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Abstract

Biofilm bacteria have developed escape strategies to avoid stresses associated with biofilm growth, 

respond to changing environmental conditions, and disseminate to new locations. An ever-

expanding body of research suggests that cellular release from biofilms is distinct from a simple 

reversal of attachment and reversion to a planktonic mode of growth, with biofilm dispersion 

involving sensing of specific cues, regulatory signal transduction, and consequent physiological 

alterations. However, dispersion is only one of many ways to escape the biofilm mode of growth. 

The present review is aimed at distinguishing this active and regulated process of dispersion from 

the passive processes of desorption and detachment by highlighting the regulatory processes and 

distinct phenotypes specific to dispersed cells.

Graphical Abstract

Biofilms are surface associated communities of microorganisms encased in a self-produced 

polymeric matrix. The sessile lifestyle affords bacteria multiple protective advantages, 

allowing bacteria to remain within a favorable environmental niche or host. Compared to 

free-swimming bacteria, biofilms are better adapted to withstand nutrient deprivation, pH 

changes, oxygen radicals, biocides, and antimicrobial agents [1]. Adaptation to the sessile 

lifestyle coincides with altered expression of surface molecules, nutrient utilization, and 
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virulence factors, and resistance to the immune system and antimicrobial agents [2-4]. In 

fact, bacteria living in biofilms can be up to 1000 times more tolerant to antibacterial 

compounds than their planktonic counterparts [5,6]. In clinical settings, the extraordinary 

resistance of biofilms to antimicrobial agents can be devastating, as conventional therapies 

have proven to be inadequate in the treatment of many if not most chronic biofilm infections. 

This extraordinary innate resistance to antimicrobial treatments renders biofilms extremely 

difficult to control in medical settings [7]. It is thus not surprising that biofilms and potential 

novel strategies to control or eradicate them have received considerable attention. While 

much research has focused on the development of anti-adhesive surfaces and devices aimed 

at preventing the formation of biofilms in the first place, recent findings have suggested 

another promising avenue open for biofilm control: the manipulation of the biofilm lifestyle.

While the regulatory specifics of the biofilm developmental processes of various bacterial 

species exemplify the remarkable diversity of the microbial world, studies of single-species 

communities have illustrated some general features characteristic of the biofilm mode of 

growth. Biofilm formation is initiated with surface attachment by a few planktonic, free-

swimming bacteria, which occurs in two stages – reversible and irreversible attachment. The 

typically unstable reversible attachment is characterized by cells attaching to a surface by a 

single pole and often returning to the bulk phase (Figure 1). Rod-shaped cells that commit 

to a more stable surface existence are next seen to attach to the surface via their longitudinal 

axis. This phenomenon is referred to as ‘irreversible attachment’. Once attached, cells will 

grow into a more complex multicellular mature form, which in some bacterial species is 

characterized by the presence of differentiated, mushroom- or pillar-like structures or 

microcolonies interspersed with fluid-filled channels (Figure 1). The developmental 

progression leading to a mature biofilm not only coincides with observable phenotypic or 

architectural changes, but also requires multiple regulatory networks, which translate signals 

to concerted gene expression changes thereby mediating the spatial and temporal 

reorganization of the bacterial cells within biofilms [3,8,9]. While these molecular and 

phenotypic changes provide biofilm-specific benefits, biofilm growth is also associated with 

certain dangers. As a biofilm grows in size, some cells will become increasingly separated 

from the bulk liquid interface and essential sources of energy or nutrients. Accumulation of 

waste products and toxins can present an additional challenge. Being trapped deep within a 

biofilm can, therefore, threaten cell survival. Thus, biofilm cells have evolved mechanisms to 

escape the sessile mode of growth as a means of self-preservation and dissemination to new 

locales [2,9].

Not surprisingly, the progression and regulation of the switches enabling bacteria to escape 

from the biofilm, generally referred to as dispersal or dispersion, have become a major focus 

of recent research endeavors. Much attention has also been paid to the agents inducing the 

transition from a sessile to a planktonic, and thus a less protected and more antimicrobial 

susceptible mode of growth. Studies of bacterial escape from biofilms have ranged from 

observations of the process naturally occurring in older biofilms to the investigations of the 

physical and chemical factors triggering the release of cells from the sessile communities. 

