul water distribution system (Lee and Kim
2003). Enterobacter, Klebsiella and Pantoea were identified in biofilms from
various South African DWDS (September et al. 2007). On the basis of the
microbiological analysis of cast-iron coupons in a French drinking water network,
Gatel et al. (2000) estimated the average number of total coliforms at 0.2 coliforms
per cm? of pipeline surface. Coliforms were often found in soft deposits recovered
from pipelines in Finnish drinking water distribution networks, but not from water
samples (Zacheus et al. 2001). Disturbances such as changes in pressure may
release these deposits containing coliforms into the water; thus, deposits can be



Hygienically Relevant Microorganisms in Biofilms of Man-Made Water Systems 207

regarded as a source and reservoir for coliforms and possibly other hygienically
relevant microorganisms. LeChevallier et al. (1987) reported high densities (>160
bacteria per g) of coliform organisms (C. freundii, E. agglomerans and even E. coli)
associated with iron tubercles in a distribution system with long-term coliform
problems within the drinking water network, while treatment plant effluents were
negative for coliform bacteria.

In the context of coliform episodes, biofilms on rubber-coated valves in different
German DWDS were identified as the source and reservoir of coliform bacteria
(Kilb et al. 2003). In 15 of 21 biofilms, coliforms (mainly Citrobacter species) were
detected with levels up to 5 x 10’ organisms per cm”. A possible explanation for
the extensive biofilm formation on rubber-coated valves may be the availability of
utilizable carbon compounds, for example low-molecular-weight additives such as
paraffins used as softeners that leached from the coating material, providing
nutrients at the valve surfaces (Kilb et al. 2003).

Coliform bacteria are able to survive and may multiply in biofilms even under
low-nutrient and low-temperature conditions of distribution systems (LeChevallier
et al. 1987; Camper et al. 1996). The incorporation of coliforms, including
C. freundii, Klebsiella pneumoniae and Klebsiella oxytoca, into pre-existing
mixed-population biofilms grown under drinking-water conditions has been
described by several authors (Robinson et al. 1995; Camper et al. 1996; Packer
et al. 1997; Szabo et al. 2006; Table 2). In laboratory experiments, addition of
coliforms, including Klebsiella spp. and Enterobacter spp., in the presence of
heterotrophic drinking water bacteria to an annular reactor showed that the growth
rate of planktonic coliforms had a long-term impact on their ability to effectively
compete in a mixed-population biofilms (Camper et al. 1996). Coliforms success-
fully colonized the surfaces (mild steel or polycarbonate) and persisted in the
biofilms at densities of 10°~10* cfu/cm? for 8 weeks only when they were previ-
ously adapted to low-nutrient conditions. Szabo et al. (2006) showed that
K. pneumoniae inoculated into a drinking water biofilm on corroded iron surfaces
in an annular reactor systems persisted longer (16 days) in the biofilms when the
cells were pre-cultured in a low-nutrient environment compared to bacteria that
were grown in a nutrient-rich medium (persistence for 7 days). These observations
indicate that slowly growing coliforms from environmental sources are more likely
to colonize surfaces and form biofilms in water systems under oligotrophic
conditions compared to bacteria which are adapted to elevated nutrient levels.

Coliforms are also able to form biofilms as primary colonizers without the
presence of an autochthonous sessile microflora. For example, using a laboratory
reactor for simulation of biofilm formation in water pipes, Jones and Bradshaw
(1996) demonstrated the ability of K. pneumoniae to form a dense and metaboli-
cally active single-species biofilm on chlorinated PVC pipe surfaces. In reactor
experiments, clean coupon surfaces introduced into a reactor with already
contained pre-established biofilms with coliforms were also colonized by coliform
bacteria, suggesting that in practice, shedding of coliforms from a biofilm may
result in the colonization of surfaces further downstream in a water system
(Camper et al. 1996).
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In laboratory experiments, it was found that K. pneumoniae biofilms were 150
times more resistant to chlorine than were unattached cells (LeChevallier et al.
1988). Keevil et al. (1990) reported that coliform bacteria in a biofilm survived
prolonged exposure to 12 mg/L of free chlorine. K. pneumoniae persisted in
drinking water biofilms on corroded iron coupons in the presence of free chlorine
(0.6-1 mg/L) due to ineffective transport of the disinfectant to the surface, and
increase in pH value at the iron surface decreasing the potency of chlorine (Szabo
et al. 2006).

A recently published manual of the American Water Works Association states
that under some relatively specific conditions, a water utility using surface water
sources for drinking water production may experience coliform biofilm problems,
which are characterized by the inability to maintain a disinfectant residual greater
than 0.2 mg/L, relatively high levels of assimilable organic carbon (>100 pg/L) and
TOC (>2 mg/L), warm water temperatures (>15°C), a significant percentage of
iron pipe in service for more than 75 years and lack of a regular flushing program
for dead-end areas (Fox and Reasoner 2006).

In biofilms of man-made water systems with elevated water temperatures and
sufficient nutrient levels, coliform bacteria can be found in high numbers as, for
example, in water circulation systems of paper machines, where coliforms have
been reported to occur at a concentration of 2 x 10° cfu/g dry weight of biofilm
mass (Gauthier and Archibald 2001). Coliform bacteria seem to be common in
submerged and unsubmerged slimes on surfaces in paper mills (Ratto et al. 2006).
A characteristic property seems to be their ability to produce significant amounts of
exopolysaccharides (e.g. colanic acid), which may be involved in biofilm forma-
tion. In these environments, the index and indicator function of coliform bacteria is
invalid, since they represent a natural habitat for coliform growth and are not
necessarily related to faecal or other pollution.

In conclusion, field and laboratory observations demonstrate that coliforms have
the potential to form biofilms, become incorporated into biofilms and can multiply
within biofilms, although a permanent colonization of biofilms does not occur.
Increased tolerance to disinfectants of coliforms in biofilms in combination with
chlorine-neutralizing environments can be contributing factors in the persistence of
these bacteria in water systems. Biofilms at specific, discrete locations within a
distribution system can then act as point sources of water contamination.

3.2.3 Faecal Streptococci/Enterococci

Biofilms in artificial water systems have only rarely been analyzed for faecal
streptococci/enterococci. Using a PCR-based method, faecal streptococci were
occasionally detected on coupons (PE, PVC) exposed in a German waterworks
treating bank-filtered raw water and in the corresponding DWDS (Schwartz et al.
1998a). Similarly, Enterococcus spp. was only sporadically cultured from biofilms
on galvanized iron pipes at the periphery of the Seoul water distribution system
(Lee and Kim 2003). In these studies, the enterococci were not identified to the
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species level, so it was not clear whether the bacteria belonged to intestinal
enterococci of faecal origin or were members of environmental species. In other
studies of French, German and Swedish water systems, enterococci were not
detected in biofilms of DWDS (Emtiazi et al. 2004; Langmark et al. 2005a; Batté
et al. 2006). Based on these data, it can be concluded that, similar to E. coli,
intestinal enterococci are usually not present in biofilms of DWDS in regular
operation. Under laboratory conditions, E. faecalis is capable of forming
monospecies biofilms (Kristich et al. 2004; Bridier et al. 2010). This may be an
indication that enterococci can be primary colonizers of surfaces. However, it is
still unknown whether enterococci have the potential of colonizing surfaces under
conditions typical of artificial water systems and whether they can become
integrated into established mixed-population biofilms of water systems in case of
a contamination event.

