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PREFACE

xv

Arguably, the theme of virulence regulation within 
the field of bacterial pathogenesis began as early as 
the 1930s, with a relatively straightforward observa-
tion about the inhibitory effect of iron on the in vitro 
production of diphtheria toxin by Corynebacterium 
diphtheriae. Three independent laboratories reported 
this important discovery (those of Pappenheimer and 
Johnson, Locke and Main, and Pope). It was then 
nearly two decades later before the next major leap of 
insight into the regulation of diphtheria toxin came 
about. In 1951, Freeman reported in the Journal of 
Bacteriology that the conversion of a nontoxigenic 
(i.e., avirulent) strain of C. diphtheriae to one that 
expresses diphtheria toxin required exposure of the 
avirulent strain to lysates containing phage B (b) but 
not phage A. Ultimately, these two discoveries pro-
vided an extraordinary amount of stimulating fod-
der to generations of other investigators. First, they 
established a solid foundation for the further under-
standing of the mechanisms of C. diphtheriae toxin 
regulation. Second, they offered novel and fascinating 
paradigms that were clearly worthy of further investi-
gation in the context of the regulation of virulence in 
a plethora of other animal, as well as plant, bacterial 
pathogens.

In the time following those key discoveries, 
there have been thousands of publications directly 
relating to the topic of this book (>8,000 references 
found in a PubMed search from 1980, with the query 
“Regulation of Bacterial Virulence”). Clearly, this 
field is advancing at a remarkable pace. As a conse-
quence, we felt that it would be worthwhile at this 
time to assemble a compendium of many of the more 
fascinating and contemporary insights relating to this 
topic, from outstanding authorities in the field, with 
the wish to stimulate further research efforts.

Therefore, in this book we have attempted to 
provide a wide range of topics that represent a bal-
ance between the newest information along more 
established lines of investigation (e.g., iron, chapters 
5, 6, and 16), as well as information describing re-
freshing new paradigms that have been investigated 
within only the past few years (e.g., vesicle formation 
and host signaling, chapters 23 and 27). It is true that 
the book devotes significant focus toward some areas, 

such as the effects of iron on bacterial virulence. Most 
likely this is a consequence of both its early discovery 
in relation to the regulation of bacterial virulence (see 
above) and the increasing realization that the role of 
environmental iron levels in virulence is magnificently 
complex, from the standpoint of both the pathogen 
and the host. That is, iron has an impact that reaches 
far beyond simply regulating the expression of viru-
lence determinants. Although iron was subsequently 
discovered to affect the expression of other major 
bacterial toxins (e.g., Shiga toxin and Pseudomonas 
aeruginosa exotoxin A), environmental iron levels 
have also been shown to have an extraordinary im-
pact on increasingly intricate processes relating to 
bacterial virulence, including biofilm formation, basic 
physiological processes, resistance to oxidative stress, 
and basic intermediary metabolism (see chapters 1, 5, 
6, 9, 16, and 22).

Another example of how early observations can 
establish an important paradigm is provided by the 
requirement of a bacteriophage in the regulation of 
bacterial virulence, as described above with the b 
phage of C. diphtheriae. Decades later came the ob-
servations about the requirement of a different type 
of bacteriophage in the production of cholera toxin. 
In fact, cholera toxin provides an amazingly complex 
story about virulence gene regulation, as well as the 
intricate overlapping control mechanisms of differ-
ent virulence factors (see chapter 12). For this reason, 
Vibrio cholerae features prominently in more than 
one chapter. Even so, it is clear that much still needs 
to be explored about the regulation of cholera toxin 
expression and how phage-associated genes affect the 
virulence of V. cholerae.

We have also provided chapters (see chapters 2, 
27, and 28) from outstanding authors who are investi-
gating the regulation of extremely complex behaviors 
of bacterial pathogens. These include descriptions of 
how some bacteria (e.g., P. aeruginosa) control gene 
regulation before, during, and after their transition 
from an acute infection to a more chronic one. Along 
similar lines, also included is a chapter (chapter 28) 
that provides new insights about the regulatory tran-
sition of V. cholerae from inside a human host to its 
more natural environments, such as estuaries, where 
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xvi    PREFACE

it exists in planktonic form as well as in biofilms, and 
then back into a human host.

