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Abstract 20 

Bacterial biofilms are often defined as communities of surface attached bacteria. Biofilms are typically 21 

depicted with a classic mushroom-shaped structure that is a characteristic of Pseudomonas aeruginosa. 22 

However, it has become evident that this is not how all biofilms develop, especially in vivo and in the 23 

environment where biofilms often are observed as none surface attached aggregates. In this Review we 24 

describe the rationale behind the 5-step model and why it fails to capture many aspects of bacterial biofilm 25 

physiology, and aim to present an expanded developmental model for biofilm formation that is flexible 26 

enough to include all the diverse scenarios and microenvironments where biofilms are formed. With this new 27 

expanded inclusive model, we introduce a common platform for developing our understanding of biofilms 28 

and antibiofilm strategies that can be tailored to the microenvironment that is being investigated.  29 

 30 

 31 

[H1] Introduction 32 
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In the past 40 years, microbiologists have categorized bacteria as displaying two life forms in nature. In one 33 

form, the bacteria appear as single, independent free-floating cells (planktonic). In the other form, the 34 

bacteria are organised in surface-attached sessile aggregates (biofilms). In addition aggregated bacteria have 35 

been divided into surface and non-surface attached, with the word biofilm originating from biomaterial on a 36 

surface(1, 2). In medicine until recently bacteria growing planktonically have been associated with acute 37 

infections that are generally treatable with antibiotics, though successful treatment largely depends on 38 

accurate and fast diagnosis. In cases where bacteria succeed in forming biofilms within the host, the infection 39 

is often untreatable and, sustained by low-grade inflammation, develops into a chronic state (3). However, 40 

this dogma has been challenged with the recent finding that the difference between bacteria in acute and 41 

chronic infections is the metabolic activity rather than aggregation(4), Bacterial biofilms predominate in both 42 

acute and chronic human lung infection. Chronic biofilm infections are further divided into surface associated, 43 

commonly observed in patients with implants or medical devices, and non-surface associated, such as 44 

respiratory tract infections where host mucociliary clearance is impaired (in viscous airway mucus in people 45 

with cystic fibrosis (CF)) or in persistent soft tissue infections, associated with comorbidities such as diabetes 46 

or impaired vascularization of the lower limbs predisposing to non-healing wounds.   47 

In the environment, the functional consequences of bacterial life in biofilms have been associated with 48 

enhanced protection towards shear stress, desiccation, toxic compounds and protozoan grazing(5). 49 

Moreover, retainment of enzymes in the biofilm matrix was proposed to improve efficacy and diversity of 50 

organic matter decomposition, and biofilm formation on plant roots and fungal cells may promote bacterial 51 

nutrient acquisition and transport, respectively(6). While motile, planktonic cells are primarily found in water 52 

columns and soil pores, the predominant forms of microbial life in natural environments are linked to highly 53 

diverse biofilm communities in aquatic environments (including sediments, submerged surfaces, as free-54 

floating flocs and on higher organisms), sediments and soil (e.g. on litter, plant roots and soil particles)(7). 55 

Likewise, biofilms dominate in industrial microbial applications, such as cleaning of wastewater and 56 

bioremediation of soil and water(8). 57 

In industrial systems biofilms are a notorious challenge (9). Biofilms are associated with microbially induced 58 
corrosion in oil field pipelines, plugging pipes, fouling ship hulls creating drag and increased fuel costs, 59 
reducing heat transfer in cooling towers, and fouling manufacturing lines resulting in product contamination. 60 
In all these instances, the industrial system is not sterile, and so it is not necessarily an issue that bacteria are 61 
present, but more that the biofilm compromises a product or system performance. In these cases, biocide 62 
manufactures develop clean-in-place procedures to control biofilm growth, but in reality, the biofilm is never 63 
completely eliminated, and thus like dental biofilms routine cleaning maintenance is required to keep the 64 
biofilm biofouling in check.  65 

A common denominator of bacterial biofilms is the distinction between surface-attached and non-surface-66 

attached bacterial aggregates, despite new evidence showing that these share similar same phenotypes(10). 67 

A common denominator is that for both these phenotypes the bacteria create microenvironments which in 68 

turn influences bacterial community and  behaviour in an interdependent dynamic manner (11, 12). 69 