3.3 Environmental Biofilm Bacteria with Pathogenic Properties

A number of opportunistic bacterial pathogens naturally occur in aquatic and soil
environments and are able to persist and grow in biofilms of man-made water
systems. These bacteria include Acinetobacter calcoaceticus, Aeromonas spp.,
some coliforms (e.g. Citrobacter spp., Enterobacter spp., K. pneumoniae),
Legionella spp., Mycobacterium spp. and Pseudomonas aeruginosa. Clinically
relevant strains of these organisms display relatively high infective doses
(106—108) for healthy individuals and are mostly harmless for them (Rusin et al.
1997). However, these organisms are especially critical for the increasing propor-
tion of sensitive human populations such as infants, the very elderly, hospitalized
individuals, immunocompromised persons and those with other underlying diseases
and under medical treatment, which can be highly susceptible to infection by these
bacteria. Depending on the organism, the route of transmission leading to a water-
related disease is ingestion, inhalation of aerosols or exposure to skin (e.g. through
wounds), ears and eyes. At present, Legionella pneumophila and some other
Legionella species, Pseudomonas aeruginosa and non-tuberculous mycobacteria
are regarded as the most relevant opportunistic bacterial pathogens linked to water-
related diseases.

3.3.1 Legionella pneumophila and Other Legionellae

Bacteria of the genus Legionella are ubiquitous in natural and technical aquatic
environments. Important sources of infection are sites where aerosols are generated
such as cooling towers, evaporative condensers, whirlpools and water outlets
such as showerheads or taps. The main transmission pathway is inhalation of
contaminated aerosols, which can cause severe pneumonia (Legionnaires’ disease)
or the mild flu-like disease of Pontiac fever. More than 50 Legionella species are
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known to date, and about half of them are associated with disease in humans, with
L. pneumophila as the clinically most important organism. Accordingly, the vast
majority of studies relating to the interaction of legionellae with water biofilms is
focused on this species (for review, see Taylor et al. 2009).

Legionellae are found in biofilms on all types of surfaces of water abstraction,
treatment, distribution and storage within DWDS. They were identified in biofilms
in production wells (Riffard et al. 2001; Pryor et al. 2004), on filter materials (sand
filters, activated carbon filters, swimming pool filters) (Loret and Greub 2010), on
pipe walls of municipal DWDS (Pryor et al. 2004; Wullings et al. 2011), in
plumbing systems of public and private buildings (Bonadonna et al. 2009) and in
sediments and corrosion products of water storage tanks. Especially critical is the
occurrence of legionellae in biofilms of hospital water systems (Walker et al.
1995b; Doleans et al. 2004) and other health-care facilities, where legionellae
present a risk of nosocomial infections. In dental-unit water lines L. pneumophila
were often recovered from tubing biofilms (Barbeau et al. 1998; Mavridou et al.
2006). Legionellae can also occur in biofilms of industrial settings such as cooling
towers of power plants, where they have been found in surface-attached biofilms
and in floating biofilms at the air-liquid interface of water basins (Declerck et al.
2007a).

The inclusion and persistence of naturally occurring L. pneumophila at cold-
water temperatures and multiplication of these bacteria at warm-water temperatures
in biofilms of autochthonous water bacteria have been observed on various plumb-
ing materials including ethylene-propylene, PE-X, unplasticized PVC and copper
(Keevil 2002; Rogers et al. 1994a, b; van der Kooij et al. 2002, 2005; Giao et al.
2009). Increased concentrations of L. pneumophila are preferentially found in warm
water systems where the temperature is favourable for multiplication of these
bacteria (25°C—45°C; Wadowsky et al. 1985). In model drinking water biofilms
containing mixed populations of heterotrophic bacteria, L. pneumophila was shown
to be most abundant at 40°C, but was absent from biofilms at 60°C (Rogers et al.
1994a). Under cold water conditions, L. pneumophila and other legionellae can also
survive in biofilms. Thus, the persistence of L. pneumophila in drinking water
biofilms has been observed in the temperature range of 5.0°C-8.5°C (Langmark
et al. 2005b) and 15°C-20°C for several weeks (Gido et al. 2009; Lehtola et al.
2007; Moritz et al. 2010; Rogers et al. 1994a). Legionella spp. have been described
to proliferate in biofilms of PVC pipes from unchlorinated water supplies at
temperatures below 18°C (Wullings et al. 2011).

Biofilms in man-made water systems often harbour multiple Legionella species
either in the absence or in the presence of L. pneumophila. Thus, only non-
pneumophila Legionella were detected in 3-week-old biofilms on different
materials (PE, PVC, steel) installed in a waterworks and at house branch
connections within a distribution network (Schwartz et al. 1998a). Pryor et al.
(2004) also detected Legionella species other than L. pneumophila in biofilms of
production wells (23°C-25°C) and in a chlorinated municipal drinking water
system (21°C-31°C during the year). L. pneumophila and other Legionella species
were identified by FISH and fluorescent-antibody staining in 2-week-old biofilms
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composed of drinking water-derived populations in a flow-through reactor system,
where they were present before and after treatment with recommended levels of
disinfectants (hypochlorous acid, monochloramine) (Williams and Braun-Howland
2003). Analysis with quantitative PCR of biofilms on PVC pipes from the DWDS of
two different Dutch groundwater supplies resulted in the detection of a large variety
of Legionella spp. in 14 out of 15 biofilm samples (Wullings et al. 2011).
L. pneumophila was observed in part of these biofilms. Culturable legionellae
were not detected in any of the biofilm samples. Using real-time PCR, both
L. pneumophila and Legionella spp. have been detected in biofilms of cooling
tower water basins (Declerck et al. 2007a).

Seeding experiments indicate that L. pneumophila becomes incorporated into
biofilms and can survive or multiply within biofilms, depending on the environ-
mental conditions (Table 2). Armon et al. (1997) found that L. pneumophila
survived in biofilms of heterotrophic drinking water bacteria for more than
40 days at 24°C and 36°C. At lower water temperatures of 5.0°C-8.5°C, addition
of L. pneumophila to 8-week-old drinking water biofilms on glass coupons in a
pilot-scale water distribution system provided with chlorinated or UV-treated and
chloraminated water also resulted in the persistence of these bacteria over the
experimental period of 38 days (Langmark et al. 2005b). The concentration of
L. pneumophila determined by a standard culture method declined over the obser-
vation period and often represented a small fraction of the cell numbers that were
enumerated by FISH; despite the absence of culturable legionellae at the end of the
experimental period, FISH-positive cells were still detected. In another study,
L. pneumophila inoculated into reactors containing 1-month-old drinking water
biofilms on PVC coupons was shown to persist in the biofilms under high-shear
turbulent flow at 15°C for at least 4 weeks and could also be found in the water
during this period (Lehtola et al. 2007). There was only a slow decrease in the
numbers of the legionellae determined by culture methods and FISH. Similarly, in a
flow-through reactor system with cold tap water (mean temperature 18.8°C), Moritz
et al. (2010) observed the persistence of L. pneumophila for 28 days after inocula-
tion of drinking water biofilms on various plumbing materials (ethylene propylene
diene monomer (EPDM) rubber, PE-X and copper) with concentrations of FISH-
positive cells sometimes several orders of magnitude higher than those of culturable
cells. Thus, culturable legionellae seemed to represent only a small fraction of
FISH-positive cells indicating loss of culturability in the biofilm mode of existence
and the possibility of an underestimation of the incidence of legionellae determined
by culture methods. These observations suggest that L. pneumophila possibly enters
a VBNC state in drinking water biofilms, at least under cold water conditions,
which do not allow multiplication of the bacteria.

In a model cooling water system, L. pneumophila persisted in biofilms of
heterotrophic bacteria on different metal and plastic materials at 29°C for the
experimental period of 180 days without any decline in the concentrations of
culturable bacteria after inoculation of the recirculating water system (Tlretgen
and Cotuk 2007). The highest concentrations of approximately 10* cfu/cm? were
observed on galvanized steel, one log unit lower amounts were detected on copper,
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stainless steel, PVC, PP and PE. These results demonstrate the potential of
L. pneumophila to persist in biofilms of industrial cooling towers associated with
air conditioning and industrial processes independent of the materials used in these
systems.