Such factors include but are not limited to shear stress, matrix-degrading enzymes, 

surfactants, chelating agents, signaling molecules, and environmental cues such as nitric 
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oxide, oxygen levels and variation in carbon and energy source availability. The diversity of 

biofilm release-inducing factors is matched by the variety of experimental conditions and 

systems used to study them, which have included microtiter plates, continuous flow reactors 

and flow cells, microfermentors, slides, drip flow and rotating disc reactors, aggregation in 

batch culture and colony and pellicle biofilm models. The timing of the experiments have 

also varied drastically, with induction of cell release tested in time frames ranging from 15 

min to 40 hr on bacterial biomass that has been allowed to grow on a surface anywhere from 

2 hr to 10 days. Yet despite all these notable differences, majority of these studies refer to 

the described phenomena as biofilm “dispersion” or “dispersal”.

Ways to leave a biofilm

Given the wide variety of agents and conditions attributed to cellular release from the 

biofilm, however, one has to wonder whether the nature of the “escape” from the attached 

biomass is indeed the same. This is particularly important considering that there is more than 

one way for bacteria to leave the biofilm. In fact, there are at least three types of “escapes” 

or ways for bacteria to leave the biofilm: desorption, detachment, and dispersion (reviewed 

in [10]). The transfer of bacteria directly from a substratum to the bulk liquid is known as 

desorption. Desorption may be observed at early stages of biofilm development, when the 

first cell contact with the surface is initiated. Thus, desorption is in many ways a reversion of 

the bacterial attachment process or factors involved in surface contact (Figure 1, Table 1). 

Considering that attachment has been demonstrated in many bacterial species to be a 

regulated process, desorption may likewise be an active process. Detachment has long been 

considered the primary process that limits biofilm accumulation [11] and occurs when 

external forces, such as shear stress (e.g. due to air bubbles), become sufficiently high or 

alternatively too low to maintain the biofilm structure. In 1988, Bryers [12] categorized four 

distinct mechanisms by which bacteria may passively detach from a biofilm. These are 

abrasion, grazing, erosion, and sloughing (Figure 1). Abrasion is the release of cells from a 

biofilm as a result of collisions with particles from the bulk liquid, while grazing is the act of 

removal of biofilm cells by the feeding activity of eukaryotic organisms. Erosion is the 

continuous loss of small portions of the biofilm due to fluid shear in a flowing system. 

Organisms that are closest to the bulk water interface of a biofilm are the only cells 

susceptible to this form of detachment. Cells not enmeshed within the biofilm matrix and 

daughter cells that are produced at the interface are particularly prone to loss by erosion. 

While similar to erosion [13], sloughing refers to the removal of intact pieces of biofilm or 

the entire biofilm by fluid frictional forces. In addition to shear forces, the rate and degree of 

detachment from a biofilm will be impacted by any modification of the biofilm structure, 

such as exogenously induced degradation of the biofilm matrix by chemical or enzymatic 

means. Considering that biofilms are encased in an extracellular polymeric matrix composed 

of polysaccharides, proteins, and DNA, it is not surprising that most detachment agents have 

degradative (Table 1), chelating [14], or detergent-like functions [15,16]. An example of a 

matrix degrading detachment agent is the hydrolase Dispersin B from Aggregatibacter 
actinomycetemcomitans that catalyzes the hydrolysis of the linear polymers of N-acetyl-D-

glucosamines. Exogenously added Dispersin B has been shown to coincide with the loss of 

the structural integrity of the biofilm structure of the oral pathogen A. 
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actinomycetemcomitans [17,18]. As N-acetyl-D-glucosamines is present in the matrix of 

several Gram-positive and Gram-negative biofilm-forming bacteria, it is not surprising that 

Dispersin B is capable of inducing detachment in a large variety of biofilm forming species 

including Staphylococcal species [18,19]. Detachment has also been demonstrated for 

various bacterial species upon treatment with periodate, cellulose, and proteinase K (Table 
1). DNAse has been used in the treatment of pulmonary diseases since the early 90s, 

primarily to reduce the viscoelasticity of the sputum from cystic fibrosis patients [20,21]. 

