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    Abstract   Biofilms formed by  Pseudomonas aeruginosa  have long been recognized 
as a challenge in clinical settings. Cystic fibrosis, endocarditis, device-related 
infections, and ventilator-associated pneumonia are some of the diseases that are 
considerably complicated by the formation of bacterial biofilms, which are resist-
ant to most current antimicrobial therapies. Due to intense research efforts, our 
understanding of the molecular events involved in  P. aeruginosa  biofilm forma-
tion, maintenance, and antimicrobial resistance has advanced significantly. Over 
the years, several dogmas regarding these multicellular structures have emerged. 
However, more recent data reveal a remarkable complexity of  P. aeruginosa  
biofilms and force investigators to continually re-evaluate previous findings. This 
chapter provides examples in which paradigms regarding  P. aeruginosa  biofilms 
have been challenged, reflecting the need to critically re-assess what is emerging 
in this rapidly growing field. In this process, several avenues of research have 
been opened that will ultimately provide the foundation for the development of 
preventative measures and therapeutic strategies to successfully treat  P. aeruginosa  
biofilm infections.    
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   1 Introduction 

 The rod-shaped motile Gram-negative bacterium  Pseudomonas aeruginosa  is an 
environmental organism that rarely causes disease in individuals with a healthy 
immune system. However, serious infection frequently develops in immunocom-
promised hosts and cystic fibrosis (CF) patients (Deretic et al. 1995; Govan and 
Deretic 1996; Ramsey and Wozniak 2005).  P. aeruginosa  is a predominant cause 
of opportunistic nosocomial infections, accounting for 10% of hospital-acquired 
infections, with case fatality due to bacteremia as high as 50% (Richards et al. 
1999; Hancock and Speert 2000). In addition, its high intrinsic resistance to anti-
biotics, its remarkable ability to develop resistance during antimicrobial treat-
ment, and its preferred biofilm-mode of growth considerably complicates 
therapies aimed at eradicating both acute and chronic  P. aeruginosa  infections 
(Hancock and Speert 2000; Mah and O’Toole 2001; Donlan and Costerton 2002; 
Hoffman et al. 2005). 

 Over the past decade, the study of biofilms has gained attention when it was 
appreciated that biofilms contribute substantially to infectious disease (Potera 
1999). Cystic fibrosis, ventilator-associated pneumonia, device-related infec-
tions, and endocarditis are examples of diseases that are considerably compli-
cated by  P. aeruginosa  biofilms. Colonization of a CF patient with  P. aeruginosa , 
along with the emergence of alginate-producing mucoid variants, is considered a 
poor prognostic indicator, as these infections are impossible to eradicate with 
current therapeutic strategies (Govan and Deretic 1996; Ramsey and Wozniak 
2005). Matrix-encased bacteria indicative of biofilms are found in the bronchi-
oles of CF patients during later stages of the disease (Lam et al. 1980; Baltimore 
et al. 1989; Hoiby et al. 2001). In addition, quorum-sensing signals can be 
detected in the CF lung, which is yet another piece of evidence for the presence 
of  P. aeruginosa  biofilms (Singh et al. 2000). In the case of  P. aeruginosa-
 induced endocarditis, symptoms are initially transient (Donlan and Costerton 
2002). When biofilms are eventually identified as the cause of disease, treatment 
becomes tremendously difficult. Usually, immediate valve replacement and long-
term administration of high-dose antibiotics are required. However, even these 
drastic measures are often futile, leading to significant morbidity and mortality 
(Gavin et al. 2003). 

 Due to their clinical importance,  P. aeruginosa  biofilms are one of the 
best-studied single-species biofilms. Over the years, certain themes regarding  
P. aeruginosa  biofilms have emerged and been considered dogmatic. However, new 
advances in the field challenge many of the original findings. This has been the case 
with regard to the role of motility in  P. aeruginosa  biofilm formation, antimicrobial 
resistance strategies in biofilms, and the composition of the biofilm matrix. The 
studies reviewed in this chapter emphasize the importance of using caution when 
interpreting and evaluating data that is emerging in this rapidly expanding field of 
research.  
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  2 Role of  P. aeruginosa  Motility in the Formation of Biofilms 

 The first evidence for a role of bacterial motility in the formation of  P. aeruginosa  
biofilms was provided in 1998 by O’Toole and Kolter (1998). Using a static attach-
ment model, it was shown that both flagellar and twitching motility are involved in 
the development of biofilms. In this study, wild type cells attached to the PVC sur-
face and formed a monolayer of cells followed by the appearance of dispersed 
microcolonies. An isogenic flagellar mutant, on the other hand, did not attach to the 
substrate. This finding supported the hypothesis that flagella and/or motility are 
required for initial cell-surface interactions. In the same report, an isogenic mutant 
lacking type IV pili attached to the surface and formed a monolayer, but did not 
develop microcolonies, which indicated that type IV pili are required in the biofilm 
maturation process. Thus, the seminal study by O’Toole and Kolter (1998) provided 
compelling evidence that the  P. aeruginosa  motility status affects the initiation and 
maturation of biofilms. 