Legionella colonization of biofilms in man-made water systems seems to be
dependent on or at least supported by the presence of other heterotrophic
organisms, which establish the biofilms and thus, provide the habitat for Legionella
colonization and allow interactions between legionellae and other biofilm
inhabitants to occur (Taylor et al. 2009). An important mechanism of
L. pneumophila growth in aquatic biofilms seems to be their interaction with
protozoa and their replication within protozoan hosts (Lau and Ashbolt 2009).
For example, intracellular occurrence of Legionella in amoebae within biofilms
has been demonstrated in situ in domestic cold water plumbing systems (Kalmbach
et al. 1997). In a number of studies, replication of L. pneumophila within surface-
attached and floating biofilms of heterotrophic bacteria grown under static
conditions or in flow-through systems was only observed in the presence of
amoebae such as Hartmannella vermiformis (Murga et al. 2001; Kuiper et al.
2004) or Acanthamoeba castellanii at 35°C (Declerck et al. 2007b). In a quantita-
tive risk assessment for distributed drinking water, experiments showed that the
interaction of L. pneumophila with thermophilic acanthamoebae and their accumu-
lation within biofilms resulted in an increased resistance to thermal and chlorine
disinfection (Storey et al. 2004b). In combination with detachment from biofilms,
these interactions were important ecological factors that significantly increased the
risk of legionellosis presented to the general human population.

However, a number of studies suggest that L. pneumophila can exist extracellu-
larly within biofilms in the absence of protozoa. Legionellae have been reported to
occur as distinct microcolonies within the stacks of a heterogeneous drinking water
biofilm grown at 40°C without any evidence of amoebae (Rogers and Keevil 1992;
Keevil 2002). Murga et al. (2001) found that L. pneumophila persisted in the
biofilm matrix as single viable cells, which were unable to replicate in the absence
of amoebae and without any evidence of microcolony formation.

The integration of L. pneumophila in biofilms can also be influenced by the types
of bacterial species present in the biofilm community. In continuous flow chamber
experiments, attachment of L. pneumophila to 2-day-old monospecies biofilms and
persistence within these biofilms for up to 14 day was found in biofilms of
Empedobacter breve, Microbacterium sp., and to a lesser extent Acinetobacter
baumanii, while no attachment to P. aeruginosa, Pseudomonas putida, Corynebac-
terium glutamicum, or K. pneumoniae biofilms was observed (Mampel et al. 2006).

Nutrients for L. pneumophila growth may be supplied by other biofilm bacteria,
which excrete compounds serving as a carbon and energy source for legionellae.
Sediments in water systems can stimulate the growth of aquatic microflora, which
in turn can stimulate growth of L. pneumophila (Stout et al. 1985). Recently, it was
reported that L. pneumophila can grow on heat-killed bacterial and amoebal cells,
and heat-treated biofilms (nectotrophic growth) indicating that dead biomass still
attached to surfaces may be a nutrient source for L. pneumophila (Temmerman
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et al. 2006). Growth yields were lower compared to replication within amoeba
suggesting that the major route of replication is by means of protozoa, and
nectrotrophy is an alternative or supplemental mode of Legionella growth. Practical
implications are that remedial action against Legionella must be targeted not only to
kill the bacteria and protozoa in the biofilms, but also to clean the surfaces of water
systems with the aim to remove dead biomass. Thus, the colonization of biofilms by
L. pneumophila can be favoured by interactions with certain environmental bacteria
pre-existing in the biofilms. However, antagonistic relationships may also occur;
for example, certain heterotrophic bacteria such as Pseudomonas fluorescens,
P. aeruginosa, A. hydrophila, Burkholderia cepacia and Stenotrophomonas
maltophilia have been shown to interfere with the survival and persistence of
L. pneumophila in biofilms through the production of bacteriocin-like substances
(Guerrieri et al. 2008).

In natural environments and man-made water systems, L. pneumophila is sup-
posed to be mainly a secondary colonizer of pre-existing biofilms. However, recent
laboratory experiments demonstrated that under static conditions, L. pneumophila
and 37 other non-L. pneumophila species were able to form monospecies biofilms
on glass, polystyrene and polypropylene and at air-liquid interfaces in nutrient-rich
media (Piao et al. 2006; Mampel et al. 2006; Konishi et al. 2006). L. pneumophila
showed the strongest biofilm formation. At 25°C and 35°C, the biofilm cells were
rod shaped, while at 37°C and 42°C, biofilms of L. pneumophila were mycelial mat-
like and were composed of filamentous multinucelate cells. The filamentous form
seems to allow the bacteria to multiply more rapidly in the initial stage of growth
under appropriate nutrient conditions compared to the normal rod-shaped form
(Piao et al. 2006). This may represent a strategy to compete with other environ-
mental bacteria for available nutrients. Mampel et al. (2006) found that surface
colonization by L. pneumophila under static conditions in nutrient-rich medium
seemed to occur only by adhesion; replication did not occur on the surface, but
biofilm formation was due to growth of planktonic bacteria rather than to growth of
sessile bacteria. The relevance of the formation of monospecies L. pneumophila
biofilms in real water distribution systems is still unclear.

In summary, L. pneumophila primarily colonizes pre-existing biofilms in man-
made water systems. L. pneumophila undergoes a life cycle within the biofilms
consisting of the uptake by certain protozoa, transient persistence within the
amoebal trophozoite or cyst, subsequent intracellular proliferation within the
protozoa, lysis of the host cells, release of bacterial cells, survival and possibly
also replication as planktonic cells, recolonization of biofilms and re-infection of
new protozoan host cells (Lau and Ashbolt 2009). The function of the VBNC state
of L. pneumophila in this life cycle is still unclear. On the basis of laboratory
experiments, it is known that the VBNC state can be induced when L. pneumophila
is exposed to chlorine (Dusserre et al. 2008) or when the bacteria are heat-treated
(Allegra et al. 2008), and they can be resuscitated when they undergo a passage
through amoebal host cells (Steinert et al. 1997). Possibly, extracellular
L. pneumophila cells, either in the water or in the biofilms, may undergo the transition
to the VBNC state triggered by adverse environmental factors, which have yet to be
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defined for man-made water systems, and the interactions with protozoa represent an
option for the VBNC cells to resuscitate and regain their virulence.

3.3.2 Pseudomonas aeruginosa

P. aeruginosa is an opportunistic pathogen causing a broad spectrum of local and
systemic illnesses, including infections of the skin, ears and eyes, urinary and
respiratory tract, and sepsis. The main transmission route is by exposure of dam-
aged skin and mucous membranes to contaminated water, and in more rare cases,
the inhalation of P. aeruginosa-containing aerosols. P. aeruginosa is a typical
biofilm organism, and has become one of the best studied model organisms in
biofilm research (McDougald et al. 2008).

In municipal DWDS, P. aeruginosa is not (Wingender and Flemming 2004;
September et al. 2007) or only sporadically found in biofilms on pipe surfaces by
culture methods. For example, it was found in 1 of 12 samplings in a biofilm on
galvanized iron surfaces at a pilot plant connected to the periphery of the drinking
water system in Seoul (Republic of Korea) (Lee and Kim 2003). Similarly,
P. aeruginosa was detected sporadically on steel coupons exposed in a German
drinking water system (Emtiazi et al. 2004), and in 1 of 13 biofilms on rubber-
coated valves exhumed from different German DWDS (Kilb et al. 2003). However,
under certain conditions such as during repair works, installation of new pipelines,
storage of water, and in certain areas such as plumbing systems, tubes in dental unit
water systems P. aeruginosa has been shown to occur with higher frequency and
can persist and multiply in biofilms (Botzenhart and Doring 1993; Barbeau et al.
1998). Especially important is the occurrence of P. aeruginosa in water systems of
hospitals and other health-care facilities where P. aeruginosa can be the cause of
nosocomial disease and outbreaks with biofilms being the source of infection
(Anaissie et al. 2002; Ortolano et al. 2005; Exner et al. 2005). In plumbing systems
of hospitals, contamination with P. aeruginosa has often been observed to be
limited the colonization of water outlets (e.g. taps, showerheads), which were
associated with transmission to patients. A special case was reported where
P. aeruginosa was isolated from microbial slimes, which developed on drinking
water taps exposed to atmospheres contaminated with vapours of volatile organic
liquids such as ethanol (Poynter and Mead 1964); evidence was presented that the
ethanol-utilizing slime bacteria originated from the water supply system. This
observation indicates that volatile substances can act as nutrients for colonization
of water outlets by hygienically relevant bacteria such as P. aeruginosa.