[H2] Growing bacteria and biofilms in the laboratory 70 

While bacteria have been studied in the laboratory for well over 100 years, biofilms have been studied after 71 

surface-attached bacteria were observed attached to the pacemaker lead in a patient suffering from 72 

recurrent bacteraemia (13) and growing on glass slides inoculated with sea water (14). The bacteria attached 73 

to the pacemaker lead mark one of the first references to “biofilm growing bacteria” in medicine, with a 74 

subsequent explosion of interest in biofilm infections. Numerous in vitro systems have been devised to study 75 
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biofilm formation (15-17) and how biofilm bacteria differ from planktonic cells, including the hallmark 76 

property of increased antibiotic tolerance, or the presence of an extracellular polymeric (EPS) matrix, a 77 

hydrogel-like substance encasing biofilm cells(18). These initial findings supported the notion that 78 

microorganisms undergo significant changes in their phenotypic repertoire during the transition from 79 

planktonic to biofilm growth and revealed the potential for new ways to control or manipulate biofilms (Box 80 

1). The in vitro systems commonly used shaken, well mixed cultures, and led to most biofilm experiments 81 

being initiated by using single cell planktonic cultures with one, controlled seeding event. Likewise, the 82 

transformation of single cells into sessile biofilm communities has been thoroughly studied in closed, surface-83 

based in vitro systems without the influx of new cells during the biofilm formation and maturation process 84 

(19-21). Such studies led to a key publication in the field describing the developmental stages of P. aeruginosa 85 

(a nosocomial pathogen), presenting the current accepted “biofilm model”(Figure 1) (19). The biofilm 86 

developmental stages are referred to as reversible and irreversible attachment, biofilm maturation I and II 87 

involving cluster and microcolony formation, respectively, and dispersion (22)(19).  Variations of this model 88 

have also been developed for other species such as Staphylococcus aureus (23) and the soil bacterium Bacillus 89 

subtilis (24) and for algal biofilms (25).  90 

While the biofilm developmental model based on P. aeruginosa in vitro biofilm formation is easy to 91 
understand and has been grossly generalized to describe all biofilms, this model does not necessarily describe 92 
biofilms in real world industrial and natural settings, or in biofilm-linked infections or reflect relevant 93 
microenvironments that develop within these biofilms. Consider the substantial differences between the 94 
processes occurring in a laboratory flow cell and those leading to biofilm formation in the rhizosphere, a 95 
chronic wound, the respiratory tract, at an air-water interface (a pellicle), around a prosthetic joint, or in a 96 
wastewater granule. In these diverse systems, the processes of attachment, aggregation, interaction with 97 
biotic or abiotic materials and interfaces (e.g., roots, tissue, a gas phase, environmental polymers), growth 98 
and maturation, and detachment/dispersal are likely quite different. Given the variety of systems and 99 
conditions, we propose it would be useful to expand the existing model to include a wider spectrum of real-100 
world scenarios. 101 

In this Review, we describe the origin of the current biofilm model and its shortcomings, discuss differences 102 

in biofilm formation by diverse types of bacteria in varied experimental systems, both in vitro and in vivo, 103 

focussing on new findings that warrant amending the current model, such as lack of surface, difference in 104 

matrix properties and transcriptional profiles etc.. We suggest models that encompass additional pathways 105 

for biofilm and aggregate formation independent of surfaces and planktonic bacteria,  and present a revised 106 

and expanded biofilm model that incorporates the range of real-world biofilm systems.  107 

 108 

[H1] The origin of the biofilm model 109 

Numerous studies support the notion that biofilm formation commences by initial surface attachment and 110 

that biofilm cells differ from their planktonic counterparts in the genes and proteins that they express (Box 111 

1). Given the profound changes that microorganisms undergo during their transition from planktonic 112 

organisms to cells that are part of a complex, surface-attached community, it is not surprising that the 113 

transition from the planktonic to the biofilm mode of growth is a complex and highly regulated process, that 114 

is often referred to as a developmental process (26). However, while it was widely accepted that the 115 

transition to the surface is a highly regulated process, it remained unknown whether subsequent surface 116 

associated growth was simply an accumulation of cells due to growth or instead coincided with distinct 117 

events indicative of progressive or transitional changes over the course of biofilm formation. In an effort to 118 

better understand the progression of biofilm formation, in 2002, researchers  (27) made use of a combination 119 
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of direct observation by microscopy, evaluation of biofilm morphology, matrix polymer production, and 120 

activation of quorum sensing-regulated genes, as well as quantitative analysis of protein abundance. The 121 

analysis led to the realization that over the course of biofilm formation, P. aeruginosa displays multiple 122 

phenotypes with distinct physiological characteristics (structural and metabolic changes) that can be 123 

correlated to distinct episodes or stages of biofilm development (Figure 1). These stages were referred to as 124 

reversible and irreversible attachment, maturation (maturation-I and -II stages), and dispersion , with each 125 

biofilm developmental stage corresponding to unique patterns of protein production and gene expression 126 

