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Abstract
Biofilm formation is now commonly associated with concepts of development, differentia-
tion, and dispersal of microorganisms, and often more broadly with multicellular biologi-
cal systems. This underlying theme of multicellularity among sessile microorganisms has 
undoubtedly attracted significant fundamental research interest to the field. This chapter 
will summarize and discuss aspects of cellular differentiation in biofilms, including micro-
colony-based dispersal, autolysis of subpopulations of biofilm cells, and the recent finding 
that nitric oxide—a ubiquitous signal for cellular differentiation—can induce dispersal in 
Pseudomonas aeruginosa biofilms.

Introduction—biofilms as primitive multicellular systems?
Recent years have witnessed a dramatic expansion of research into bacterial biofilms, with 
rapid advances in molecular technologies and microscopy enabling detailed studies of the 
biofilm mode of life across a range of systems and organisms. This surge of interest is fueled 
in part by the ubiquitous impact of biofilms, and the need to manipulate, enhance or prevent 
biofilm formation in diverse environments. In addition, the discovery of cell–cell signaling 
or quorum sensing systems in bacteria was central in guiding researchers to study bacterial 
multicellularity and community behavior of bacteria, rather than the previous emphasis 
on single cell biological processes. Initially, two kinds of multicellular prokaryotic systems 
were envisaged. One system, as explored for example in differentiation and sporulation 
in Myxococcus xanthus, involves signaling-mediated development of specialized cells with 
the ensuing sharing of labor by the different types of cells in the population. The other 
system refers to the “mob” response displayed by a population of non-differentiating cells, 
in which the population adopts a new response, such as bioluminescence or virulence factor 
production, accommodated by the same and simultaneous behavior of all cells. However, 
since the discovery of a role of quorum sensing in organized surface motility in 1996 (Eberl 
et al., 1996) and later biofilm development in 1998 (Davies et al., 1998), a third concept has 
emerged; that of multicellularity and differentiation in biofilms. Biofilms have subsequently 
been found to display features reminiscent of multicellular systems, including co-ordinated 
dispersal events, and it now appears that complex development is a hallmark also of the 
community behavior of classically non-differentiating bacteria (Eberl et al., 1999; Eberl 
et al., 1996; Klausen et al., 2003; Sauer et al., 2002; Webb et al., 2003b). This chapter will 
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discuss these and other recent findings in connection with the development and multicel-
lular differentiation of biofilms.

Overview of biofilm dispersal
All organisms must disperse to and colonize new environments, and the ecological impor-
tance of the dispersal phase is well recognized. Colonization of new surfaces is a fundamen-
tal constraint on the life histories of sessile organisms; for example, most sessile eukaryotic 
organisms in aquatic environments have evolved dispersive propagules that represent a 
distinct stage in their life histories (e.g. invertebrate larvae, algal spores, etc). However, it is 
now also clear that (a) the principal mode of life of bacteria within the environment is as 
surface-dwelling biofilms, and that (b) biofilms exhibit dispersal stages on surfaces in many 
ways analogous to sessile eukaryotes. Biofilms are complex aggregates of cells on surfaces 
from which dispersal cells are at times released, e.g. in the language used for eukaryotes, 
there is a benthic phase in the “life cycle” from which distinct, dispersive “propagules” are 
released. While many bacterial cells can disperse from biofilms by passive processes, such as 
erosion or sloughing of cells from the biofilm caused by fluid shear (Stoodley et al., 2001a; 
Stoodley et al., 2001b) bacterial biofilms can also periodically undergo active dispersal 
events where sessile, matrix-encased biofilm cells convert en-masse to free-swimming, 
planktonic bacteria.

Until recently, the mechanisms by which active bacterial dispersal from biofilms occurs 
remained almost completely unexplored, and little was known about the functions or regula-
tory pathways involved in release of bacteria from biofilms. Strategies to manipulate biofilm 
dispersal would find broad application in the control of microorganisms and this may in 
part be responsible for a recent surge of interest in biofilm dispersal. Mechanisms by which 
biofilms regulate dispersal are only beginning to be explored and will be an important area 
of research for the future. Processes now known to play a role in biofilm dispersal include 
enzyme-mediated breakdown of the biofilm matrix (Boyd and Chakrabarty, 1994; Kaplan 
et al., 2003a; Kaplan et al., 2003b; Lee et al., 1996), and the production of surfactants which 
loosen cells from the biofilm (Davey et al., 2003). Dispersal processes can also be under the 
control of quorum sensing systems (Rice et al., 2005), intracellular di-cyclic GMP levels 
(see also Chapter 5), changes in nutrient availability (Gjermansen et al., 2005; Hunt et al., 
2004; Sauer et al., 2004) and the production of free radical species ((Barraud et al., 2006; 
Webb et al., 2003b), and see below). Biofilm dispersal is thus a dynamic process involving 
multiple genetic determinants and regulatory processes.