P. aeruginosa has been detected in biofilms on various materials. When four
different materials were exposed to drinking water for 3 months, P. aeruginosa was
identified in biofilms on epoxide, but not on paraffin, bitumen and chlorinated
rubber materials (Dott and Schoenen 1985). P. aeruginosa constituted only 1% of
the bacteria identified, whereas other Pseudomonas species were more abundant.
In a chemostat model of a plumbing system inoculated with sludge from a calorifier,
biofilm formation was studied on the surfaces of different plumbing materials
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(Rogers et al. 1994b). Among the microorganisms identified, P. aeruginosa was
detected after 24 h on PP and PE at concentrations of 1.9 and 260 cfu/cm?,
respectively; after 21 days, P. aeruginosa was only identified on the surface of
mild steel (30 cfu/cm?). Biofilms of P. aeruginosa on the interior surface of PVC
pipes were visualized by scanning electron microscopy; the bacteria were shown to
be embedded in extracellular material (Carr et al. 1996). In addition, P. aeruginosa
has been identified among the organisms of biofilms in corroded copper pipes in
water systems of a hospital (Wagner et al. 1992) and a nuclear power plant (Wallace
et al. 1994). These observations indicate that P. aeruginosa is among the pioneering
organisms developing aquatic biofilms and can persist in mixed-population biofilms
on different materials under conditions relevant to conditions found in artificial
water systems. However, in a culturable form, they usually seem to constitute only a
minor fraction of the biofilm communities.

Seeding experiments show that P. aeruginosa can both colonize new materials
and became incorporated into pre-existing biofilms (Table 2). Inoculation of PVC
pipes with P. aeruginosa suspended in sterile water and incubation for 8 weeks
under water stagnation resulted in the colonization of the interior surface of the
pipes in the form of cell aggregates embedded in extracellular material (Vess et al.
1993). After subsequent exposure of the pipes with water containing 10—15 mg/L
free chlorine for 7 days, P. aeruginosa could be recovered from the water,
indicating bacterial survival in the presence of the relatively high levels of disin-
fectant in the biofilms, which then served as a reservoir for contamination of the
water phase. These results suggest that under conditions of stagnation or slow
flow rate colonization and biofilm formation with EPS production on the inner
surfaces of distribution pipes is promoted and can be a source of continuous water
contamination.

The incorporation of P. aeruginosa into established biofilms has been
investigated in some cases. Banning et al. (2003) reported the incorporation of
GFP-labelled P. aeruginosa into biofilms formed by indigenous groundwater
microorganisms in a flow-through laboratory-scale reactor. With treated effluent
flow-through, the attached bacteria could be detected for at least 40 days and
persisted for longer than the theoretical time for cells to fall below the detection
limits, suggesting that P. aeruginosa was growing under these high-nutrient
conditions. Seeding experiments in a flow-through reactor demonstrated the inte-
gration and persistence of P. aeruginosa at densities of approximately 10% cfu/cm?
in established drinking water biofilms on EPDM coupons for 28 days (Bressler et al.
2009). In a similar laboratory-reactor system, spiking of 14-day-old drinking water
biofilms grown on EPDM and PE-X materials with P. aeruginosa resulted in the
incorporation and persistence of the organisms in the biofilms for up to 29 days (end
of experiments) (Moritz et al. 2010). The numbers of P. aeruginosa determined by
FISH were often several orders of magnitude higher than the concentrations
determined culturally. A decrease of culturable P. aeruginosa occurred over
4 weeks, while the concentration of FISH-positive remained constant. These
observations suggest that P. aeruginosa can enter a VBNC state in drinking water
biofilms.
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In summary, P. aeruginosa represents an opportunistic organism which can act
as a primary colonizer of diverse materials in artificial water systems, and can also
colonize established biofilms. P. aeruginosa may occur in a culturable state in
biofilms on materials, which are commonly employed in DWDS and domestic
plumbing, mostly at relatively low concentrations compared to the general biofilm
microflora. However, P. aeruginosa may also be present in a VBNC state at
significantly higher concentrations suggesting that culture-based methods may
significantly underestimate the actual occurrence of P. aeruginosa in drinking
water biofilms. P. aeruginosa can persist at least for weeks in these biofilms,
which then represent a reservoir for the pathogen. In mature biofilms, culturable
P. aeruginosa usually seems to be only a minor fraction of the microbial biofilm
communities, but proliferation to hygienically relevant levels may occur under
certain conditions such as water stagnation, elevated water temperatures or nutrient
leaching from materials.

3.3.3 Non-tuberculous (Environmental) Mycobacteria

Non-tuberculous mycobacteria (NTM) such as M. avium, M. gordonae, M. kansasii,
M. lentiflavum, M. intracellulare and M. xenopi are gaining importance as opportu-
nistic human pathogens. They can cause various diseases involving the respiratory
and gastrointestinal tract, the skeleton, the skin and soft tissues, and are often
involved in nosocomial infections. NTM are natural inhabitants of aquatic and
terrestrial environments as well as engineered water systems worldwide and as a
consequence of their ubiquitous distribution, humans are ubiquitously surrounded by
these pathogens (Falkinham 2009). Transmission from environmental sources occurs
by ingestion, inhalation and injuries of skin.