Last, but not least, we gratefully acknowledge all 
the other outstanding chapters we were not able to 
mention above, due to space constraints of this pref-
ace. The omission of any chapter in this book would 
most certainly diminish its value. As the editors, we 
offer our sincere thanks to all of the authors for their 
dedication and hard work toward the production of 
this book.

It is hoped that the exciting discoveries described 
by all of the wonderful authors of this book will be 
as inspirational to both young and more seasoned in-
vestigators, as the early observations about the regu-
lation of diphtheria toxin were to scores of scientists 
for decades. We can only hope that this will most cer-
tainly be so.

Michael L. Vasil
Andrew J. Darwin
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Boo Shan Tseng and Matthew R. Parsek  •  Department of Microbiology, University of Washington, Seattle, WA 98195.   

Chapter 1

Factors That Impact Pseudomonas aeruginosa Biofilm 
Structure and Function

Boo Shan Tseng and Matthew R. Parsek

INTRODUCTION

Biofilm microbiology has been an area of recent 
intense research. The importance of biofilms both in 
the environment and in human disease has research-
ers trying to understand the molecular determinants 
involved in their formation. The hope is that by iden-
tifying such determinants, we might be able to con-
trol biofilms.

Approximately a decade ago, the hypothesis that 
biofilm formation is a developmental process was put 
forth (O’Toole et al., 2000a; Stoodley et al., 2002). 
The thought is that like long-studied developmental 
processes, such as spore formation in Bacillus subti-
lis, biofilm development is a sophisticated, genetically 
orchestrated series of events. Subsequently, several re-
searchers have attempted to identify genetic elements 
that play a role in biofilm development. We have 
since learned that different regulatory and signaling 
systems in different species are important. We have 
also learned that environmental conditions are criti-
cal, with sudden changes capable of both promoting 
and dissolving biofilms.

Chronic infections are linked to the biofilm mode 
of growth. Since bacteria within a biofilm are less sus-
ceptible to antimicrobial treatment than planktonic 
cells, the relative antimicrobial tolerance of these 
communities has also been a focus of biofilm-related 
research. Understanding the mechanisms underpin-
ning tolerance may be key in the therapeutic target-
ing of chronic infections. Currently, the antimicrobial 
tolerance of biofilms is thought to be multifactorial. 
Slow-growing subpopulations within the commu-
nity, biofilm-related patterns of gene expression, and 
reduced penetration of antimicrobials have all been 
linked to tolerance. Not surprisingly, the develop-
ment of biofilms has also been linked to tolerance. 
Different biofilm development patterns have been 
shown to result in different mature biofilm struc-
tures. These different structures have been shown to 

differ in their susceptibilities towards antimicrobial 
treatment.

This review focuses on the relationships among 
biofilm development, the environment, and anti
microbial tolerance for the paradigm organism 
Pseudomonas aeruginosa. 

WHAT IS A BIOFILM?

Historically, the seemingly simple question of 
what a biofilm is has generated heated debate within 
the biofilm research community. Is a pellicle at the 
air-liquid interface of a standing liquid culture or a 
colony on a plate a biofilm? Do single cells attached 
to a surface constitute a biofilm? If not, how many 
cells are required? At the root of this controversy are 
the qualitative definitions traditionally used to desig-
nate a “biofilm,” usually involving some type of mi-
croscopic assessment. 

As researchers learn more about the molecular 
mechanisms that control the switch from plank-
tonic to biofilm-associated lifestyles, some patterns 
are emerging that aid in defining the term biofilm. 
While no universal molecular definition exists to di-
agnose the biofilm mode of growth, elevated levels 
of the intracellular signal cyclic-di-GMP (c-di-GMP) 
appear to be a key focal point for defining biofilms 
among many gram-negative species (Dow et al., 
2007). A high level of this signal is crucial in shutting 
off flagellar production and function while promot-
ing expression of key biofilm matrix polysaccharides 
and extracellular proteins. There is also evidence in 
gram-positive species, such as Bacillus subtilis, that 
the regulation of motility and matrix production are 
carefully coordinated in an inverse fashion (Blair et 
al., 2008).