 More recent studies reveal that the findings described above may be somewhat 
generalized. For example, in contrast to O’Toole’s (O’Toole and Kolter 1998) obser-
vation, Klausen et al. (2003a) discovered that flagellar mutants of  P. aeruginosa  can, 
in fact, form a biofilm. In this study, however, bacteria were grown as biofilms in 
flow chambers irrigated with a minimal medium containing citrate as carbon source 
rather than in a static model with glucose minimal medium (O’Toole and Kolter 
1998). Confocal scanning laser microscopy (CSLM) revealed that under the condi-
tions used by Klausen et al. (2003a), both the parental strain and the isogenic flagellar 
mutant formed biofilms, albeit with distinct structural differences. While the wild-
type strain formed a flat “carpet-like” biofilm structure, the flagellar mutant biofilm 
was thicker and “hilly” (Klausen et al. 2003a). With regard to type IV pili, Klausen 
et al. (2003a) observed that both the wild type and the isogenic pilus mutant are able 
to form biofilms in the dynamic flow chamber system but display dramatic structural 
differences. Under the conditions used, wild type cells formed a uniform flat biofilm 
without microcolonies, whereas the pilus mutant formed a biofilm with distinct 
microcolonies. These observations appeared opposite those made by O’Toole 
(O’Toole and Kolter 1998) where the wild type cells formed microcolonies over time, 
which were absent in the type IV pili mutant. The discrepancies are likely due to the 
media used as other reports reveal that biofilms grown in the presence of glucose 
(Stewart et al. 1993; Davies et al. 1998) are different from those grown in the pres-
ence of citrate (Heydorn et al. 2000; Heydorn et al. 2002). 

 Another important question addresses the contribution of  P. aeruginosa  motility 
in the formation of the distinctive mushroom-like structures separated by water-filled 
channels that are frequently observed in biofilms (Lawrence et al. 1991; deBeer 
et al. 1994). Over the years, several plausible hypotheses have been proposed to 
explain how these structures are assembled. It has been suggested, for example, that 
bacterial cells are forced to differentiate as a result of nutrient-limiting conditions 
depending on their location within the biofilm (Wimpenny and Colasanti 1997; 
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Picioreanu et al. 1998). A second hypothesis implies that the differentiation of  
P. aeruginosa  in the complex multicellular structures is mediated through the 
expression of specific genes, which directly control the spatial organization of cells 
(Stoodley et al. 2002). A third hypothesis proposes that cell-to-cell signaling is 
required (Davies et al. 1998). More recent data reveal that bacterial motility plays 
an important role in the development of the multicellular structures. For instance, a 
model by Shrout et al. (2006) suggests that nutritional conditions dictate the contri-
butions of quorum sensing and swarming motility on biofilm formation and can 
result in structurally distinct biofilms. Moreover, there is compelling evidence that 
type IV pili-mediated motility is crucial for the proper development of the mush-
room-like structures. In an inventive series of experiments, Klausen and colleagues 
(2003b) used differentially fluorescently labeled wild type and type IV pilin  
P. aeruginosa  isolates to show that these multicellular structures are formed in a 
sequential process involving motile and nonmotile subpopulations of  P. aeruginosa.  
In this model, nonmotile bacteria form the mushroom stalks, whereas the caps are 
assembled by migrating cells that ascend the stalks and aggregate on the tops via a 
type IV pili-driven mechanism. A subsequent study discovered that the motile and 
nonmotile subpopulations exhibit differential sensitivity to the membrane-
active antimicrobial agents colistin and sodium dodecyl sulfate (SDS) (Haagensen 
et al. 2007). 

 Collectively, the data discussed above demonstrate that  P. aeruginosa  motility 
plays a central role in biofilm formation and development. However, the studies 
also clearly show that the experimental conditions employed (i.e., biofilm reactor, 
growth conditions) strongly dictate how and to what extent motility affects the 
biofilm. This implies that certain environmental parameters promote the expression 
of specific subsets of genes, which allow the bacterium to form a biofilm most suit-
able for the conditions encountered. This scenario provides a plausible explanation 
for the remarkable ability of  P. aeruginosa  to successfully form biofilms in an 
unusually wide range of ecological niches.  

  3  Resistance of  P. aeruginosa  Biofilms to Antimicrobial 
Treatment 

 One of the most perplexing aspects of biofilms is their remarkable resistance to 
antimicrobial agents. This phenomenon has been attributed to a variety of factors, 
including (1) impaired access of antibiotics due to the protective matrix encas-
ing the biofilm (Costerton et al. 1999; Gilbert et al. 2002), (2) reduced growth 
rates of bacteria within hypoxic/anoxic zones of the biofilm (Gilbert et al. 
1990), perhaps in conjunction with the inhibition of microbial activity within 
these zones (Worlitzsch et al. 2002; Yoon et al. 2002), and (3) induced and/or 
increased expression of particular resistance genes (Costerton et al. 1999; 
Gilbert et al. 2002). However, more recent studies challenge and/or expand 
these suppositions. 
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 The idea of the exopolysaccharide as a protective shield from antimicrobials 
is appealing and was commonly accepted as a plausible explanation for the unu-
sual resistance of  P. aeruginosa  biofilms to antimicrobials. However, newer evi-
dence does not support this hypothesis. Several studies have shown that the 
diffusion of many antibiotics into the biofilm is not impeded (Gordon et al. 1988; 
Shigeta et al. 1997; Ishida et al. 1998). Quinolones, for instance, readily enter  P. 
aeruginosa  biofilms (Shigeta et al. 1997; Vrany et al. 1997; Ishida et al. 1998) 
and should thus be able to kill biofilm-growing bacteria. Interestingly, however, 
a successful breach of the exopolysaccharide barrier by a given antibiotic does 
not automatically result in eradication of  P. aeruginosa  in the biofilm. For exam-
ple, Brooun et al. (2000) observed that the quinolone ofloxacin effectively pene-
trates biofilm-grown  P. aeruginosa  at clinically feasible concentrations (5 µg/ml). 
Upon administration, the antibiotic resulted in a drop in viable cells. However, a 
small percentage of cells were unaffected. Higher concentrations of the antibiotic 
did not have an effect, which was evidenced by the constant number of super-
resistant cells at ofloxacin concentrations as high as 100 µg/ml. In addition, other 
groups reported significant differences in the bactericidal activity of various qui-
nolones despite their ability to successfully penetrate the matrix (Vrany et al. 
1997; Ishida et al. 1998). Interestingly, Ishida et al. (1998) found levofloxacin to 
be significantly more bactericidal than ciprofloxacin, whereas Vrany et al (1997) 
observed the opposite effect, which may be attributed to the experimental condi-
tions used in the studies. 