Mycobacterial cell surface hydrophobicity due to a lipid-rich outer membrane
is regarded as a major determinant of surface adherence, biofilm formation, aero-
solization as well as disinfectant and antibiotic resistance (Falkinham 2009).
Hydrophobicity-driven surface attachment prevents flushing the cells from water
systems. Water disinfection kills off competing microorganisms, selecting for
NTM. In addition, biofilm formation increases tolerance to disinfectants. These
are factors that likely contributed to the increase in M. avium concentrations in
DWDS with the distance from the treatment plant (Falkinham et al. 2001). NTM are
ubiquitous in biofilms and deposits of water treatment plants, DWDS and domestic
plumbing systems (Schwartz et al. 1998b; Vaerewijck et al. 2005; Tsitko et al.
2006; Thomas et al. 2008; Corsaro et al. 2010). Reported densities are frequently in
the range of 10°~10° cfu/cm? in biofilms and approximately 2—4 x 10° cfu/g dry
weight in loose deposits (for example, Schulze-Robbecke et al. 1992; Falkinham
et al. 2001; Torvinen et al. 2004). Mycobacteria have been recovered from 90% of
50 biofilms samples from water treatment plants and domestic water systems with
densities ranging from 10° to 10* cfu per cm® (Schulze-Rébbecke et al. 1992).
M. kansasii and M. flavescens were detected in concentrations of 2 x 10> cfu/cm?
and 7 x 10* cfu/cm?, respectively, in a 10-month-old biofilm on the inner surface
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of a silicone tube perfused with warm water of 25°C (Schulze-Robbecke and
Fischeder 1989). M. avium, M. intracellulare and other slowly growing
mycobacteria were detected in biofilms recovered from eight DWDS throughout
the USA; M. intracellulare predominated and was found in densities between 1.3
and 2.9 x 10° cfu per cm? (average 600 cfu per cm?; Falkinham et al. 2001). There
were no statistically significant associations between mycobacterial colony counts
in the biofilms and systems characteristics, including residual disinfectant concen-
tration, assimilable organic carbon (AOC), biodegradable dissolved organic carbon
(BDOC), nitrate, phosphate, alkalinity and hardness. September et al. (2004)
reported mycobacterial concentrations up to 4.6 x 10’ cfu per cm? in biofilms of
South African DWDS. In an investigation of 18 drinking water pipes from German
DWDS, Schulze-Robbecke and Ilg (2003) found only low densities of
mycobacteria (maximal number 11 cfu/cm?). However, in the same study higher
mycobacterial levels of 10” to over 10° cfu/cm?” were detected on different materials
exposed for 24 months at a waterworks and within a distribution network. The
colonization was independent of the type of material used (PVC, PE, stainless steel,
copper). Using a PCR-based method, Schwartz et al. (1998b) detected NTM in
3-week-old biofilms on coupons of PE, PVC and steel installed in a waterworks
and distribution system supplied with bank-filtered drinking water. Torvinen et al.
(2004) reported the appearance of mycobacteria in drinking water biofilms on
PVC tubes installed at various network sites during the first 6 weeks with maximal
numbers of 10 cfu/cm?® after 10 weeks of exposure. Mycobacterium spp. were
identified from a DNA-based clone library of biofilms grown for 2 months in a
drinking water-fed biofilm reactor (Keinanen-Toivola et al. 2006). In parallel, a 16S
rRNA-based clone library generated to characterize the active bacterial fraction
also contained a clone classified as Mycobacterium spp., indicating that these
bacteria belonged to the metabolically active fraction within the biofilm commu-
nity. Analysis of 16S rDNA sequences from 45 showerheads from 9 cities in the
USA showed that non-tuberculous mycobacteria were ubiquitous and enriched in
the showerhead biofilms compared to the water; the most common sequences
observed corresponded to M. gordonae and M. avium (Feazel et al. 2009).
M. avium detected in water and a biofilm of a bathroom showerhead was linked
to pulmonary disease, suggesting that biofilms in showers may serve as a reservoir
and source of infection by this bacterium (Falkinham et al. 2008). Mycobacteria can
also to be present in biofilms of other types of water systems. For example,
mycobacterial gene sequences nearly identical to that of M. avium were detected
in biofilms on the side walls of a hospital hydrotherapy pool, also with an enrich-
ment of mycobacteria in the biofilms compared to the pool water (Angenent
et al. 2005).

In experimental laboratory systems, mycobacteria readily form monospecies
biofilms as has been demonstrated for M. avium, M. intracellulare, M. kansasii,
M. flavescens, M. chelonae, M. fortuitum and M. phlei (Carter et al. 2003; Steed and
Falkinham 2006). M. avium establishes more stable biofilms in the presence of
Ca**, Mg** and Zn*" (Carter et al. 2003). Mycobacteria reveal enhanced resistance
to antimicrobial agents including chlorine compared to planktonic cells (Carter
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et al. 2003; Steed and Falkinham 2006). M. chelonae was recovered from stagnant
water after exposure to 10—15 mg/L free chlorine for 7 days in a PVC pipe whose
surfaces had been precolonized by the mycobacteria, indicating bacterial survival in
the biofilm in the presence of relatively high concentrations of chlorine and
contamination of the water phase by the mycobacteria (Vess et al. 1993).

Seeding experiments indicate that challenge of established biofilms with
mycobacteria result in their incorporation and persistence for a prolonged time
(Table 2). This ability to colonize drinking water biofilms has been shown for
M. xenopi (Dailloux et al. 2003; Schulze-Robbecke and Ilg 2003) and M. avium
(Lehtola et al. 2006b, 2007). After introduction of M. xenopi into a 14-day-old
drinking water biofilm on paraffin-coated coupons in a flow-through reactor, the
mycobacteria were found to become incorporated and persisted at densities >
107 cfu/em? for 3 months in the biofilms (Schulze-Rébbecke and Ilg 2003). Lehtola
et al. (2006b, 2007) spiked a 1-month-old drinking-water biofilm on PVC coupons
with M. avium; these bacteria could be detected over 4 weeks by culture and by
PNA-FISH, with only a weak decline in cell concentrations. The bacterial numbers
determined by PNA-FISH (about 4-8 x 10* cells/cm?) were 1—4 log units higher
than those determined by culture. Using the same experimental system, Torvinen
et al. (2007) reported that water temperature and phosphorus (PO4—P) influenced
the culturability of NTM. Plate counts of M. avium were 2-20 times higher in
biofilms at 20°C than those at 7°C, while the counts of FISH-positive cells were
similar over the experimental period of 4 weeks, i.e. culturability was elevated at
the higher temperature. When the phosphorus concentration was 4.2 pg/L,
culturability was 2.7 times higher than with a higher phosphorus concentration of
13.8 pg/L. Since the higher phosphorus levels increased the number of heterotro-
phic biofilm bacteria, it was speculated that competition of the slow-growing
M. avium with other biofilm organisms was the reason for the reduced culturability
of the mycobacteria.

In man-made water systems, mycobacteria occur in multiple-species biofilms,
where they may be associated with free-living amoebae and other protozoa as
their hosts, but in contrast to legionellae, they are not dependent on amoebae
for their multiplication within biofilms. Some mycobacterial species (M. avium,
M. fortuitum, M. matinum) have been shown to multiply intracellularly in
Acanthamoeba castellanii; growth within amoebae was accompanied with an
increase in virulence of M. avium (Cirillo et al. 1997).

In summary, the combination of high cell surface hydrophobicity promoting
attachment and the resistance to chlorine and heavy metals of mycobacteria such as
M. avium and M. intracellulare suggest that these organisms may be biofilm
pioneers in man-made water systems, but they also have the capability of
colonizing established biofilms. Field observations indicate that biofilms can be
significant sources of opportunistic mycobacteria in DWDS and other man-made
water systems. The occurrence of mycobacteria in biofilms, their association with
amoebae within biofilms, and their inherent and biofilm-related resistance to
disinfectants are the major factors that contribute to the survival and long-term
persistence of environmental mycobacteria, including species with pathogenic
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properties in man-made water systems. High ratios of FISH-positive cells to plate
counts of NTM indicate that culture methods can be expected to underestimate the
true numbers of NTM in biofilm of man-made water systems, because they may
exist in a VBNC state in these environments.

3.3.4 Aeromonads

Among the aeromonads, the mesophilic species including Aeromonas hydrophila,
Aeromonas caviae and Aeromonas sobria are human opportunistic pathogens,
which may be important to public health (Percival et al. 2004). They can be
involved in water-related gastroenteritis and associated diarrhoeal infections, and
sometimes also wound infections. Accordingly, routes of exposure may be inges-
tion and dermal contact with contaminated water. Aeromonads occur widely in soil
and natural waters, and were detected in drinking water networks (Holmes and
Nicolls 1995), usually in low numbers. In particular, aeromonads were isolated
towards the ends of surface-water supplied networks, and have been associated with
aftergrowth in water systems (Holmes and Nicolls 1995). Because of their ability of
utilizing a high number of different organic compounds, including amino acids,
carbohydrates, carboxylic acids, peptides and long-chain fatty acids, mesophilic
aeromonads were supposed to be ideally suited for growth in biofilms in water
distribution systems (van der Kooij 1991; Percival et al. 2004).

A number of studies focused on the direct examination of aeromonads in water
supply biofilms (Holmes and Nicolls 1995; Walker et al. 1995a; Chauret et al. 2001;
September et al. 2007). Holmes and Nicolls (1995) investigated 20 pipe sections
from a drinking water distribution system and determined an average Aeromonas
concentration of 118 cfu/g (wet weight) in the biofilms from the pipe walls. After
treatment of biofilms still attached to the pipes with 1 mg/L chlorine for 30 min,
10% of the pipe biofilms still contained aeromonads (average count of 51 cfu/g),
indicating a certain degree of protection within the biofilm. Aeromonads were
found to be able to multiply even at water temperatures as low as 4°C in laboratory
experiments and have also been detected in distribution systems during colder
months (Holmes and Nicolls 1995). These factors may contribute to the persistence
and possibly regrowth in biofilms and appearance in drinking water. In another
study, A. hydrophila was identified in 7.7% of biofilm samples from a drinking
water network, but never in the disinfected bulk water of the distribution system,
confirming disinfection efficiency on planktonic bacteria (Chauret et al. 2001).
Aeromonas spp. were detected by culture in biofilms of various South African
DWDS (September et al. 2007), and in a Swedish drinking water network,
aeromonads were detected by FISH as 1-5% of total bacterial numbers (Langmark
et al. 2005a).