Escape from within: development and dispersal of 
microcolonies

Microcolony development
With some notable exceptions (e.g. Hentzer et al., 2001; Heydorn et al., 2002), the vast 
majority of laboratory confocal microscopy biofilm investigations report multicell struc-
tures (microcolonies) that are often elegantly differentiated from the bulk biofilm. It has 
previously been proposed that three-dimensional biofilm structures are a consequence of 
complex nutrient gradients during growth, and hence that microcolony formation can be 
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modeled mathematically (van Loosdrecht et al., 2002). However, recent years have also 
revealed numerous genetically encoded regulatory and structural determinants of biofilm 
development. Examples include the role of conjugative plasmids (Ghigo, 2001; Reisner et 
al., 2003) and antigen 43 (Danese et al., 2000; Reisner et al., 2003) in enhancing micro-
colony formation in E. coli biofilms, suggesting that these cell surface structures may act 
as cellular adhesins in stabilizing microcolony structures. Several studies have reported an 
involvement of cell–cell signaling in microcolony formation e.g. (Davies et al., 1998; Huber 
et al., 2001; Lynch et al., 2002), and pointed to the outward structural similarities between 
microcolony development and coordinated aggregation and fruiting body formation in 
social bacteria such as Myxococcus spp. In a clear example of the existence of different cell 
types within a population, Klausen et al. (Klausen et al., 2003) report a type IV pilus-medi-
ated migration of a subpopulation of P. aeruginosa cells to form mushroom-like caps on 
the surface of microcolonies (Figure 9.1D). This process also shares similarities with the 
development of fruiting bodies in M. xanthus.

Dispersal from microcolonies
A paradigm of the biofilm mode of bacterial life is of a developmental sequence that culmi-
nates in the dispersal of physiologically differentiated free-living cells that can colonize new 
locations. Behaviors reminiscent of multicellular organization have been observed during 
dispersal processes occurring in mature microcolonies. Several recent studies have reported 
pronounced activity localized to the center of mature biofilm structures, leading to the 
dispersal of cells from inside the structure, and leaving behind large transparent cavities, or 
hollow “shells” made up of non-motile cells (Figure 9.1).

This process of dispersal from the interior of microcolonies has been termed “seeding 
dispersal” in order to differentiate it from the process of erosion, which is the passive re-
moval of cells from the biofilm by fluid shear. Seeding dispersal in Pseudomonas aeruginosa 
did not occur in a lasI/rhlI quorum-sensing mutant strain, suggesting that this process is 
dependant on cell–cell signaling (Purevdorj-Gage et al., 2005). Such processes are likely 
also to involve enzymes that degrade the extracellular polysaccharide matrix (for example 

A
Motile cells

B

Figure 9.1 Bacterial dispersal from multicellular biofilm structures (microcolonies), also termed 
“seeding dispersal.” The left pane shows a schematic “side-on” view of a mature biofilm 
undergoing dispersal; the right pane shows a “top-down” view of hollow microcolonies on 
a glass surface formed during dispersal of a Pseudomonas aeruginosa biofilm (bar = 50 µm). 
Panel A was kindly provided by Susse Kirkelund Hansen, Biocentrum-DTU, Danish Technical 
University.
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polysaccharide lyases) which are known to be of importance for their role in biofilm disso-
lution in several organisms (Kaplan et al., 2003b; Ott et al., 2001). Because these enzymes 
are not thought to be transported across the cell membrane, their release to the extracellular 
polysaccharide matrix may rely primarily upon lysis of cells within the biofilm (Sutherland, 
1999).