Since then, extracellular DNA has been recognized as one of the major matrix components 

of bacterial biofilms [22]. It was shown that DNAse treatment led to the detachment of 

young, but not mature, flow-chamber-grown P. aeruginosa biofilms [22], probably due to 

mature biofilms harboring increasing amounts of matrix material other than extracellular 

DNA. Treatment with DNAse coinciding with detachment has been described in a large 

number of other biofilm forming species including P. putida, S. aureus, Shewanella 
oneidensis, and Bacillus licheniformis [23-26].

The third mode of cellular release from biofilms, the process of dispersion, is distinct from 

the passive release of cells occurring during desorption and detachment in that it is 

characterized by an active phenotypic switch, which allows the bacterial cells to leave a 

biofilm. Specifically, dispersion involves the sensing of certain signals or cues and their 

transduction through regulatory networks to enable physiological changes that facilitate 

cellular release from biofilm communities. Similarly to detachment, dispersion relies on 

factors to weaken the biofilm matrix. However, in contrast to the exogenous addition of such 

factors during detachment, dispersion requires the direct production by the biofilm bacteria 

of matrix-degrading enzymes, such as alginate lyase, the glycosyl hydrolase PslG, or β-N-

acetylglucosaminidase [17,27-30]. The source of the triggering signals distinguishes 

between two classes of dispersion. While native dispersion occurs upon sensing of self-

synthesized signaling molecules, environmentally induced dispersion is triggered by factors 

and changes in the external environment. Native dispersion, which is generally characterized 

as the terminal stage in biofilm development, has also been referred to as seeding dispersal 

[31], as it is assumed to lead to the translocation of bacteria to new sites for colonization. 

Native dispersion has been observed in various biofilm forming species (Table 2) to occur 

from within microcolonies. Following differentiation of the interior of the microcolony into 

a motile phenotype and the periphery into a non-motile surrounding ‘wall phenotype’ [31], 

cells coordinately evacuate the microcolony from local break out points and enter the bulk 

liquid [2,31,32]. However, dispersion rarely involves the entire biofilm. Typically, only 

selected microcolonies or areas within a biofilm will undergo a dispersion event at any 

particular time, in a manner often dependent on microcolony diameter [31]. The evacuation 

of bacteria from within a microcolony, first described in Davies in 1999 [33] and expanded 

on by Tolker-Nielsen et al. [34], Sauer et al. [2], and Purevdorj-Gage et al. [31], is illustrated 

in Figure 1. The factor responsible for native dispersion in Pseudomonas aeruginosa 
biofilms has been identified as the fatty acid signaling molecule cis-2-decenoic acid (cis-

DA) [32]. Similarly, disaggregation of flocs by Xanthomonas campesitris in liquid has been 

linked to the cis-11-methyl-2-dodecenoic acid (DSF) [35]. Dispersion in response to cis-
unsaturated fatty acids is fairly conserved, as cis-DA has been shown to induce the 

dispersion of Escherichia coli, Klebsiella pneumoniae, Proteus mirabilis, Streptococcus 
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pyogenes, Bacillus subtilis, Staphylococcus aureus, and the yeast Candida albicans biofilms 

[32], while the Burkholderia cenocepatia cis-2-dodecenoic acid BDSF has been shown to 

trigger dispersion of Francisella novicida biofilms [36]. In contrast, environmentally induced 

dispersion occurs following the sensing of external conditions including starvation, oxidative 

or nitrosative stress, host factors such as bile salts, and availability of oxygen, iron, and 

carbon sources (Table 1) [37-43]. Induced dispersion coincides with 80% or more of the 

biofilm biomass being removed [44], with the evacuating bacteria having been ascribed 

phenotypes similar to those derived from native dispersion events [31,45,46]. These findings 

have suggested that native and environmentally induced dispersion are subjects to 

overlapping mechanisms that are likely conserved across kingdoms and domains [26,32].