 Another factor that needs to be considered with regard to the ability of antibiot-
ics to cross the polysaccharide barrier is the rate of penetration. Jefferson (2005) 
proposed that as an antibiotic diffuses through the matrix, cells are exposed to dif-
ferent concentrations of the drug. Thus, the bacteria may have time to mount a 
protective response to the antibiotic. In support of this idea, Jefferson et al. (2005) 
showed that vancomycin binds quickly to cells on the biofilm surface but requires 
more than 1 h to bind to bacteria located within the deepest layer of the biofilm. 
While this particular study examined  Staphylococcus aureus  biofilms, it is quite 
possible that this mechanism translates to  P. aeruginosa.  In fact, there is evidence 
that subinhibitory (sub-MIC) levels of antibiotics affect  P. aeruginosa  biofilm for-
mation. For example, Fonseca et al. (2004) observed that treatment of  P. aeru-
ginosa  biofilms with sub-MIC concentrations of a piperacillin/tazobactam mixture 
affects biofilm morphology and results in a decrease of biofilm formation, an 
increase in sensitivity to oxidative stress, and a decrease in type IV pili-mediated 
twitching motility. Wozniak and Keyser (2004) observed that subinhibitory levels 
of macrolides also have an effect on biofilm architecture and result in reduced type 
IV pili-mediated twitching motility. Other studies have shown that aminoglycosides 
used at sub-MIC concentrations can actually induce  P. aeruginosa  biofilm forma-
tion, presumably as a consequence of stress (Hoffman et al. 2005). More recently, 
Linares et al. (2006) proposed a model that designates antibiotics as signaling mol-
ecules. The study demonstrated that exposure of  P. aeruginosa  biofilms to subin-
hibitory levels of particular antibiotics modulates the expression of virulence 
determinants including motility and type III secretion systems. 
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 A second hypothesis attempting to explain the exceptionally high resistance of  
P. aeruginosa  biofilms to antimicrobial killing involves slow growth of bacteria 
within the biofilm. However, this explanation may only be plausible with regard 
to antibiotics that kill rapidly dividing cells such as carbenicillin and other b-
lactams. It does not account for resistance to antibiotics such as quinolones, 
which are able to successfully eradicate nongrowing cells. The observation that 
stationary-phase planktonic cells (which are in a state of slow growth) remain 
susceptible to antibiotics also argues against this hypothesis (Brooun et al. 2000). 
However, the latter finding has been challenged by Spoering and Lewis (2001), 
who reported that both biofilm-grown and stationary-phase planktonic cells are 
significantly more resistant to antibiotic killing than logarithmic phase planktonic 
cells. In addition, this study identified a super-resistant subpopulation of  P. aeru-
ginosa , which was impervious to the antibiotics used. Spoering and Lewis (2001) 
also provided evidence that the formation and/or maintenance of the super-resist-
ant subpopulation is dependent on the density of the stationary-phase planktonic 
culture. The latter finding would help explain the discrepancy found in the litera-
ture regarding the antibiotic resistance status of stationary phase planktonic  P. 
aeruginosa  vs biofilm-grown cells: previous studies seeking to compare antibi-
otic resistance of biofilm-grown vs planktonic bacteria tended to dilute cells in 
order to analyze similar cell numbers from both populations, which would obvi-
ously have a detrimental effect on any density-dependent components involved in 
antibiotic resistance. 

 A very interesting report was recently published by Kaneko et al. (2007), who 
showed that slow-growing  P. aeruginosa  within a biofilm may actually be tar-
geted by gallium, a transition metal. The study was based on the observation that 
many biological systems are unable to distinguish between gallium and iron 
(Chitambar and Narasiham 1991). Thus, gallium may be used in a Trojan horse 
approach to interfere with and limit iron metabolism. In theory, this would have 
a detrimental effect on bacteria, and there is evidence to support this hypothesis 
(Bullen et al. 2005). Kaneko et al. (2007) demonstrated that gallium is able to 
kill established  P. aeruginosa  in biofilms in a dose-dependent manner. Surprisingly, 
the slow-growing bacteria located in the center of the biofilm, which are usually 
unaffected by antibiotics, were particularly susceptible to the bactericidal effects of 
gallium. Another study found that in addition to gallium, cells located in the 
middle of the biofilm are also sensitive to killing by colistin and SDS (Haagensen 
et al. 2007). 