(28-33). The difference between reversible and irreversible attachment was based on the time scale of what 127 

happens over the next few minutes once a cell contacts a surface. 128 

  129 

Figure 1 The stages of biofilm development as diagrammed in (19). The formation of biofilms is a cyclic process 130 

that occurs in a stage-specific and progressive manner. The process is initiated following surface contact by 131 

single planktonic cells. Several developmental steps are discernable as reversible attachment, irreversible 132 

attachment and biofilm maturation (maturation-I and -II)(19, 34). During reversible attachment, bacteria 133 

attach to the substratum via the cell pole or via the flagellum (step I), followed by longitudinal attachment. 134 

Transition to the irreversible coincides with a reduction in flagellar reversal rates, reduction in flagella gene 135 

expression and the production of biofilm matrix components. This stage is also characterized by attached cells 136 

demonstrating drug tolerance(35). Biofilm maturation stages are characterized by the appearance of cell 137 

clusters that are several cells thick and are embedded in the biofilm matrix (maturation-I stage) which 138 

subsequently fully mature into microcolonies (maturation-II stage)(19, 34). Dispersion has been reported to 139 

coincide with the decrease in and degradation of matrix components, with dispersed cells being motile and 140 

demonstrating increased drug susceptibility relative to biofilm cells. Biofilm matrix is shown in beige.  141 