Although a universal molecular determinant 
indicative of the biofilm lifestyle may not exist, di-
agnosing the biofilm state should be achievable for 
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some species. The ability to define cells as being in 
the biofilm lifestyle may be beneficial in studying 
complex environmental or clinical samples. It may 
also be useful in analyzing cells that have features 
of both biofilm and planktonic behavior, such as 
cells that are swarming on a surface. As researchers 
continue to explore the basis of biofilm formation, a 
more universal molecular definition of a biofilm may 
emerge.

BIOFILM DEVELOMENT AND STRUCTURE IN 
PSEUDOMONAS AERUGINOSA

The old, conventional view of a biofilm was of a 
structurally homogeneous collection of cells enclosed 
by a slimy matrix. The work of Lawrence and others 
in the 1990s revolutionized this view of biofilm struc-
ture (Lawrence et al., 1991; Stoodley et al., 1994; 
Massol-Deya et al., 1995). Using confocal scanning 
laser microscopy, they demonstrated that biofilms are 
morphologically complex communities. These studies 
have led to the suggestion that biofilm production is 
a highly regulated developmental process (O’Toole et 
al., 2000a; Stoodley et al., 2002). Investigators have 
discovered that biofilms grown in vitro reproducibly 
form specific structures that are affected by a plethora 
of conditions. For P. aeruginosa, two general biofilm 
shapes have been observed using the flow cell system: 
structured biofilms and flat biofilms. The biological 
significance of the different three-dimensional bio-
film structures produced by the same species is still 
unclear. Are different cellular functions or processes 
used to produce these different structures? Are these 
structures regulated by different pathways? Is the 
antimicrobial tolerance of the biofilm affected by its 
structure? What is the relevance of the structure in 
the modeling of environmental or clinical biofilms? 
While these questions remain unresolved, many re-
searchers have made headway in our understanding 
of biofilm morphology.

Structured Biofilms

A structured biofilm consists of a thin layer of 
cells on a substratum that is punctuated by large 
cellular clusters. Some of these biofilms resemble 
mushrooms, with a large cap-like population of cells 
atop a “stalk” of cells. Others of this class have more 
mound-like or pillar-like cellular clusters, which are 
composed of large cellular aggregates. These types of 
biofilms are all characterized by their “rough” and 
fairly heterogeneous nature (Costerton et al., 1995). 
There are at least two routes by which P. aerugi-
nosa produces a structured biofilm. The first we call 

“structured biofilm I” (Fig. 1). Several developmen-
tally discrete steps have been linked to their forma-
tion. First, bacterial cells interact with a surface in a 
reversible manner, in which they can still detach from 
the surface. Some of these cells become irreversibly 
attached to the surface. Irreversible attachment is 
thought to be linked to the production of exopolysac-
charide, which aids in the adherence to the surface. 
Cells proceed to expand clonally, producing an aggre-
gate that is primarily derived from the initial attached 
cell. Ultimately, cells in the interior of the aggregates 
disperse, leaving a doughnut-like structure behind 
(Stoodley et al., 2002).

The development of the second type of struc-
tured biofilm (“structured biofilm II” [Fig. 1]) is more 
complex. This involves the interaction of at least two 
subpopulations of cells: “stalk” and “cap” cells. By 
growing two differentially labeled isogenic popu-
lations of P. aeruginosa in a flow cell system with 
glucose minimal medium, Klausen and colleagues 
showed that in an individual mushroom, the stalk 
cells consisted primarily of one population of labeled 
cells, while the caps were mixtures of the two labeled 
populations (Klausen et al., 2003a). This result sug-
gests that the stalk is created through the clonal ex-
pansion of a surface-adhered, nonmotile cell and the 
cap is created through the migration of motile cells 
on top of the stalk. In agreement with this model, 
after photobleaching a section of a green fluorescent 
protein (GFP)-labeled mushroom, the cap recovered 
fluorescence, while the stalk did not (Haagensen et 
al., 2007). This result suggests that new cells can 
move into the cap region of the biofilm but not into 
the stalk region. This pattern of development, how-
ever, has only been shown under specific culturing 
conditions, namely, a defined medium with glucose as 
the primary carbon source.