Bomo et al. (2004) isolated aeromonads from biofilms on stainless steel and
unplasticized PVC, which formed in potable and recycled water systems for 8—10
weeks, indicating their potential to colonize biofilms in these systems. The mean
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numbers of aeromonads in the system fed with potable water and recycled water
ranged from 3.9 to 650 cfu/cm? and from 304 to 873 cfu/cm?, respectively.

Seeding experiments revealed integration and persistence of A. hydrophila
in established biofilms under oligotrophic and more nutrient-rich conditions.
Challenging recycled wastewater biofilms with A. hydrophila resulted in the accu-
mulation and persistence of the bacteria in the biofilms over the experimental
period of 30 days (Bomo et al. 2004). The initial numbers (in the order of
10°-10* A. hydrophila cells or cfu/cm®) declined over time. At the end of the
experiment, higher numbers were observed with the FISH technique than with a
cultural method, indicating that high number of these bacteria persisted in the
biofilms after this sub-population had ceased to be culturable. In another study,
A. hydrophila was allowed to attach to surfaces in an annular biofilm reactor,
before the system was continuously challenged with indigenous drinking water
populations at elevated nutrient levels and 20°C, simulating conditions typically
associated with increased risk for regrowth (Camper et al. 1998). A. hydrophila
persisted for some time, but declined in numbers in the biofilm and bulk water, and
was not detected after 2 weeks with culture methods. As to the influence of
substratum, higher numbers of aeromonads were found on plastic materials
(unplasticized PVC, polybutylene) compared with stainless steel (Assanta et al.
1998; Bomo et al. 2004).

Percival et al. (2004) gave the evaluation that Aeromonas spp. can colonize wells
and water distribution systems for months and years, and can persist in biofilms;
substantial growth can occur after disinfection. However, the actual role of drinking
water and biofilms in the transmission of Aeromonas bacteria to humans and in
water-related infections is still under discussion, and the exact human health
significance of acromonads is still unknown.

3.4 Enteric Viruses

Enteric viruses involved in water-related diseases cause acute gastrointestinal
illness (e.g. noroviruses, rotaviruses) and can also affect other organs such as the
liver (hepatitis A and E viruses) or the central nervous system (poliovirus). These
viruses are excreted in the faeces of infected humans and are transmitted predomi-
nantly by ingestion.

In contrast to bacterial pathogens, relatively little information exists on the
occurrence and survival of enteric viruses in biofilms of water distribution systems.
However, there are some indications from field studies and laboratory experiments
that pathogenic viruses can become incorporated into biofilms of DWDS, persist
there and can be released again to represent a risk of infection (for review, see
Skraber et al. 2005). Various strains of type B coxsackie viruses were detected
in a biofilm colonizing the outlet mains of a drinking-water treatment plant
(vanden Bossche and Krietemeyer 1995). Laboratory-scale seeding experiments
demonstrated the attachment of polioviruses to drinking water biofilms grown on
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PVC (Quignon et al. 1997), on polycarbonate where infectious viruses were
detected up to 6 days and the viral genome up to 34 days (Helmi et al. 2008) or
on paraffin-coated glass slides, where the viruses could still be detected after 7
days by cell culture and 14 days by RT-PCR (Botzenhart and Hock 2003). After
inoculation of canine calicivirus (used as a surrogate for human norovirus) into
a Propella reactor with 1-month-old drinking water biofilms on PVC coupons,
the viruses could be detected over the experimental period of 4 weeks both in the
biofilms and in the water (Lehtola et al. 2007). The decrease in virus numbers
was only slow in biofilms and occurred more quickly in water; the decline was
slower than the theoretical washout rate, indicating that the viruses were trapped
in the biofilm and were shed with a delay. Bacteriophages used as model enteric
viruses persisted for >30 days after incorporation into drinking water distribu-
tion pipe biofilms formed on PVC and stainless steel surfaces (Storey and
Ashbolt 2001).

Recently, enteroviruses and noroviruses were found by RT-PCR to be present in
wastewater biofilms, which had grown for 1 month to more than 2 years on
polyethylene carriers in a moving-bed biofilm reactor of a wastewater treatment
plant (Skraber et al. 2009). The viruses could be detected in the biofilms also at
a time when their concentrations were under the detection limit in wastewater,
suggesting the ability of these viruses to persist in the biofilms. In laboratory
experiments, the persistence of noroviruses in naturally contaminated biofilms
on PVC coupons taken from the wastewater treatment plant was observed at
4°C and 20°C for at least 2 months without a significant decline of the genome
concentrations.

Thus, virion particles obviously have the potential to accumulate within biofilms
of man-made water systems, which then act as reservoirs of virus particles.
In addition, viruses in the biofilm seem to be protected against disinfectants such
as chlorine compared to viruses in the water phase (Quignon et al. 1997). These
processes represent a public health risk when virus-containing biofilm clusters
are detached and released into the water phase, especially considering the low
infective dose of one to only a few infectious virus particles.

3.5 Intestinal Protozoan Parasites

Important protozoan parasites, which have been involved in waterborne outbreaks
of gastrointestinal disease due to the contamination of DWDS and swimming pool
water systems include Cryptosporidium spp. (mainly Cryptosporidium parvum and
Cryptosporidium hominis) and Giardia lamblia. They are obligate parasites, multi-
ply within human or animal hosts and are excreted in the faeces in a fully infective
form as oocysts (Cryptosporidium spp.) or cysts (G. lamblia). These transmissible
stages can remain viable outside their hosts in aqueous environments for weeks to
months and are highly resistant to chlorine and chloramine. A need for a more
thorough understanding of the fate of oocysts, especially their interaction with
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DWDS biofilms, was mentioned as essential for risk assessment of waterborne
disease (Angles et al. 2007). There is no published information about the occur-
rence of these stages in biofilms of real DWDS, but laboratory investigations on the
interaction of C. parvum and G. lamblia with biofilms of natural mixed populations
and pure cultures indicate that oocysts or cysts can become incorporated and persist
in biofilms, and be released back into the water.

Angles et al. (2007) described a study where the majority of Cryptosporidium
oocysts introduced to a pipe-rig constructed from exhumed drinking water pipes
(about 70 years old) became integrated in the existing biofilms and were released
sporadically again. In seeding experiments, C. parvum oocysts were shown to
attach to 16-day-old potable water mixed-population biofilms and persist in the
biofilms over several months at 20°C (Keevil 2002, 2003). After this time, oocysts
recovered from the biofilms were still viable and infective in an animal model.
Epifluorescence microscopy of fluorochrome-labelled C. parvum oocysts showed
that biofilm-associated oocysts occurred in clusters, so that biofilm sloughing might
release a small but effective dose of oocysts into the water phase; it was speculated
that this transient sloughing from the biofilm might explain sporadic disease cases
of unknown origin (Keevil 2002). Following the spiking of 7-month-old drinking
water biofilms, the persistence of C. parvum oocysts, but also of G. lamblia cysts in
drinking water biofilms and their continuous release over 34 days was observed,
demonstrating that not only C. parvum oocysts, but also G. lamblia cysts are
capable of interacting with pre-existing drinking water biofilms (Helmi et al.
2008). C. parvum oocysts or G. lamblia cysts were also shown to attach to and
being released from wastewater biofilms (Helmi et al. 2008) and experimental
biofilms composed of natural stream microorganisms (Wolyniak et al. 2009)
suggesting that a wider range of environmental biofilms can represent a reservoir
for the infectious stages of these protozoan parasites.