 Several recent studies have suggested that oxygen limitation may play an impor-
tant role in  P. aeruginosa  biofilm development both in vitro and in vivo (Worlitzsch 
et al. 2002; Yoon et al. 2002; Walters et al. 2003). Based on these findings, others 
have reported that low levels of oxygen result in slow growth of cells within the 
biofilm and subsequent recalcitrance to antibiotic treatment (Walters et al. 2003; 
Borriello et al. 2004). However, a more recent study showed that growth of  P. aeruginosa  
under anaerobic conditions did not reduce the ability of ceftazidime, meropenem, 
aztreonam, piperacillin, or piperacillin/tazobactam to inhibit planktonic growth 
(Field et al. 2005). 
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 A popular explanation for antimicrobial resistance of  P. aeruginosa  is the 
induced and/or increased expression of particular resistance genes, which may 
confer a super-resistant phenotype. Interestingly, the phenomenon of super-resistant 
bacterial subpopulations is nothing new. In 1944, Bigger (Bigger 1944) reported 
that penicillin treatment of a population of Staphylococci did not sterilize the cul-
ture, but rather left a small subpopulation of bacteria that was impervious to the 
antibiotic. The cells within this subpopulation were defined as persisters. Regrowth 
of these persisters resulted in a population like the original one with respect to 
growth inhibition by penicillin and the generation of persisters. While this was a 
noteworthy discovery, its clinical significance was questioned. Thus, there is rela-
tively little information regarding the molecular basis of persister cells. However, 
with the expanding study of biofilms, persisters have been met with a rekindled 
interest as they may offer a logical explanation for the remarkable antibiotic resist-
ance of biofilms. In this context, Lewis (2007) has proposed a persister-based 
model for the resistance phenomenon in  P. aeruginosa  biofilms: upon administration 
of a bactericidal antibiotic to treat a biofilm-based infection, the entire population, 
with the exception of the persisters, is killed. If the antibiotic is withdrawn, the 
biofilm reforms and the cycle begins anew. This model is attractive as it accounts 
for the extraordinary resistance of biofilms to antibiotics as well as for the relapsing 
nature of biofilm infections. However, while the presence of persisters within bio-
films has been established, much work is needed to decipher the unusual phenotype 
of these super-resistant cells. In this regard, several reports and computer modeling 
studies have provided mechanistic insights into the basis for antibiotic tolerance of 
biofilm-grown  P. aeruginosa  (Drenkard and Ausubel 2002; Mah et al. 2003; 
Hoffman et al. 2005; Szmolay et al. 2005; Chambless et al. 2006). 

 Together, the work discussed in this section reflects the intriguing complexity of 
the antimicrobial resistance phenomenon of  P. aeruginosa  biofilms. It appears that 
this opportunistic pathogen has evolved a diverse array of strategies that allow it to 
counteract the detrimental effects of various classes of antimicrobial agents. 
Moreover, it becomes clear that the development of therapeutic strategies that can 
successfully overcome the remarkable antimicrobial resistance of  P. aeruginosa  
biofilms is certainly not trivial.  

  4 Composition of the  P. aeruginosa  Biofilm Matrix 

 It is now widely recognized that the structural integrity of biofilms depends on an 
extracellular matrix, which is produced by the bacterial cells constituting a given 
biofilm (Branda et al. 2005). Although the production of an extracellular substance 
is a commonality among biofilms, there is remarkable diversity in their individual 
composition. Table  1  summarizes existing data and features regarding components 
of the  P. aeruginosa  matrix. It is important to note that the relative ratios and 
abundance of these elements depends on a variety of factors, including strain 
background, the growth medium used, and the biofilm reactor system. 
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 Alginate is perhaps the most extensively studied  P. aeruginosa  exopolysaccha-
ride. It forms a linear polymer consisting of b- D -mannuronic and a- l -guluronic 
acid residues (Linker and Jones 1966; Ramsey and Wozniak 2005) and is associ-
ated with mucoid  P. aeruginosa  isolates recovered from patients suffering from 
cystic fibrosis (Govan and Deretic 1996; Ramsey and Wozniak 2005; Hoiby 
2006). Historically, alginate has been considered the sole component of the  P. 
aeruginosa  biofilm matrix. This is not surprising since early biofilm studies uti-
lized mucoid  P. aeruginosa  strains. Additionally, many reports show that the pres-
ence of alginate as well as its modification strongly influences the physical 
properties of mucoid biofilms (Hentzer et al. 2001; Nivens et al. 2001; Stapper et al. 
2004). However, the hypothesis that the matrix of  P. aeruginosa  biofilms consist 
of only alginate was challenged by the discovery that most mucoid strains of this 
opportunistic pathogen harbored one or more mutations that resulted in the consti-
tutive production of the exopolysaccharide (Govan and Deretic 1996). Thus, extra-
cellular matrices produced by non-mucoid  P. aeruginosa  were analyzed with 
regard to their chemical composition. Interestingly, the exopolysaccharide embed-
ding biofilms formed by common laboratory strains such as PAO1 and PA14 
contained little detectable alginate (Wozniak et al. 2003). Moreover, inactivation 
of genes required for alginate biosynthesis in these strains neither affected the for-
mation nor the structure of the biofilms in vitro (Wozniak et al. 2003; Stapper et al. 
2004). This led to the hypothesis that in  P. aeruginosa -based lung infections in CF 
patients, biofilm formation may precede the appearance of mucoid isolates. In this 
context, it was also speculated that the transition of  P. aeruginosa  from a non-
mucoid to a mucoid phenotype might involve a switch from a yet unidentified 
exopolysaccharide to alginate. 

 Subsequently, several laboratories concomitantly identified two genetic loci,  
pel  and  psl , which encoded putative biochemically distinct polysaccharides 
(Friedman and Kolter 2004a, 2004b; Jackson et al. 2004; Matsukawa and Greenberg 
2004; Overhage et al. 2005). There is evidence that these exopolysaccharides are 
involved in both early- and late-stage biofilm development (Friedman and Kolter 
2004b; Jackson et al. 2004; Matsukawa and Greenberg 2004; Vasseur et al. 2005; 
Ma et al. 2006). Overproduction of Psl and Pel results in distinct alterations in col-
ony morphology, biofilm architecture, and auto aggregation properties (Friedman 
and Kolter 2004a; Kirisits et al. 2005; Ma et al. 2006). An exciting recent discovery 
is that both polysaccharides seem to be regulated by bis-(3¢, 5¢)-cyclic dimeric gua-
nosine monophosphate (c-di-GMP), a ubiquitous second messenger molecule 
found in bacteria (D’Argenio et al. 2002; Goodman et al. 2004; Hickman et al. 
2005; Ventre et al. 2006). Levels of c-di-GMP are regulated by the opposing activi-
ties of GGDEF diguanylate cyclase and EAL phosphodiesterase proteins. 
Interestingly, c-di-GMP signaling seems to play an important role in the control 
of biofilm development in other Gram-negative bacteria, including  Yersinia ,  
Salmonella ,  Vibrio , and  Escherichia coli  (Jenal and Malone 2006). 