Flat Biofilms

In contrast to structured biofilms, flat biofilms 
are more homogeneous in appearance. These biofilms 
are suggested to form initially in a manner similar 
to that of structured biofilms. By mixing two differ-
entially labeled isogenic populations of P. aeruginosa 
in a flow cell system with a citrate-based defined me-
dium, Klausen and colleagues showed that in early 
stages of biofilm development, flat biofilms start as 
microcolonies of one or the other labeled population, 
suggesting that these microcolonies form from clonal 
expansion, similar to the structured biofilms. Unlike 
the structured biofilms, however, cells move, divide, 
and intermix as the biofilm matures. The substratum 
between the microcolonies become filled with motile 
cells of either population, and eventually a flat biofilm 
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is produced (Klausen et al., 2003b). Data from Shrout 
and colleagues indicate a role for swarming motility 
in this process (Shrout et al., 2006).

FACTORS THAT INFLUENCE BIOFILM 
STRUCTURE

While a specific strain of P. aeruginosa consis-
tently produces the same biofilm structure under 
one laboratory culturing condition, the same strain 
produces a very different biofilm structure under dif-
ferent culturing conditions. While the environmental 
sensing mechanisms and the regulatory pathways 
leading to the formation of specific biofilm structures 
have not been fully elucidated, it is clear that many 
factors are important for this process.

Motility

One of the major differences between flat and 
structured biofilm development is related to the mo-
tility of the cells (Shrout et al., 2006). The two bio-
films are suggested to start similarly, with individual 

attached cells growing clonally to create very small 
cellular aggregates. Cells forming flat biofilms move 
on the surface, grow, and fill in the space between mi-
crocolonies. On the other hand, cells that are destined 
to produce structured biofilms have two possible de-
velopmental paths. To create the structured biofilm 
I phenotype, cells statically grow, producing larger 
aggregates, while structured biofilm II is created by 
a motile population of cells migrating to the top of 
existing aggregates of nonmotile cells. Monte Carlo 
simulations suggest that modulating cellular motility 
affects the biofilm structure (Shrout et al., 2006). In 
agreement with the mathematical modeling, muta-
tions in the biosynthesis of motility appendages (i.e., 
type IV pili and flagella) affect biofilm morphology 
(O’Toole and Kolter, 1998a; Heydorn et al., 2002; 
Klausen et al., 2003a; Klausen et al., 2003b; Landry 
et al., 2006; Barken et al., 2008; Yang et al., 2009). 
Furthermore, the production of rhamnolipids, which 
is suggested to be important for a type of surface 
motility called swarming, has been shown to be im-
portant for biofilm formation (Davey et al., 2003; 
Lequette and Greenberg, 2005; Pamp and Tolker-
Nielsen, 2007; Glick et al., 2010).

(motile cap forms on
non-motile cells)

(clonal growth of aggregates)

Initial
Attachment

Aggregate
Formation

Multiplication and Surface Motility

Figure 1. Models of flat versus structured biofilm formation in P. aeruginosa. Initial steps of biofilm formation are suggested to 
be the same for flat and structured biofilms.  After initial steps, however, maturation of the different structures is suggested to 
follow different developmental pathways. There are two forms of structured biofilms (structured biofilms I and II). Aggregates 
of cells clonally expand to produce the structured biofilm I phenotype, while motile cells move to top nonmotile aggregates of 
cells to form mushroom-shaped structures in the structured biofilm II phenotype. Flat biofilms are formed through the clonal 
expansion of motile cells. Blue cylinders represent motile cells, and orange cylinders represent nonmotile cells. Adapted from 
Kirisits and Parsek, 2006, with permission from John Wiley and Sons.
doi:10.1128/9781555818524.ch1f1
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Type IV pili

Twitching motility is a type IV pilus-dependent 
translocation of bacteria on a surface. Type IV pilus-
dependent surface motility was traditionally thought 
to be based on a grappling-hook-type model, in 
which the polar type IV pilus extends, binds to the 
surface, and retracts, dragging the cell body behind it 
(Mattick, 2002). Recent data, however, suggest that 
type IV pilus-dependent motility is more complex 
(Gibiansky et al., 2010; Jin et al., 2011). Through 
the inactivation of the genes involved in pilus biogen-
esis, many studies have shown that type IV pili and 
twitching are important in multiple steps of biofilm 
development (O’Toole and Kolter, 1998a; Heydorn 
et al., 2002; Klausen et al., 2003a; Klausen et al., 
2003b; Barken et al., 2008; Yang et al., 2009).