A few studies examined the interaction of C. parvum oocysts with pure culture
biofilms. White et al. (1999) reported the attachment of C. parvum oocysts to a
three-species biofilm of P. aeruginosa, Bacillus sp. and Acidovorax sp., which
developed on stainless steel in a flow cell supplied with diluted tryptic soy broth.
After injection of oocysts into the system, they were retained by the biofilms at
twice the amount compared to the bare surface without biofilm over the 3-day
experimental period. Searcy et al. (2006) examined the capture and retention of
C. parvum oocysts by monospecies biofilms of P. aeruginosa on glass surfaces in
laboratory flow cells. The oocysts were present in the biofilms for more than 24 h
and were not released after a 40-fold increase in flow rate. More oocysts were
retained on the biofilm-coated surfaces compared with biofilm-free glass surfaces.
To assess the role of bacterial EPS in the capture of oocysts by biofilms, a wild-type
strain of P. aeruginosa whose EPS consist primarily of glucose- and rhamnose-
containing polysaccharide as well as nucleic acids was compared with a mucoid
strain overproducing the extracellular polysaccharide alginate. There was slightly
less oocyst capture by the alginate-containing mucoid biofilms, although this trend
was not statistically significant. It was concluded that biofilm architecture
and surface—chemical interactions were more important that EPS composition in
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controlling oocyst deposition from suspension into P. aeruginosa biofilms (Searcy
et al. 2006).

Overall, biofilms seem to represent a potentially significant, long-term reservoir
of Cryptosporidium oocysts and Giardia cysts that can be released back into the
surrounding water, thus posing a public health threat. Practical implications may be
the appearance of oocysts in water distribution systems long after a contamination
event. Thus, biofilm involvement was supposed to be the reason for ongoing
recoveries of oocysts from a drinking water distribution system, following a
waterborne cryptosporidiosis outbreak in England (Howe et al. 2002).

3.6 Free-Living Amoebae

Free-living amoebae are prevalent in man-made water systems and are common
members of biofilm communities in sand and activated-carbon filters of water
treatment plants, DWDS, plumbing systems and cooling towers (Block et al.
1993; Barbeau et al. 1998; Pedersen 1990; Hoffmann and Michel 2003; Thomas
et al. 2008; Loret and Greub 2010). In different German DWDS, free-living
amoebae, including hygienically relevant thermophilic Acanthamoeba species,
were detected in biofilms recovered from pipe surfaces at densities between 2 and
over 300 amoebae per cm? (Hoffmann and Michel 2003).

Free-living amoebae can present a risk for water quality (Thomas et al. 2010).
Some free-living amoebae such as Naegleria and Acanthamoeba species are intrin-
sically pathogenic for humans and have been associated with a number of water-
related diseases (e.g. encephalitis, meningoencephalitis or keratitis). Another
important aspect of health significance is the phenomenon that so-called
amoebae-resisting bacteria (ARB) can be taken up by free-living amoebae, survive
and grow inside the amoebal cell, and then exit the protozoan host (Brown and
Barker 1999). In a recent review, a total of 102 recognized and 27 suspected
pathogenic bacterial species have been described as ARB, including the majority
of hygienically relevant water-related bacteria such as E. coli, coliform bacteria,
V. cholerae, Shigella spp., Campylobacter jejuni, Legionella spp. and Mycobacte-
rium spp. (Thomas et al. 2010). In a number of studies, free-living amoebae
infected with water-related pathogens such as Legionella spp. or Mycobacterium
spp. have been identified in biofilms, sediments and sludges of drinking water
treatment plants and DWDS (Corsaro et al. 2010; Loret and Greub 2010), and of
cooling towers (Berk et al. 2006), indicating the ubiquity of the association of
hygienically relevant bacteria with amoebae in biofilms of man-made water
systems.

Intracellular survival within protozoa protects bacteria from deleterious envi-
ronmental conditions as, for example, the presence of disinfectants (King et al.
1988; Thomas et al. 2010). Thus, after uptake of coliform bacteria (C. freundii,
E. cloacae) and a number of pathogens (S. enterica serovar Typhimurium, Shigella
sonnei, Y. enterocolitica, C. jejuni and Legionella gormanii) by amoebae and
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ciliates the bacteria were shown to display 30—120-fold increases in resistance to
chlorine compared with free bacteria. The bacteria survived chlorine concentrations
of 2-10 mg/L inside the protozoa, while under the same conditions, freely
suspended bacteria were inactivated by 99% in the presence of 1 mg/L chlorine
(King et al. 1988). Thus, the interaction between pathogenic bacteria and protozoa
can contribute to the persistence of these bacteria in chlorinated water systems,
especially when this association occurs within the protected environment of
biofilms. Protozoa may also be involved in the elimination of hygienically relevant
bacteria. As an example, it was shown that E. coli added to experimental water
distribution systems disappeared more rapidly in a system containing protozoa
compared with a system without protozoa, presumably due to the grazing activity
of protozoa (Sibille et al. 1998). These observations show that protozoa in artificial
water systems not only control general biofilm populations (Pedersen 1990), but
can also have the function to regulate the presence of bacterial pathogens in
biofilms.

An additional public health concern is based on the observation that the passage
of some opportunistic pathogens such as L. pneumophila and M. avium, after
ingestion by Acanthamoeba and other aquatic protozoa, results in an increase in
the infectivity for human cells and also in further resistance to biocides (Cirillo et al.
1994, 1997; Donlan et al. 2005). When this process takes place within biofilms, it
can be expected that following multiplication of these opportunistic pathogens
bacteria with enhanced infectious potential are produced and released into the
water.

In summary, protozoa in biofilms can be of hygienic relevance, since
(1) some species are pathogenic for man, (2) they provide increased protection
for pathogenic bacteria from disinfectants, and (3) they allow some opportunistic
bacteria to multiply intracellularly with the result of enhanced infectivity of these
bacteria.

3.7 Fungi

Hygienic problems associated with fungi in drinking water systems are the genera-
tion of undesirable taste and odour, and the production of mycotoxins. Opportunis-
tic fungi are an increasingly important cause of nosocomial infections and can be
life threatening in immunocompromised individuals. In addition, they can be the
cause of human allergies. In comparison with other water-related microbial
pathogens, limited information exists on the relationship between fungal occur-
rence in water systems and risk to human health. Some fungi have been implicated
in nosocomial infections related to the hospital water supply. Aspergillus fumigatus
and other Aspergillus species are especially important in causing nosocomial
invasive aspergillosis with life-threatening infections among immunosuppressed
patients. In addition to air, water is now supposed to be a source of these fungi in
hospitals (Anaissie and Costa 2001). The transmission routes may be ingestion and,
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more importantly, inhalation of aersosols containing fungal conidia and hyphal
fragments during aerosolization of tap or shower water, and during reaerosolization
of fungi from shower walls.

Fungi are supposed to be common constituents of water distribution systems
(Doggett 2000); they were isolated from water of municipal water distribution
networks and from hospital plumbing systems (Rosenzweig et al. 1986; Arvanitidou
etal. 1999; Anaissie et al. 2003; Warris et al. 2003; Hageskal et al. 2006). However,
only a few studies focused on biofilms as a potential reservoir of fungi. In an
investigation of biofilms from a municipal water distribution system in the USA
(Doggett 2000), fungi were cultured from iron and PVC pipe surfaces. Densities of
yeasts and filamentous fungi ranged from 0 to 8.9 cfu cm” and 4.0 to 25.2 cfu/cm?,
respectively. Among the most common filamentous fungi were species of Aspergil-
lus and Penicillium. The fungi existed predominantly as spores, but not as hyphae
or vegetative cells on the pipe walls. Fungi (Penicillium, Phialophora,
Cladosporium, Acremonium) were also generally present in soft pipeline deposits
investigated in different DWDS in Finland; their numbers varied between
1.5 x 10° and 5.0 x 10° cfu/L (Zacheus et al. 2001).