Cell lysis and dispersal
One process that is often observed in association with microcolony seeding dispersal is the 
death and lysis of subpopulations of cells within the biofilm. Patterns of cell lysis within 
biofilms has now been observed as a normal feature of development across a broad range of 
biofilm forming bacteria. In biofilms, cell death commonly occurs with spatial organization 
inside mature microcolony structures, and kills only a proportion of cells within the biofilm 
(see Figure 9.3). It is proposed that autolysis impacts on dispersal processes in biofilms by 
destabilizing and disrupting the biofilm architecture, and that surviving cells in the biofilm 
benefit from the death of their siblings (Webb et al., 2003a, and see “Impacts of cell lysis 
in biofilms,” below), which facilitates conversion of surviving cells to the motile dispersal 
phenotype.

The two organisms for which cell lysis during biofilm development are best understood 
are P. aeruginosa, and the ubiquitous marine bacterium, Pseudoaltermonas tunicata. In both 
of these organisms, specific genetic determinants control cell death during biofilm develop-
ment. In P. tunicata, an autolytic protein, AlpP, is required for cell death during biofilm 
development (Mai-Prochnow et al., 2004; Mai-Prochnow et al., 2006) and remarkably, 
cell death was not observed at any stage in the development of a P. tunicata alpP mutant 
biofilm. In P. aeruginosa, cell death was linked to the expression of a Pf1-like filamentous 
prophage of Pseudomonas aeruginosa, and consequently genes that affected expression of 
receptors for the phage (RpoN-mediated regulation of type IV pili and flagellae) controlled 
cell death during development (Figure 9.1D) (Webb et al., 2003b). However, the molecular 
mechanism of killing in P. aeruginosa biofilms remains to be fully elucidated because these 
symbiotic filamentous phages are generally thought not to harm host cells. Intriguingly, 
the Pf1-like prophage of P. aeruginosa encodes homologues of proteins from two differ-
ent E. coli toxin-antitoxin elements ((Thompson et al., 2003) and M Lau, JS Webb and S 
Kjelleberg, unpublished data) which may play a role in cell killing within biofilms. In both 
P. aeruginosa and P. tunicata, mutants that did not show cell death did not develop hollow 
shell-like structures and dispersal of cells from internalized portions of the microcolony 
was not observed.

Impacts of cell lysis in biofilms—enhanced metabolic activity 
and phenotypic variation among dispersal cells
Recent studies have provided further evidence that cell lysis during biofilm development 
can indeed play an important role in biofilm dispersal and ecology. In the marine bacterium 
P. tunicata, cell death in wild-type biofilms led to a major reproducible dispersal event after 
192 hours of biofilm development (Mai-Prochnow et al., 2006; Figure 9.2). A sudden 
increase in viable dispersal cells occurred only in the P. tunicata wild-type, but not in the 
� alpP mutant. Using flow cytometry and the fluorescent dye DiBAC, it was also shown 
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that P. tunicata wild-type cells that disperse from biofilms have enhanced metabolic activity 
compared to cells obtained from � alpP mutant biofilms. Furthermore, using the BacLight 
Live/dead DNA stain, viable cells within the region of lysis appeared larger and with en-
hanced fluorescence intensity, presumably due to higher levels of DNA caused by greater 
nutrient uptake, suggesting that lysis material from dead cells may also contribute to the 
nutrient support of surviving cells. Studies of P. tunicata biofilms development therefore 
suggest that autocidal events mediated by an antibacterial protein can confer ecological 
advantages by enhancing dispersal and contributing to the production of a metabolically 
active subpopulation of dispersal cells. The use of dead cells as a nutrient source for surviv-
ing bacteria in this way has also been proposed to occur during differentiation processes in 
other organisms, including sporulation of Bacillus subtilis (Gonzalez-Pastor et al., 2003), 
mycelium formation of Streptomyces sp. (Mendez et al., 1985; Miguelez et al., 1999) and 
biofilm formation of Staphylococcus aureus (Resch et al., 2005).