Attachment. Using the PA14 strain of P. aerugi-
nosa, O’Toole and Kolter showed that under static 
conditions with a glucose-casamino acids-based 
minimal medium, various mutants in type IV pilus 
biogenesis were defective in adhering to a plastic sur-
face (O’Toole and Kolter, 1998b). However, a PAO1 
mutant with a deletion in pilA, which encodes the ma-
jor structural subunit of the pilus, was not defective 
in adhering to glass under flowing conditions with 
a citrate minimal medium (Klausen et al., 2003b). 
While strain and/or surface chemistry differences 
could possibly explain this discrepancy (O’Toole 
and Kolter, 1998a; Heydorn et al., 2000), Klausen 
and colleagues suggested that the difference between 
the two results was based on the nutritional condi-
tions (see more below on how nutrition affects bio-
film morphology). Consistent with the O’Toole and 
Kolter study, under static conditions, the PAO1 ∆pilA 
mutant was defective for attachment in a glucose-
casamino acids minimal medium but not a citrate 
minimal medium (Klausen et al., 2003b). Landry et 
al. further supported this result, showing that a PAO1 
∆pilA mutant was defective in attaching to a glass 
surface under flowing conditions with a glucose-rich 
medium (Landry et al., 2006). Therefore, the role of 
the type IV pili in the attachment of bacteria to a sur-
face is nutrient dependent.

Flat biofilm formation. Under conditions in 
which P. aeruginosa forms flat biofilms, type IV pi-
lus mutants form irregular rough, structured biofilms 
(Fig. 2). These biofilms appear as isolated microcolo-
nies and fail to spread on the substratum (Heydorn 
et al., 2002; Klausen et al., 2003a; Klausen et al., 
2003b). In addition, on the basis of findings ob-
tained by mixing two differentially labeled popula-
tions of ∆pilA mutants, Klausen et al. suggest that 

these microcolonies arose from clonal growth (Fig. 
2A) (Klausen et al., 2003a). Since wild-type flat bio-
films start as isolated microcolonies, pilus mutants 
are defective in progressing to the next developmen-
tal stage where cells spread to occupy the areas be-
tween the microcolonies. This observation has led to 
the hypothesis that twitching-based motility is in part 
responsible for the flat biofilm structure (Klausen et 
al., 2003b). As further evidence for this hypothesis, 
cells that have increased twitch rates are correlated 
with the formation of flat biofilms (Singh et al., 2002; 
Landry et al., 2006).

Structured biofilm formation. Under conditions 
that lead to wild-type cells forming structured bio-
films, ∆pilA mutants form biofilms with isolated 
microcolonies (Klausen et al., 2003a). The ∆pilA 
mutant strain was unable to form mushroom caps, 
as biofilms formed from a mixture of cyan fluores-
cent protein (CFP)-labeled ∆pilA mutants and YFP-
labeled wild-type cells have clonal populations of 
CFP-labeled stalks and yellow fluorescent protein 
(YFP)-labeled caps. Oddly, most of the stalks are CFP 
labeled in these experiments, suggesting that cells de-
fective in twitching are better at forming the stalks 
than those that can twitch (Klausen et al., 2003a). 
While this defect in cap formation of ∆pilA mutants 
may be attributed to the inability to twitch, it could 
also be due to the lack of pilus structures on the sur-
face of the cells. Suggesting that the latter may be the 
case, Barken et al. showed that ∆pilH mutants, which 
have increased surface piliation but decreased twitch-
ing motility, can form caps and irregular mushroom-
shaped biofilms (Barken et al., 2008).