 Aside from polysaccharides, the  P. aeruginosa  biofilm matrix contains a consider-
able amount of DNA (Sutherland 2001; Whitchurch et al. 2002; Matsukawa and 
Greenberg 2004; Steinberger and Holden 2005). While early biofilms (£ 60 h) can be 
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dissociated by DNase treatment, older biofilms (³ 84 h) seem to be recalcitrant to 
such treatment (Whitchurch et al. 2002). Allesen-Holm et al. (2006) discovered that 
the DNA found in the biofilm matrix is comprised of random chromosomal DNA, 
which is released by a subpopulation of cells within the biofilm, either through cell 
lysis or the generation of DNA-containing membrane vesicles (Schooling and 
Beveridge 2006). Presumably, this process is regulated via quorum sensing (Allesen-
Holm et al. 2006) and can also be modulated by iron (Yang et al. 2007). Moreover, 
the extracellular DNA seems to localize in a time-dependent manner in the stalks of 
the mushroom-shaped microcolonies. Particularly high concentrations of DNA are 
found in the outer parts of the stalk, thus forming a border between the stalk- and the 
cap-forming  P. aeruginosa  subpopulations (Allesen-Holm et al. 2006). It is important 
to note, however, that in the context of CF, the source of DNA in the biofilm matrix 
is probably not solely of bacterial origin. In this context, Walker et al. (2005) suggest 
that DNA and actin derived from necrotic neutrophils become part of the biofilm 
matrix, which may ultimately enhance  P. aeruginosa  biofilm development in vivo. In 
any case, the presence of considerable amounts of DNA in the biofilm matrix pro-
vides a partial explanation for the therapeutic benefits of inhaled nebulized recom-
binant DNase I in the treatment of chronic lung infections in CF patients (Bollert et al. 
1999; Ratjen et al. 2005).  

  5 Concluding Remarks 

 In the last decade, the study of bacterial biofilms and surface-associated communities 
has been met with rekindled interest. It is now recognized that many of the early find-
ings were rather generalized and that biofilms are much more complex and dynamic 
than originally anticipated. This chapter reviews past and current  P. aeruginosa  bio-
film research and provides insight into how older paradigms are challenged by newer 
and sometimes conflicting observations. The reports show how strain background as 
well as the choice of biofilm reactors and/or growth medium can substantially influ-
ence the outcome of a given experiment and reflect the ability of  P. aeruginosa  to 
successfully adapt to various environmental conditions. However, the broad spectrum 
of results obtained in these studies also reminds us that our understanding of  P. aeruginosa  
biofilm formation, architecture, and resistance phenotype is rudimentary and that we 
have merely scratched its surface.   

    Acknowledgements   D.J.W. is supported by Public Health Service grants AI061396 and 
HL58334 and A.H.T. by American Heart Association grant 0515325U.   

  References 

 Allesen-Holm M, Barken KB, Yang L, Klausen M, Webb JS, Kjelleberg S, Molin S, Givskov M, 
Tolker-Nielsen T (2006) A characterization of DNA release in  Pseudomonas aeruginosa  
cultures and biofilms. Mol Microbiol 59:1114–1128 



Shifting Paradigms in Pseudomonas aeruginosa Biofilm Research 203

 Baltimore R, Christie C, Smith G (1989) Immunohistological localization of  Pseudomonas aeru-
ginosa  in lungs from patients with cystic fibrosis. Implications for the pathogenesis of progres-
sive lung deterioration. Am Rev Respir Dis 140:1650–1661 

 Bigger JW (1944) Treatment of staphylococcal infections with penicillin. Lancet 2:497–500 
 Bollert FG, Paton JY, Marshall TG, Calvert J, Greening AP, Innes JA (1999) Recombinant DNase 

in cystic fibrosis: a protocol for targeted introduction through n-of-1 trials. Scottish Cystic 
Fibrosis Group. Eur Respir J 13:107–113 

 Borriello G, Werner E, Roe F, Kim AM, Ehrlich GD, Stewart PS (2004) Oxygen limitation con-
tributes to antibiotic tolerance of  Pseudomonas aeruginosa  in biofilms. Antimicrob Agents 
Chemother 48:2659–2664 

 Branda SS, Vik A, Friedman L, Kolter R (2005) Biofilms: the matrix revisited. Trends Microbiol 
13:20–26 

 Brooun A, Liu S, Lewis K (2000) A dose-response study of antibiotic resistance in  Pseudomonas 
aeruginosa  biofilms. Antimicrob Agents Chemother 44:640–646 

 Bullen JJ, Rogers HJ, Spalding PB, Ward CG (2005) Iron and infection: the heart of the matter. 
FEMS Immunol Med Microbiol 43:325–330 

 Chambless JD, Hunt SM, Stewart PS (2006) A three-dimensional computer model of four hypo-
thetical mechanisms protecting biofilms from antimicrobials. Appl Environ Microbiol 
72:2005–2013 

 Chitambar CR, Narasiham J (1991) Targeting iron-dependent DNA synthesis with gallium and 
transferrin-gallium. Pathobiology 59:3–10 

 Costerton JW, Stewart PS, Greenberg EP (1999) Bacterial biofilms: a common cause of persistent 
infection. Science 284:1318–1322 

 D’Argenio DA, Calfee MW, Rainey PB, Pesci EC (2002) Autolysis and autoaggregation in  
Pseudomonas aeruginosa  colony morphology mutants. J Bacteriol 184:6481–6489 