Cell lysis in biofilms may also be important for the colonization of new surfaces. Studies 
on P. tunicata have reported that there was considerable phenotypic variation among cells 
dispersing from wild-type biofilms, but not from the � alpP mutant (without lysis). Wild-
type cells that dispersed from biofilms showed significant increases in variation in growth, 
motility and biofilm formation which may all be important for successful colonization of 
new surfaces. Generally, it is recognized that a high diversity within a community protects 
against unfavorable conditions by increasing the range of conditions in which a community 
as a whole can thrive (Boles et al., 2005; McCann, 2000). In P. tunicata variation in coloni-
zation-relevant traits appears to be relatively stable in the dispersal cells as three culturing 
steps in culture media did not allow for reversion of the phenotypes. The highest variation 
was detected in the wild-type immediately after cell death had occurred, with some vari-
ants showing high growth rates and rapid biofilm while others showed slow growth rates 
and were mostly deficient in biofilm formation. Furthermore, some variants derived from 
wild-type biofilms showed increased motility. Each of these phenotypes may influence the 

Figure 9.2 A P. tunicata alpP mutant which does not undergo cell lysis is defective in biofilm 
dispersal. Biofilm dispersal shown in effluent viable counts (CFU). P. tunicata wild-type (black 
squares) shows a significant dispersal event at 192 hours. No major increase in dispersal can 
be detected for the ΔalpP mutant (grey triangles). Error bars represent the standard deviations 
for three independent experiments. reproduced from (Mai-Prochnow et al., 2006).
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ability of P. tunicata cells to colonize surfaces under different environmental conditions. For 
example, a higher growth and biofilm formation rate may enhance colonization under high 
nutrient conditions and a phenotype with increased motility could enhance settlement at 
more distant surfaces, which could lead to a wider distribution of the organism. The need 
to disperse to new habitats is an important constraint on all organisms with sessile stages 
in their lifecycle. Analogously, the generation of variability among dispersal propagules has 
been studied widely for many sessile colonizing eukaryotes (Marshall et al., 2003; Marshall 
and Keough, 2003; Moran and Emlet, 2001). It is well established for these organisms 
that variation in a range of phenotypes within propagule populations is a strategy used to 
ensure successful colonization at new surfaces in different habitats. For example differences 
in swimming ability due to variation in the size and nutritional status of larvae of the bryo-
zoans Bugula neritina and Watersipora subtorquata and the ascidian Diplosoma listerianum 
lead to variation in settlement distances (Marshall and Keough, 2003).

Overall, the studies described above suggest that developmental cell death and its 
consequences confer ecological advantages to groups of bacteria in P. tunicata biofilms and 
more generally the fitness of the species by generating a diverse but stable dispersal popu-
lation. Because patterns of cell death during biofilm development are a feature of many 
bacteria, exploring the role of self induced lysis and generation of phenotypically different 
dispersal cells can lead to a better understanding of the ecology of the sessile lifestyle of 
non-differentiating bacteria as well as the development of potential control mechanisms of 
bacterial biofilms.

Nitric oxide—a signal for differentiation and dispersal in 
biofilms?
Nitric oxide (NO) is intimately associated with processes of central importance to biofilm 
development. Biofilms predominantly exhibit gene expression profiles consistent with an-
aerobic and iron limited growth (Hassett et al., 2002; Hentzer et al., 2005), and NO plays 
an important role in both of these growth modes. In P. aeruginosa biofilms, steep oxygen 
gradients can occur leading to anaerobic regions within the biofilm. Anaerobic respiratory 
metabolism in P. aeruginosa uses nitrate (NO3

–), nitrite (NO2
–) or nitrous oxide (N2O) 

as terminal electron acceptors and NO is generated in this process through the activity 
of the enzyme nitrite reductase. If NO is not reduced by NO reductase to N2O, it may 
compromise the viability of the biofilm (Yoon et al., 2002). NO is also closely linked with 
iron acquisition, often a limiting factor for microorganisms in biofilms. In diverse bacterial 
species, NO inhibits the DNA binding by the ferric uptake regulator (Fur), leading to 
upregulation of genes required for iron acquisition (D’Autreaux et al., 2002; Ochsner et 
al., 2002). While bacterial responses to NO have been studied extensively in planktonic 
bacterial physiology in the context of adaptive and protective mechanisms e.g. (Firoved et 
al., 2004; Mills et al., 2005; Poole, 2005; Tucker et al., 2006), there is a paucity of informa-
tion as to its role or cellular targets in the context of multicellular biofilm development and 
differentiation processes.