Flagella

The flagellum is a highly regulated, complex 
structure, composed essentially of a filament and 
a motor that drives filament rotation (Berg, 2003). 
P. aeruginosa has a single polar flagellum. Similar 
to that of type IV pili, the role of the flagellum in 
biofilm development is nutrient dependent (O’Toole 
and Kolter, 1998a; Klausen et al., 2003b; Shrout et 
al., 2006; Barken et al., 2008). O’Toole and Kolter 
showed that under static conditions with a glucose-
casamino acids minimal medium, a mutant in fla-
gellar biosynthesis was defective in attachment to a 
plastic surface (O’Toole and Kolter, 1998a). This phe-
notype, however, can be rescued by using a different 
growth medium (O’Toole and Kolter, 1998a; Klausen 
et al., 2003b). In addition to attachment, mutants in 
flagellar biosynthesis form mature biofilms that are 
different from that of wild-type cells. Under condi-
tions where wild-type cells form flat biofilms, a ∆fliM 
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mutant strain produced structured biofilms that con-
tain more biomass than wild-type biofilms, suggest-
ing that flagellum-dependent motility is important 
for producing flat biofilms (Klausen et al., 2003b). 
In support of this hypothesis, multiple studies have 
shown that flagellar mutants are defective in surface-
associated motility (Kohler et al., 2000; Landry et al., 
2006; Shrout et al., 2006; Barken et al., 2008).

Chemotaxis

Chemotaxis is traditionally defined as the di-
rected motion of swimming bacteria in planktonic 
culture. Chemotaxis, however, has also been observed 
on a surface and is suggested to play a role in biofilm 
formation (Kearns et al., 2001). A mutant in CheR1, 

a methyltransferase that regulates chemotaxis, sam-
ples less of the surface than a wild-type cell and is 
defective in changing direction (Schmidt et al., 2011). 
Furthermore, mutants in chemotaxis produce mound-
like biofilms, similar to flagellar mutants, under condi-
tions where wild-type cells form flat biofilms (Li et al., 
2007; Barken et al., 2008). While it is unknown what 
the chemotactic machinery is sensing during biofilm 
formation, these results provide further evidence that 
flagellum-mediated motility and chemotaxis are im-
portant for producing the mature biofilm structure. 

Rhamnolipids

Rhamnolipids are surfactants that aid in swarm-
ing motility, and their production is quorum sensing 

A

B

Wild type ∆pilA

Wild type ∆pilHIJK

Figure 2. Type IV pilus mutants form biofilms that are morphologically distinct from those of the wild-type strain. (A) Four-
day-old biofilms of wild-type and ∆pilA strains of P. aeruginosa grown in glucose-based minimal medium. A 1:1 mixture of 
CFP- and YFP-expressing cells of the same strain was used to initiate the biofilm. (B) Ninety-eight-hour-old biofilms of GFP-
expressing wild-type and ∆pilHIJK strains of P. aeruginosa grown in citrate-based minimal medium. Crosshairs (A) and white 
triangles (B) indicate the positions of vertical cross sections shown on the right and bottom of each image. Scale bar, 20 µm. 
Modified from Klausen et al., 2003a (A), and Heydorn et al., 2000 (B), with permission from John Wiley and Sons and the 
Society for General Microbiology, respectively.
doi:10.1128/9781555818524.ch1f2
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(QS) regulated (Kohler et al., 2000; Lequette and 
Greenberg, 2005). While rhamnolipids were originally 
suggested to be necessary for swarming (Kohler et al., 
2000), the requirement for rhamnolipids in swarming 
on agar surfaces is nutrient dependent (Shrout et al., 
2006). However, since there are no genetic approaches 
for manipulating swarming without directly interfer-
ing with flagellum- or pilus-dependent motility, most 
studies have used mutants that eliminate rhamno-
lipid production to investigate the role of swarming 
in biofilm formation. Therefore, these studies make a 
statement about the role of rhamnolipids in biofilm 
formation, while the role of swarming is less clear.