All biofilm escapes are not created equal

Considering these diverse findings, the question arises of whether the manner by which 

bacterial cells escape from the biofilm matters. The answer is yes, as the way bacterial cells 

escape from the biofilm affects the physiology and phenotype of the respective cells. In 

contrast to detachment or desorption, which involve the passive release of cells from a 

biofilm structure, native and induced dispersion involves the active release of bacteria from a 

biofilm as a physiologically regulated response to internal or external stimuli, with 

dispersing cells experiencing a change in their behavior. While cells freed via detachment or 

desorption may ultimately undergo a phenotypic change as a result of their release from the 

biofilm environment, signal transduction and phenotypic changes are required for cells to be 

released from a biofilm via dispersion. This is supported by the findings that dispersed cells 

differ significantly from biofilm cells with respect to gene expression, protein production, 

and posttranslational modification [2,9,44,47-49]. Compared to biofilm cells, dispersed cells 

are furthermore characterized by decreased levels of the intracellular signaling molecule c-

di-GMP and increased production of matrix degrading enzymes [27,38-40,50,51]. While 

dispersion has often been described to coincide with increased motility of the escaping 

bacteria, several studies demonstrated that motility is not required for dispersion 

[42,44,52,53], suggesting that motility may be an indicator of dispersed cells returning to the 

planktonic mode of growth, but is not part of the mechanism enabling dispersion. Findings 

such as these have suggested that the process of dispersion may be a simple reversal of the 

motile-sessile transition and the switch of biofilm cells to planktonic cells. However, 

dispersed cells are distinct from planktonic cells with respect to gene expression, release of 

matrix-degrading enzymes, and pathogenicity [27,29,54,55], with dispersed cells being 

highly virulent against macrophages and Caenorhabditis elegans compared to planktonic 

cells [29] and contributing to the severity of both acute and chronic lung infections [27]. 

Moreover, gene expression and protein production profiles of dispersed cells are also 

markedly different form those of the biofilm cells from which they are derived 

[2,27,29,44,54]. In contrast, very little to no difference has been noted between intact and 

detached biofilm cells. Fux et al. [46] demonstrated cell aggregates detached from S. aureus 
biofilms to be highly tolerant to the antibiotic oxacillin compared to exponential-phase 

planktonic cultures. The same study, however, demonstrated that cells dispersed from S. 
aureus biofilms due to native dispersion events were as susceptible as exponential-phase 

planktonic cultures to oxacillin [46]. In a manner similar to native dispersion, induced 
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dispersion has been linked to released cells being rendered significantly more susceptible to 

antimicrobial agents compared to biofilm cells [44,45,52]. Synergistic activity was noted 

upon exposure of P. aeruginosa biofilms to citrate with amikacin disulphate, colistin 

methanesulphonate or erythromycin, succinic acid with colistin methanesulphonate [45], and 

various carbon sources with hydrogen peroxide [44], but not nitric oxide with colistin[56].

A tale of c-di-GMP modulation

While desorption and detachment are dependent on exogenous cellular release factors and 

may lead to eventual phenotypic switches, physiological changes in biofilm cells and 

production of the release factors by biofilm cells appear to be a prerequisite for dispersion to 

occur. But what are the regulatory events underlying and driving these phenotypic 

transitions? The dispersion response, induced upon sensing cues such as cis-unsaturated 

fatty acids, NO, or changes in carbon availability via cue-specific membrane-bound sensory 

proteins such as RfpCG, NicD, and NbdA [35,38,39,57], requires specific regulatory events 

including phosphotransfers and coincides with coordinated changes in protein 

phosphorylation and gene expression [40,44,49].

One of the most noticeable regulatory consequences of induction of dispersion is the 

modulation of the intracellular signaling molecule cyclic di-GMP (c-di-GMP), high levels of 

which promote sessile growth, while low levels correlate with planktonic existence [58]. 