Interior surfaces in hospital water systems have been investigated using surface
swabs (Anaissie et al. 2003). Fungi were recovered on the interior surfaces of
waterlines, sink plumbing lines, showerhead surfaces and shower drains. The
molds included Aspergillus, Paecilomyces and Fusarium species with pathogenic
properties. Since the same genera and species were recovered from municipal water
and hospital water systems, these molds were supposed to become part of the
hospital water system biofilms (Anaissie et al. 2003).

Taken together, these observations suggest that biofilms of drinking water
distribution networks and hospital plumbing systems can be a reservoir of fungi
with pathogenic properties. Contamination of tap water by release of these fungi
from biofilms can then be a potential cause of community- and hospital-acquired
infections, especially in immunocompromised persons.

4 Outlook

In recent years, it has become obvious that biofilms in man-made water systems can
act as a reservoir for pathogenic microorganisms, including various faecal and
environmental bacteria, enteric viruses, faecally derived parasitic protozoa, free-
living amoebae and fungi. Under epidemiological and ecological aspects, biofilms
can be regarded as temporary or long-term reservoirs and habitats for pathogens,
whose biofilm mode of existence may even represent part of their natural life
cycle (Fig. 1). Most research into the distribution of hygienically relevant
microorganisms in real man-made water systems and the integration of pathogens
in biofilms under laboratory conditions in flow-through experiments has focused on
the description of the fate of water-related pathogens. Thus, based on the knowl-
edge of the biology and ecology of the single pathogen species and their behaviour
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Fig. 2 Fate of hygienically relevant microorganisms after introduction into established biofilms
of man-made water systems (modified according to Batté et al. 2003)

in biofilms summarized in this review, specific modes of persistence can be
attributed to the different types of pathogens after their attachment to or
incorporation into biofilms of man-made water systems (Fig. 2).

Environmental microorganisms such as legionellae, mycobacteria or
P. aeruginosa adapted to oligotrophic conditions can persist over long times in
aquatic biofilms and possibly even multiply in these environments. A transitory
persistence for a few days to a few weeks seems to be possible for bacteria of faecal
origin, while enteric viruses and the oocysts or cysts of parasitic protozoa are
largely eliminated by washout from the biofilms. All these organisms can persist
in biofilms or are released also at a time when they are not normally circulating in
the water phase, so that their detection can lead to false assumptions as to the origin
of the pathogens and impair risk assessment.

Biofilms in man-made water systems are usually multispecies biofilms. These
types of biofilms are characterized by complex relationships involving intraspecies
and interspecies interactions between the autochthonous aquatic microorganisms
(Simdes et al. 2007). Antagonism (e.g. production of inhibitory substances such as
bacteriocins, antibiotics or oxidants), competetion for substrates or cooperation in
the utilization of carbon and energy sources are interspecies interactions that
determine the survival and proliferation of biofilm inhabitants. Intercellular com-
munication via small diffusible signal molecules can be involved in the control of
these interactions. Physical and chemical environmental factors such as hydrody-
namic conditions, temperature, nutrient availability and the presence of disinfectant
residuals additionally influence the biological processes of biofilm development.
As outlined in this review, many studies have been performed to gather
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information on the fate of water-related pathogens in biofilms, mainly of DWDS
under different physical and chemical conditions. However, the mechanisms of the
biological interactions between pathogenic microorganisms and complex biofilm
communities and the response of biofilm organisms to the invasion of pathogens
into the biofilms under conditions of real man-made water systems are still largely
unknown. There is still incomplete knowledge about the molecular processes,
which are involved in the fate of pathogens in biofilms, including the attachment
to biofilms, the processes governing the incorporation into the pre-existing biofilm
community and the interactions between the pathogens and the autochthonous
biofilm members as well as the factors influencing the release of pathogens from
biofilms, especially under the environmental conditions of biofilms in man-made
water systems.

Generally, the heterogeneous architecture of biofilms containing pores, channels
and voids is supposed to contribute to the capture and retention of microbial
cells. Cell surface molecules such as proteins, lipopolysaccharides, cell wall
polysaccharides, EPS and cell appendages such as flagella and pili which are
usually involved as adhesins in the attachment of abiotic and biotic surfaces can
also be expected to be involved in the adherence and integration of pathogens in
biofilms. In the case of L. pneumophila, pili or other unidentified adhesins mediate
the colonization of biofilms, but only in the absence of protozoa (Lucas et al. 2006).
Coaggregation, the specific recognition and adherence of genetically distinct bac-
teria to one another, was first discovered to mediate biofilm formation in dental
plaque, but has also been found to be relevant in the sequential integration of
autochthonous bacterial species into freshwater biofilms (Simodes et al. 2007).
However, it is unknown whether coaggregation interactions are also involved in
the colonization of biofilms by water-related pathogens.

Once integrated in a multispecies biofilm of man-made water systems, the
invading organisms are expected to be involved in multiple interactions with
other biofilm members. Well-studied are the interactions between L. pneumophila
and free-living protozoa, but also beneficial and antagonistic interactions of
legionellae with various bacterial species seem to be possible in biofilms (Taylor
et al. 2009; Guerrieri et al. 2008). However, little is known about interactions of
other hygienically relevant microorganisms with the constituent biofilm organisms.
Another limitation is that studies of these interactions are usually performed in co-
culture experiments with selected organisms under laboratory conditions, so that a
gap exists in the knowledge of the actual in situ interactions between pathogens and
other organisms within biofilms in man-made water systems. Interactions within
biofilm communities are significantly regulated by cell-to-cell communication
(quorum sensing) processes, which are triggered at the typically high cell densities
of biofilms. It is almost completely unknown how the fate of hygienically relevant
bacteria is influenced by signalling molecules in biofilms of man-made water
systems, and whether and how they could became integrated in or adapt to the
existing communication web within these biofilms. Another aspect of interactions
of pathogens and biofilm organisms is the observation that the life cycle within the
biofilm can lead to a change in the properties of some bacterial pathogens such as
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the increase in biocide resistance or enhanced infectivity of L. pneumophila and
mycobacteria triggered by their passage in amoebae within biofilms. For some
pathogens, it has been shown that biofilm cells are more resistant to antimicrobial
agents including disinfectants used in practice for water treatment. Cells released
from biofilms still retain at least part of the enhanced resistance acquired during
their passage in amoebae within biofilms compared to planktonically grown cells as
has been shown for legionellae and mycobacteria (Steed and Falkinham 2006).
Thus, survival of cells released from biofilms into the water is enhanced and
adherence to other surface locations downstream in the water system and initiation
of biofilm formation is probable.

The introduction of culture-independent methods in the analysis of water-related
bacterial pathogens revealed that in many cases the organisms in biofilms lose
culturability, entering a VBNC state, and thus, represent only a fraction of those
which are detected by culture-independent methods. The human health significance
of non-culturable pathogens is unclear. More research is needed to evaluate the
pathogenic potential of those VBNC organisms and to define the factors relevant in
man-made water systems, which trigger the VBNC state and induce resuscitation to
the culturable and infectious state.

In general, knowledge of the ecology specific for each type of water-related
pathogen in combination with the epidemiological situation relevant for each
pathogen is necessary for risk assessment applied to DWDS (Szewzyk et al.
2000) and other types of man-made water systems. It has become clear that
the biofilm mode of existence of pathogens is an important factor that has to be
included in risk assessment applied to water-related pathogens as a basis for the
proper operation and maintenance of water systems to ensure the provision of
microbiologically safe drinking water and other types of water with the aim to
minimize the disease burden of the human population potentially emanating from
man-made water systems.
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