 Davies DG, Parsek MR, Pearson JP, Iglewski BH (1998) The involvement of cell-to-cell signals 
in the development of bacterial biofilm. Science 280:295–298 

 deBeer DS, Stoodley P, Roe F, Lewandowski Z (1994) Effects of biofilms structures on oxygen 
distribution and mass transport. Biotechn Bioeng 43:1131–1138 

 Deretic V, Schurr MJ, Yu H (1995)  Pseudomonas aeruginosa , mucoidy and the chronic infection 
phenotype in cystic fibrosis. Trends Microbiol 3:351–356 

 Donlan RM, Costerton JW (2002) Biofilms: survival mechanisms of clinically relevant microor-
ganisms. Clin Microbiol Rev 15:176–193 

 Drenkard E, Ausubel FM (2002)  Pseudomonas  biofilm formation and antibiotic resistance are 
linked to phenotypic variation. Nature 416:740–743 

 Field TR, White A, Elborn JS, Tunney MM (2005) Effect of oxygen limitation on the in vitro 
antimicrobial susceptibility of clinical isolates of  Pseudomonas aeruginosa  grown planktoni-
cally and as biofilms. Eur J Clin Microbiol Infect Dis 24:677–687 

 Fonseca AP, Extremina C, Fonseca AF, Sousa JC (2004) Effect of subinhibitory concentration of 
piperacillin/tazobactam on  Pseudomonas aeruginosa . J Med Microbiol 53:903–910 

 Friedman L, Kolter R (2004a) Genes involved in matrix formation in  Pseudomonas aeruginosa  
PA14 biofilms. Mol Microbiol 51:675–690 

 Friedman L, Kolter R (2004b) Two genetic loci produce distinct carbohydrate-rich structural 
components of the  Pseudomonas aeruginosa  biofilm matrix. J Bacteriol 186:4457–4465 

 Gavin PJ, Suseno MT, Cook FV, Peterson LR, Thomson RB Jr (2003) Left-sided endocarditis 
caused by  Pseudomonas aeruginosa : successful treatment with meropenem and tobramycin. 
Microbiol Infect Dis 47:427–430 

 Gilbert P, Collier PJ, Brown MR (1990) Influence of growth rate on susceptibility to antimicrobial 
agents: biofilms, cell cycle, dormancy, and stringent response. Antimicrob Agents Chemother 
34:1865–1868 

 Gilbert P, Maira-Litran T, McBain AJ, Rickard AH, Whyte FW (2002) The physiology and col-
lective recalcitrance of microbial biofilm communities. Adv Microb Physiol 46:202–256 

 Goodman AL, Kulasekara B, Rietsch A, Boyd D, Smith RS, Lory S (2004) The signaling network 
reciprocally regulates genes associated with acute infection and chronic persistence in  
Pseudomonas aeruginosa . Dev Cell 7:745–754 



204 A. H. Tart, D. J. Wozniak

 Gordon CA, Hodges NA, Marriott C (1988) Antibiotic interaction and diffusion through alginate 
and exopolysaccharide of cystic fibrosis-derived  Pseudomonas aeruginosa . J Antimicrob 
Chemother 22:667–674 

 Govan RJW, Deretic V (1996) Microbial pathogenesis in cystic fibrosis: mucoid  Pseudomonas 
aeruginosa  and  Burkholderia cepacia . Microbiol Rev 60:539–574 

 Haagensen JAJ, Klausen M, Ernst RK, Miller SI, Folkesson A, Tolker-Nielsen T, Molin S (2007) 
Differentiation and distribution of colistin- and sodium dodecyl sulfate-tolerant cells in  
Pseudomonas aeruginosa  biofilms. J Bacteriol 189:28–37 

 Hancock REW, Speert DP (2000) Antibiotic resistance in  Pseudomonas aeruginosa : mechanisms 
and impact on treatments. Drug Resist Update 3:247–255 

 Hentzer M, Teitzel GM, Balzer GJ, Heydorn A, Molin S, Givskov M, Parsek MR (2001) Alginate 
overproduction affects  Pseudomonas aeruginosa  biofilm structure and function. J Bacteriol 
183:5395–5401 

 Heydorn A, Nielsen AT, Hentzer M, Sternberg C, Givskov M, Ersboll BKM, Molin S (2000) 
Quantification of biofilm structures by the novel computer program by the novel computer 
program COMSTAT. Microbiology 146:2395–2407 

 Heydorn A, Ersboll BK, Kato J, Hentzer M, Parsek MR, Tolker-Nielsen T, Givskov M, Molin S 
(2002) Statistical analysis of  Pseudomonas aeruginosa  biofilm development: impact of muta-
tions in genes involved in twitching motility, cell-to-cell signaling, and stationary-phase sigma 
factor expression. Appl Environ Microbiol 68:2008–2017 

 Hickman JW, Tifrea DF, Harwood CS (2005) A chemosensory system that regulates biofilm formation 
through modulation of cyclic diguanylate levels. Proc Natl Acad Sci U S A 102:14422–14427 

 Hoffman LR, D’Argenio DA, MacCoss MJ, Zhang Z, Jones RA, Miller SI (2005) Aminoglycoside 
antibiotics induce bacterial biofilm formation. Nature 436:1171–1175 

 Hoiby N (2006)  P. aeruginosa  in cystic fibrosis patients resist host defenses, antibiotics. Microbe 
1:571–577 

 Hoiby N, Johansen HK, Moser C, Song Z, Ciofu O, Kharazmi A (2001)  Pseudomonas aeruginosa  
and the in vitro and in vivo biofilm mode of growth. Microbes Infect 3:23–35 

 Ishida H, Ishida Y, Kurosaka Y, Otani T, Sato K, Kobayashi H (1998) In vitro and in vivo activities 
of levofloxacin against biofilm-producing  Pseudomonas aeruginosa . Antimicrob Agents 
Chemother 42:1641–1645 