Biofilms formed by a strain containing a mu-
tation in rhlA, a gene encoding a rhamnolipid bio-
synthetic enzyme (Soberon-Chavez et al., 2005), are 
structurally distinct from those of wild-type cells. 
Under conditions where wild-type biofilms are struc-
tured with large aggregates, a ∆rhlA mutant forms 
flat biofilms (Davey et al., 2003; Boles et al., 2005; 
Pamp and Tolker-Nielsen, 2007). However, if a ∆rhlA 
mutant is mixed with cells that can produce rhamno-
lipids, ∆rhlA cells can participate in structured bio-
film formation, suggesting that rhamnolipids serve as 
a community good (Pamp and Tolker-Nielsen, 2007). 
Interestingly, in these mixed-population studies, the 
cells that produce rhamnolipids form the stalks, while 
the cells deficient for rhamnolipid production form 
the caps of the aggregates, with a developmental pat-
tern similar to that of structured biofilm II (Pamp 
and Tolker-Nielsen, 2007). In agreement with this 
observation, Lequette and Greenberg observed that 
in structured wild-type biofilms, rhlA was expressed 
mainly in the stalk, with little expression in the cap 
portion of the mushroom (Lequette and Greenberg, 
2005). Together, these results suggest that rhamno-
lipid production in the stalk is important for cap for-
mation under conditions where P. aeruginosa forms 
biofilms of the structured biofilm II class.

Completely contrary to the above-described flat 
biofilm morphology for ∆rhlA mutants, under iron-
limiting conditions where wild-type cells form flat 
biofilms, ∆rhlA cells formed structured biofilms (Glick 
et al., 2010). This phenotype is not completely surpris-
ing, as iron levels influence rhamnolipid production. 
Under iron-limiting conditions, wild-type P. aerugi-
nosa increases expression of rhamnolipid biosynthetic 
genes (Glick et al., 2010). Furthermore, Glick and 
colleagues showed that in iron-limiting media, ∆rhlA 
cells are defective for twitching, but this deficiency 
can be rescued by using iron-replete media (Glick et 
al., 2010). Interestingly, the ∆rhlA cells can also form 
structured biofilms, like wild-type cells, under iron- 
replete conditions. Glick and colleagues suggest that the 
timing of rhlA expression under iron-limiting versus 

replete conditions in wild-type biofilms may explain 
these results (Glick et al., 2010). Ultimately, these re-
sults with those described above show that the role 
of rhamnolipid production, and possibly swarming, in 
biofilm development is complicated and confounded 
by multiple environmental factors.

In addition to their role in biofilm morphol-
ogy, rhamnolipids affect both biofilm initiation and 
dispersal. Exogenous addition of rhamnolipids can 
block biofilm initiation (Davey et al., 2003) and dis-
perse preformed biofilms (Boles et al., 2005). This 
effect of excess rhamnolipids on biofilm initiation 
and dispersal is suggested to be due to their surfac-
tant property, disrupting cell-cell and cell-surface 
interactions. Supporting this interpretation, Boles 
and colleagues show that another surfactant, sodium 
dodecyl sulfate (SDS), can also induce dispersal of 
a preformed biofilm in a manner similar to that of 
rhamnolipids (Boles et al., 2005). Since these studies 
are based on addition of excess rhamnolipids exog-
enously, they suggest that rhamnolipid production, 
which starts in planktonic cells at the transition into 
stationary phase (Lequette and Greenberg, 2005), is 
tightly regulated throughout biofilm development.

Nutrition

P. aeruginosa is renowned for its ability to grow 
in almost any environment and can use a wide variety 
of sources to meet its nutritional requirements. The 
nutritional conditions under which biofilms develop 
greatly affect their morphology. For instance, chang-
ing the carbon source in the media leads to drastically 
different biofilm structures (Wolfaardt et al., 1994; 
Klausen et al., 2003a; Klausen et al., 2003b; Shrout 
et al., 2006). Based on mathematical modeling, nutri-
ent limitation is a major driving force in determining 
biofilm structure (Wimpenny and Colasanti, 1997; 
Picioreanu et al., 1998). In these models, rougher 
structured biofilms form under limiting nutrient con-
ditions and growth was limited by nutrient transfer. In 
comparison, denser, flat biofilms form under nutrient-
rich conditions and were limited by the growth rate 
of the microorganisms. These simplistic models, how-
ever, do not fully describe the complexity with which 
nutrients, such as carbon source and iron levels, affect 
biofilm morphology.

Carbon sources

From halogenated aromatics to intermediates 
of the tricarboxylic acid (TCA) cycle, P. aeruginosa 
can use a diverse group of organic compounds as a 
sole carbon source. Most defined media for labora-
tory culturing of P. aeruginosa provide either TCA 
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