Levels of c-di-GMP are enzymatically modulated by diguanylate cyclases (DGCs), proteins 

containing a GGDEF domain, and phosphodiesterases (PDEs) harboring either an EAL or 

HD-GYP domain. In P. aeruginosa, dispersion upon exposure to NO and elevated nutrient 

concentrations has been linked to the reduction of the cellular c-di-GMP levels, requiring the 

PDEs DipA, NbdA, and RbdA [40,51,52,59]. The finding of dispersed cells being 

characterized by reduced c-di-GMP levels has led to the hypothesis that dispersed cells can 

be generated by reducing the intracellular c-di-GMP content through modulation of PDEs 

[60]. In P. putida and P. fluorescens, the large adhesive outer-membrane protein LapA 

mediates attachment to surfaces and matrix components and is required for the transition 

from reversible to irreversible attachment [41,61-63]. Elevated c-di-GMP levels contribute to 

the localization of LapA to the cell surface, while low c-di-GMP levels, as in the case of 

phosphate limitation, result in LapA being released from the outer membrane via cleavage 

by the periplasmic cysteine protease LapG and consequently in impaired attachment [62]. It 

is thus not surprising that lowering the intracellular c-di-GMP level via induction of yhjH, an 

E. coli-derived PDE, led to the disaggregation of P. putida pellicles. Considering that no 

disaggregation was noted in ΔlapG mutant pellicles, the finding suggested that LapG exerts 

its activity on LapA in response to a decrease in the intracellular c-di-GMP level [41]. The 

adhesin controlled by LapG in P. aeruginosa, a strain lacking LapA, has recently been 

demonstrated to be CdrA [63,64]. Disaggregation of P. putida pellicles was furthermore 

accomplished upon treatment with proteinase K, which the authors attributed to the 

proteolytic degradation of LapA [41]. While both disaggregation events coincide with LapA 

being released from the cell surface and thus, cells being released from the substratum, the 

mechanisms by which this is achieved likely differ. While the phenotype of the escaped 

bacterial populations was not investigated, it is likely that protease treatment induces 

detachment or sloughing rather than dispersion events, while modulation of the c-di-GMP 
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level may induce dispersion. However, it is likely that reduced c-di-GMP levels coincide 

with escaped cells being rendered susceptible to antimicrobial agents. This is supported by 

the finding that in P. aeruginosa, reducing cellular c-di-GMP levels of biofilm cells from >75 

to ≤40 pmol/mg correlated with increased susceptibility to antimicrobial agents [65]. 

Regardless of the mechanism, the contribution of LapA to the escape from the biofilm raises 

the question of whether conditions that prevent biofilm formation can induce dispersion. In 

P. fluorescens, phosphate limitation functions as an inhibitor of biofilm formation. This is 

likely due to reduced c-di-GMP levels, as activation of the Pho regulon, the major pathway 

for adaptation to phosphate limitation, results in expression of the PDE RapA, with rapA 
overexpression inhibiting biofilm formation in a manner similar to Pi limitation [62,66]. 

Interestingly, the same conditions that prevent P. fluorescens biofilm formation also inhibit 

LapA secretion [62]. These conditions are in stark contrast to the rapid changes in the 

carbon concentration that trigger dispersion but are unlikely to prevent biofilm formation 

and development (Table 1).

Similar to Gjermansen et al. [41], Mikkelsen et al. [67] linked modulation of c-di-GMP to 

the disaggregation of P. aeruginosa biofilms, a phenotype noted upon overexpression of the 

response regulator RcsB. RcsB has previously been described to activate the expression of 

genes involved in the Chaperone Usher Pathway (Cup), which leads to the production of 

CupD fimbriae and increased attachment [68]. The authors linked the dispersal phenotype 

upon overexpression of RcsB to the increased expression of pvrR encoding a PDE, with 

PvrR having previously been demonstrated to counteract that activity of RcsB on cupD gene 

expression [67,68]. The findings suggest that the reversion of mechanisms and factors 

involved in attachment contribute to dispersion. However, the effect of c-di-GMP 

modulation on attachment factors can also be seen in a context different from that of biofilm 

development.