Recently it was found that nitric oxide (NO) is able to induce biofilm dispersal at 
concentrations that are non-toxic to Pseudomonas aeruginosa (Barraud et al., 2006). Using 
the NO donor sodium nitroprusside (SNP), concentrations as low as 10 nM were found 
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to cause a dispersal of biofilm cells from glass surfaces. Addition of SNP to established P. 
aeruginosa biofilms on glass slides caused up to 80% reduction in the amount of biomass 
on the glass surface. It was demonstrated that anaerobic denitrification occurs inside P. 
aeruginosa biofilms and that levels of peroxynitrite (a stable and highly damaging reaction 
product of NO) were enhanced in multicell structures that had undergone dispersal. A 

nirS mutant strain of P. aeruginosa, lacking the only enzyme capable of generating meta-
bolic NO, did not undergo dispersal in the study. The findings suggest a model for NO-
mediated differentiation during microcolony dispersal as described in Figure 9.3.

A number of other studies within the literature also point towards a role for NO in 
the transition from the biofilm mode of growth to the planktonic, free-living form in P. 
aeruginosa. First, microarray studies have revealed that genes involved in adherence are 
downregulated in P. aeruginosa upon exposure to NO (Firoved et al., 2004). This suggests 
a mechanism by which NO-exposed bacteria detach from the biofilm leading to reduced 
biofilm biomass and increased number of planktonic organisms. Second, the transition 
from sessile to motile P. aeruginosa is known to be regulated by GGDEF and EAL protein 
domains that are involved in the turnover of c-di-GMP (Simm et al., 2004). Several sig-
nal transduction pathways are known to regulate the activity of these GGDEF and EAL 
domains, including sensing of oxygen, pH, temperature and other environmental stimuli 
(Galperin et al., 2001; Romling et al., 2005; Simm et al., 2004). Intriguingly, Aravind and 
colleagues (Iyer et al., 2003) have also found that NO sensing proteins, called heme nitric 
oxide binding (HNOB) domains, are frequently associated with GGDEF and EAL do-
mains in diverse bacteria, suggesting a link between NO-sensing and c-di-GMP turnover. 
Further studies in our laboratory will establish whether NO-mediated biofilm dispersal in 
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Figure 9.3 Model for NO-mediated dispersal and lysis. Anaerobic denitrification in the interior 
of biofilm microcolonies generates NO, as well as the cell-toxic radical ONOO– by the reaction 
between NO and superoxide (A). The reactive NO and ONOO– species lead to complex 
differentiation inside microcolonies. A confocal laser microscope image of a mature microcolony 
stained with the BacLight Live/Dead stain is shown in (B). It is hypothesized that NO induces a 
motile and planktonic phenotype in one subpopulation of biofilm cells (filled arrow, rod-shaped 
live cells (green in color version of this image)). In contrast, ONOO– causes cellular damage, 
bacteriophage induction (Webb et al., 2003b), and lysis of another subpopulation of cells within 
the biofilm (unfilled arrow, irregular-shaped dead cells (red in color version of this image)). 
Ultimately, the combination of lysis and dispersal leads to the formation of “hollow colonies” 
typically observed during processes of seeding dispersal. Bar = 50 µm. The color version of this 
figure is available at http://www.horizonpress.com/hsp/supplementary/biofilm/ch9fig3.jpg.
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P. aeruginosa involves the GGDEF and EAL domains and variation in c-di-GMP levels and 
candidate gene products have already been identified for prioritization.

Recent analyses of microbial genomes have suggested that homologous NO-sensing 
receptor domains are common to both prokaryotic and eukaryotic regulatory proteins 
(Aravind et al., 2003; Iyer et al., 2003). In eukaryotes, NO signaling is known to play an 
important role in the regulation of diverse processes, including apoptosis, cell proliferation 
and differentiation. Intriguing similarities exist between the signaling role of NO in eukary-
otes, and its control of biofilm cell differentiation, death and dispersal. Biofilms are thought 
to exhibit developmental analogies with multicellular eukaryotes (Branda and Kolter, 2004; 
Webb et al., 2003a), and therefore it may be relevant to examine these bacterial biofilm 
populations for the origins of key regulatory processes observed in more complex organ-
isms. Work on NO-mediated control of biofilm development in P. aeruginosa may point to 
a conserved role for NO signaling in the regulation of differentiation and developmental 
events across prokaryotic and eukaryotic physiology.
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