 Jackson KD, Starkey M, Kremer S, Parsek MR, Wozniak DJ (2004) Identification of  psl,  a locus 
encoding a potential exopolysaccharide that is essential for  Pseudomonas aeruginosa  PAO1 
biofilm formation. J Bacteriol 186:4466–4475 

 Jefferson KK, Goldmann DA, Pier GB (2005) Use of confocal microscopy to analyze the rate of 
vancomycin penetration through  Staphylococcus aureus  biofilms. Antimicrob Agents 
Chemother 49:2467–2473 

 Jenal U, Malone J (2006) Mechanisms of cyclic-di-GMP signaling in bacteria. Annu Rev Genet 
40:385–407 

 Kaneko Y, Thoendel M, Olakami O, Britigan BE, Singh PK (2007) The transition metal gallium 
disrupts  Pseudomonas aeruginosa  iron metabolism and has antimicrobial and antibiofilm 
activity. J Clin Invest 117:877–888 

 Kirisits MJ, Prost L, Starkey M, Parsek MR (2005) Characterization of colony morphology vari-
ants isolated from  Pseudomonas aeruginosa  biofilms. Appl Environ Microbiol 
71:4809–4821 

 Klausen M, Aaes-Jorgensen A, Molin S, Tolker-Nielsen T (2003a) Biofilm formation by  Pseudomonas 
aeruginosa  wild type, flagella, and type IV pili mutants. Mol Microbiol 48:1511–1524 

 Klausen M, Aaes-Jorgensen A, Molin S, Tolker-Nielsen T (2003b) Involvement of bacterial 
migration in the development of complex multicellular structures in  Pseudomonas aeruginosa  
biofilms. Mol Microbiol 50:61–68 

 Lam J, Chan R, Lam K, Costerton JW (1980) Production of mucoid microcolonies by  
Pseudomonas aeruginosa  within infected lungs in cystic fibrosis. Infect Immun 28:546–556 

 Lawrence JR, Korber DR, Hoyle BD, Costerton JW, Caldwell DE (1991) Optional sectioning of 
microbial biofilms. J Bacteriol 173:6558–6567 



Shifting Paradigms in Pseudomonas aeruginosa Biofilm Research 205

 Lewis K (2007) Persister cells, dormancy and infectious disease. Nat Rev Microbiol 5:48–56 
 Linares JF, Gustafsson I, Baquero F, Martinez JL (2006) Antibiotics as intermicrobial signaling 

agents instead of weapons. Proc Natl Acad Sci U S A 103:19484–19489 
 Linker A, Jones RS (1966) A new polysaccharide resembling alginic acid isolated from pseu-

domonads. J Biol Chem 241:3845–3851 
 Ma L, Jackson KD, Landry RM, Parsek MR, Wozniak DJ (2006) Analysis of  Pseudomonas aeru-

ginosa  conditional Psl variants reveals roles for the Psl polysaccharide in adhesion and main-
taining biofilm structure post attachment. J Bacteriol 188:8213–8221 

 Mah TF, O’Toole GA (2001) Mechanisms of biofilm resistance to antimicrobial agents. Trends 
Microbiol 9:34–39 

 Mah TF, Pitts B, Pellok B, Walker GC, Stewart PS, O’Toole GA (2003) A genetic basis for  
Pseudomonas aeruginosa  biofilm antibiotic resistance. Nature 426:306–310 

 Matsukawa M, Greenberg EP (2004) Putative exopolysaccharide synthesis genes influence  
Pseudomonas aeruginosa  biofilm development. J Bacteriol 186:4449–4456 

 Nivens DE, Ohman DE, Williams J, Franklin MJ (2001) Role of alginate and its O-acetylation in 
the formation of  Pseudomonas aeruginosa  microcolonies and biofilms. J Bacteriol 
183:1047–1057 

 O’Toole GA, Kolter R (1998) Flagellar and twitching motility are necessary for  Pseudomonas 
aeruginosa  biofilm development. Mol Microbiol 30:295–304 

 Overhage J, Schemionek M, Webb JS, Rehm BHA (2005) Expression of the  psl  operon in  
Pseudomonas aeruginosa  PAO1 biofilms: PslA performs an essential function in biofilm for-
mation. Appl Environ Microbiol 71:4407–4413 

 Picioreanu C, van Loosdrecht MCM, Heijnen JJ (1998) Mathematical modeling of biofilm struc-
ture with a hybrid differential-discrete cellular automaton approach. Biotechn Bioeng 
58:101–116 

 Potera C (1999) Forging a link between biofilms and disease. Science 283:1837–1839 
 Ramsey DM, Wozniak DJ (2005) Understanding the control of  Pseudomonas aeruginosa  alginate 

synthesis and the prospects for management of chronic infections in cystic fibrosis. Mol 
Microbiol 56:309–322 

 Ratjen F, Paul K, van Koningsbruggen S, Breitenstein S, Rietschel E, Nikolaizik W (2005) DNA 
concentrations in BAL fluid of cystic fibrosis patients with early lung disease: influence of 
treatment with streptodornase alpha. Pediatr Pulmonol 39:1–4 

 Richards MJ, Edwards JR, Culver DH, Gaynes RP (1999) Nosocomial infections in medical 
intensive care units in the United States. National nosocomial infections surveillance system. 
Crit Care Med 27:887–892 

 Schooling SR, Beveridge TJ (2006) Membrane vesicles: an overlooked component of the matrices 
of biofilms. J Bacteriol 188:5945–5957 

 Shigeta M, Tanaka G, Komatsuzawa H, Sugai M, Suginaka H, Usui T (1997) Permeation of anti-
microbial agents through  Pseudomonas aeruginosa  biofilms: a simple method. Chemotherapy 
43:340–345 