While most developmental processes are governed by hierarchically organized genetic 

networks that establish checkpoints in the developmental process, which once passed, 

commit cells to a specific fate [3], there is an increasing body of literature indicating that the 

formation of biofilms is reversible. In P. aeruginosa, at least four two-component regulatory 

systems, namely SagS, BfiRS, BfmRS, and MifRS, are required to coordinate the 

progression of P. aeruginosa biofilm development in a stage-specific manner. Together, these 

systems form a coordinated signaling network that regulates three committed steps of the P. 
aeruginosa biofilm life cycle, in particular the transition to three later biofilm developmental 

stages following initial attachment [8]. Despite the presence of this coordinated signaling 

network, loss of expression of the respective regulatory systems coincided with biofilm 

architecture collapse, with the remaining biofilm cells demonstrating phenotypic 

characteristics of earlier biofilm stages [8,69]. Such findings suggest the likelihood of a 4th 

mode of escape from the biofilm lifestyle, that of collapse. However, additional studies will 

be required to determine the manner by which cells escape during biofilm architectural 

collapse and whether modulation of c-di-GMP levels contribute to collapse or dispersion of 

biofilms.
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Conclusions

Various modes of bacterial escape from biofilm communities differ in the means of cell 

release, as well as in the distinct phenotypic manifestations and properties of the released 

cells. Thus, it is essential to consider the conditions and characteristics of the respective 

processes in both basic research and transitional applications targeting biofilms. It is now 

becoming clear that biofilm disruption approaches have to consider interspecies and 

interkingdom signaling in polymicrobial biofilms [36,54,70], as well as the effect of the host 

environment on bacterial biofilms [54,55,71]. Eliciting the release of cells from a biofilm 

represents a promising strategy for controlling biofilms in industrial and medical settings. 

Yet, it is important to consider the manner by which cells are released, as this will determine 

their physiology, particularly with respect to differences in susceptibility to antimicrobial 

agents and their pathogenicity. For instance, while detachment agents have proven beneficial 

in eliminating pathogenic biofilms from the oral cavity or from medical equipment [72], 

induction of detachment and release of large cellular aggregates may be undesirable in the 

treatment of chronic infections as it may lead to complications such as emboli [46]. 

Similarly, bacterial dissemination from the peritoneal cavity of mice to the spleen was noted 

upon overproduction of the PDE YhjH [73]. In order to promote such transitional research 

and proper practical applications for biofilm control, there is an increasing need from the 

basic research side to integrate the findings from the various biofilm escape studies to map 

complete dispersion signaling networks and gain a better understanding of the phenotypic 

switches associated with the release of biofilm cells. While dispersion pathways have begun 

to be mapped for such species as P. aeruginosa, P. putida, P. fluorescens, and V. vulnificus 
[38,39,41,49,71], the bridging of the dispersion-inducing cues with the detachment factors 

via specific regulatory networks has remained limited and represents an important focus of 

the biofilm escape research.
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Highlights

• At least three types of “escapes” or ways for bacteria to leave the biofilm are 

known; desorption, detachment, and dispersion

• Dispersion is a highly regulated, active process, coinciding with a physiological 

change in the dispersing population

• Dispersed cells are characterized by altered susceptibility to antimicrobial 

agents and virulence compared to planktonic and biofilm cells

• The degree of detachment from a biofilm will be impacted by shear forces and 

modification of the biofilm matrix

• Collapse of the biofilm architecture may be linked to reversion of biofilm 

developmental regulatory networks
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Figure 1. Model of biofilm development and modes of escape
Based on the analysis of single species biofilms, the formation of biofilms occurs in a stage-

specific and progressive manner. The developmental process is initiated by single planktonic 

cells making contact with the surface. With respect to biofilm formation, several 

developmental steps are discernable as reversible attachment, irreversible attachment, and 

biofilm maturation [2,8]. Cells can escape from the biofilm via desorption, detachment, and 

dispersion. Detachment mechanisms include erosion and sloughing. Erosion describes the 

continuous removal of biomass while sloughing entails the removal of intact pieces of 

biofilm or the entire biofilm. In biofilm dispersion, the inside of a biofilm microcolony 

becomes fluid, and cells within this zone begin to show signs of agitation and movement. 

Cells escape the biofilm microcolony via a disruption in the microcolony wall through which 

cells evacuate, entering the bulk liquid as single bacteria.
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