 Shrout J, Chopp DL, Just CL, Hentzer M, Givskov M, Parsek MR (2006) The impact of quorum-
sensing and swarming motility on  Pseudomonas aeruginosa  biofilm formation is nutritionally 
conditional. Mol Microbiol 62:1264–1277 

 Singh PK, Schaefer AL, Parsek MR, Moninger TO, Welsh MJ, Greenberg EP (2000) Quorum-
sensing signals indicate that cystic fibrosis lungs are infected with bacterial biofilms. Nature 
407:762–764 

 Spoering AL, Lewis K (2001) Biofilms and planktonic cells of  Pseudomonas aeruginosa  have 
similar resistance to killing by antimicrobials. J Bacteriol 183:6746–6751 

 Stapper AP, Narasimhan G, Ohman DE, Barakat JH, Hentzer M, Molin S, Kharazmi A, Hoiby 
N, Mathee K (2004) Alginate production affects  Pseudomonas aeruginosa  biofilm devel-
opment and architecture, but is not essential for biofilm formation. J Med Microbiol 
53:679–690 

 Steinberger RE, Holden PA (2005) Extracellular DNA in single- and multiple-species unsaturated 
biofilms. Appl Environ Microbiol 71:5404–5410 



206 A. H. Tart, D. J. Wozniak

 Stewart PS, Peyton BM, Drury WJ, Murga R (1993) Quantitative observations of the heterogenei-
ties in  Pseudomonas aeruginosa  biofilms. Appl Environ Microbiol 59:327–329 

 Stoodley P, Sauer K, Davies DG, Costerton JW (2002) Biofilms as complex differentiated com-
munities. Annu Rev Microbiol 56:187–209 

 Sutherland IW (2001) The biofilm matrix – an immobilized by dynamic microbial environment. 
Trends Microbiol 9:222–227 

 Szmolay B, Klapper I, Dockery J, Stewart PS (2005) Adaptive responses to antimicrobial agents 
in biofilms. Environ Microbiol 7:1186–1191 

 Vasseur P, Vallet-Gely I, Soscia C, Genin S, Filloux A (2005) The  pel  genes of the  Pseudomonas 
aeruginosa  PAK strain are involved at early and late stages of biofilm formation. Microbiology 
151:985–997 

 Ventre I, Goodman AL, Vallet-Gely I, Vasseur P, Soscia C, Molin S, Bleves SL, Lazdunski A, 
Lory S, Filloux A (2006) Multiple sensors control reciprocal expression of  Pseudomonas aer-
uginosa  regulatory RNA and virulence genes. Proc Natl Acad Sci U S A 103:171–176 

 Vrany J, Stewart PS, Suci P (1997) Comparison of recalcitrance to ciprofloxacin and levofloxacin 
exhibited by  Pseudomonas aeruginosa  biofilms displaying rapid-transport characteristics. 
Antimicrob Agents Chemotherap 41:1352–1358 

 Walker TS, Tomlin KL, Worthen GS, Poch KR, Lieber JG, Saavedra MT, Fessler MB, Malcolm 
KC, Vasil ML, Nick JA (2005) Enhanced  Pseudomonas aeruginosa  biofilm development 
mediated by human neutrophils. Infect Immun 73:3693–3701 

 Walters MC III, Roe F, Bugnicourt A, Franklin MJ, Stewart PS (2003) Contributions of antibiotic 
penetration, oxygen limitation, and low metabolic activity to tolerance of  Pseudomonas aeru-
ginosa  biofilms to ciprofloxacin and tobramycin. Antimicrob Agents Chemotherap 
47:317–323 

 Whitchurch CB, Tolker-Nielsen T, Ragas PC, Mattick JS (2002) Extracellular DNA required for 
bacterial biofilm formation. Science 295:1487 

 Wimpenny JWT, Colasanti R (1997) A unifying hypothesis for the structure of microbial biofilms 
based on cellular automaton model. FEMS Microbiol Ecol 22:1–16 

 Worlitzsch D, Tarran R, Ulrich M, Schwab U, Cekici A, Meyer K, Birrer P, Bellon G, Berger J, 
Weiss T, Botzenhart K, Yankaskas J, Randell S, Boucher R, Doring G (2002) Effects of 
reduced mucus oxygen concentration in airway  Pseudomonas  infections of cystic fibrosis 
patients. J Clin Invest 109:317–325 

 Wozniak DJ, Keyser RA (2004) Effects of subinhibitory concentrations of macrolide antibiotics 
on  Pseudomonas aeruginosa . Chest 125:62S–69S 

 Wozniak DJ, Wyckoff TJO, Starkey M, Keyser RA, Azadi P, O’Toole GA, Parsek MR (2003) 
Alginate is not a significant component of the exopolysaccharide matrix of PA14 and PAO1  
Pseudomonas aeruginosa  biofilms. Proc Natl Acad Sci U S A 100:7907–7912 

 Yang L, Barken KB, Skindersoe ME, Christensen AB, Givskov M, Tolker-Nielsen T (2007) 
Effects of iron on DNA release and biofilm development by  Pseudomonas aeruginosa . 
Microbiology 153:1318–1328 

 Yoon SS, Hennigan RF, Hilliard GM, Ochsner UA, Parvatiyar K, Kamani MC, Allen HL, 
KeKievit TR, Gardener PR, Schwab U, Rowe JJ, Iglewski BH, McDermott TR, Mason RP, 
Wozniak DJ, Hancock REW, Parsek MR, Noah TL, Boucher RC, Hassett DJ (2002)  
Pseudomonas aeruginosa  anaerobic respiration in biofilms: relationships to cystic fibrosis 
pathogenesis. Dev Cell 3:593–603    