 142 
 143 
In P. aeruginosa the reversible attachment stage is characterized by cells attaching to a surface by a single 144 
pole (Fig. 1). Most surface contact is unstable, and cells are often seen returning to the bulk phase. Once rod-145 
shaped cells commit to a more stable surface existence, cells attach via their longitudinal axis. This 146 
phenomenon is referred to as ‘irreversible attachment’ (Fig. 1). Reports furthermore suggest irreversible 147 
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attachment initiates a cascade of changes in the bacterial cells. Apparent changes following bacterial 148 
attachment include cessation of flagella-mediated motility while at the molecular levels, changes include 149 
surface-induced gene activation of P. aeruginosa algC, a gene involved in lipopolysaccharide core 150 
biosynthesis and in the biosynthesis of the exopolysaccharide alginate (36, 37), induction of genes involved 151 
in the biosynthesis of the Psl matrix polymer (38), as well as genes linked to antibiotic resistance, including 152 
β-lactamase (39), phenazine (40), SagS and BrlR (35). The findings suggest that committing to the surface 153 
associated mode of growth not only coincides with the production of biofilm matrix components that enable 154 
cells to more firmly cement themselves to the surface, but also with biofilm antimicrobial tolerance, a 155 
hallmark characteristic of biofilms, as an early adaptative response to the sessile lifestyle. Once attached, 156 
cells will grow into a more complex multicellular mature form, which in some bacterial species including P. 157 
aeruginosa is characterized by the presence of differentiated, mushroom- or pillar-like structures or 158 
microcolonies interspersed with fluid-filled channels (41) (Fig. 1). The structuring of biofilms in microcolonies 159 
with water channels has been shown to be dependent on intercellular small messenger molecules (acylated 160 
homoserine lactones, AHLs) that are used for bacterial communication (42), rhamnolipids (43, 44), and 161 
regulatory proteins, mostly 2-component regulatory systems (45-47). However in P. aeruginosa even cell 162 
signaling knockout mutants have been shown to form such channels and so the structure is likely determined 163 
by the interplay between intrinsic bacterial regulation as well as the environmental conditions (48). As the 164 
biofilms develop three-dimensional structure, resident bacteria near the base will become increasingly 165 
separated from the bulk liquid interface and essential sources of energy or nutrients, with biofilm cells 166 
experiencing an everchanging micro-environment. Changes are driven by cellular crowding, chemical 167 
gradients, and nutrient competition, leading to stratification within the biofilm and the creation of 168 
subpopulations (49, 50), with bacteria residing at different locations within the biofilm structure experiencing 169 
concentration gradients of nutrient resources, oxygen and waste products (such as acids produced by 170 
fermentation in oxygen-depleted zones) as well as extracellular signaling molecules (49-51). This is supported 171 
by resident biofilm cells having been shown to express genes linked to oxygen deprivation, general stress and 172 
stationary phase conditions, nutrient stress, and slow growth (49-53). Importantly, cells can leave the biofilm 173 
structure and return to the planktonic mode of growth by a process referred to as dispersion (54). Dispersion 174 
is an active event in which sessile, matrix-encased biofilm cells actively escape from the biofilm, leaving 175 
behind eroded biofilms and biofilms with central voids (27, 28, 55, 56). Not surprisingly, dispersion is not only 176 
referred to as seeding dispersal (57), but also as a next stage of biofilm formation that is an active event 177 
leading to bacterial dissemination and the colonization of new locations. 178 
 179 
The above described findings led to an expanded model of biofilm development by P. aeruginosa that 180 
detailed progression of biofilm formation and stage-specific formation of biofilms (28). While the model 181 
represented developmental stages specifically for P. aeruginosa biofilms, the model became widely used to 182 
represent biofilm formation by diverse biofilm-forming microorganisms in various settings. For example 183 
biofilms growing in extreme environments (58) and microalgal biofilms (59).  184 
 185 
The developmental model of microbial biofilm formation was adopted quickly by the scientific community to 186 
serve as the major conceptual framework for biofilm research on which to base empirical research and 187 
scientific inference due to its elegant simplicity. As discussed below, the ability to extrapolate this model to 188 
biofilms outside the laboratory - in nature, engineered systems, and medicine - is limited by the diversity and 189 
complexity of the structures and processes in real-world system  190 
 191 
[H1] Limitations of the biofilm life cycle model 192 
 193 
However, there are at least four limitations of the model described above: 1) it is not yet resolved that the 194 
formation of a biofilm can be described as a true developmental process outside of the flow cell and P. 195 
aeruginosa and the growing in vitro literature on Staphylococcus aureus as model biofilm species; 2) the 196 
model does not capture the wide variety of biofilm architectures observed in real world systems such as 197 
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microbial mats which can be highly stratified along horizontal layers (60); 3) the model does not incorporate 198 
the diversity of aggregation (see below) and detachment mechanisms now recognized in the field by both 199 
motile and non-motile organisms such as Staphylococcus aureus, although the model has been adapted to 200 
accommodate this organism (23); and 4) the model does not consider the succession of events in biofilms 201 
formed in open systems with a continuous influx of new colonizers. Even for dental biofilms where it is 202 
recognized that biofilm progression proceeds as an ecological succession with new species proliferating in 203 
different parts of the biofilm as the microenvironment develops the single species model is commonly 204 
depicted (61). Likewise, applying the biofilm model to industrial systems is limited. These systems are so large 205 
and complex that it is likely that all stages of growth and detachment are simultaneously occurring at various 206 
points in the system. The tidy description of how biofilm forms in a simple laboratory system in rich media 207 
does not necessarily capture the complexity of biofilm in most industrial or environmental systems, where 208 
surface characteristics - for instance surfaces coated in scale or corrosion, the chemical properties of the bulk 209 
fluid and the fluid dynamics all influence how the biofilm attaches, grows, and detaches to impact the system. 210 
This also applies to infectious sites, as we do not know whether the site is seeded with single cells or 211 
aggregates or whether the bacteria are trapped within host material in a complex environment, rather than 212 
just forming aggregates by clonal expansion. Further, there are no in situ sensors that can be incorporated 213 
into these complex systems that directly monitor biofilm on surfaces, in fluid suspensions or associated with 214 
host materials. Sections of the system can be sampled during upgrades or replacement but these only give a 215 
snapshot in time at specific locations. While sampling fluids can give clues that biofilms might be present 216 
through capturing releasing shed cells or aggregates all that is known is that these originated from 217 
somewhere upstream in the system.   218 
 219 
The paradigmatic value of this model began to be challenged by the research community as early as 2009 220 
(62), not only questioning the validity of the model, but also the concept of biofilm formation being a 221 
developmental process. Based on the definitions by several researchers (63, 64), and reviewed elsewhere 222 
(62), development coincides with changes in form and function that are part of the normal life cycle of the 223 
cell. This is regulated by a dedicated hierarchical ordered genetic pathway and stage-specific transitions in 224 
response to environmental cues. If biofilm formation is indeed a regulated developmental process, the 225 
formation of biofilms would require genetic pathways that evolved to facilitate cooperation among members 226 
of the biofilm. However, although it is undeniable that a community of cells form a biofilm, with biofilm 227 
formation coinciding with changes in an overall surface associated structure over time, and while several 228 
regulators affecting biofilm formation had been identified (65-67), no such genetic pathway regulating these 229 
morphological changes and stage-specific transitions in a hierarchical ordered manner had been identified 230 
(62) at this time. However, in the same year, another group (29) reported a previously uncharacterized signal 231 
transduction network regulating committed biofilm developmental steps by P. aeruginosa following 232 
attachment, in which phospho-relays and response regulators appeared to be key components of the 233 
regulatory machinery that coordinates gene expression during P. aeruginosa biofilm development in 234 
response to environmental cues. More specifically, the signaling network is composed of several two-235 
component regulatory systems (TCS) named SagS, BfiSR, BfmRS, and MifRS (29). Activation of these four TCSs 236 
occurred in a sequential manner (SagS<BfiSR<BfmSR<MifSR) over the course of biofilm formation, while 237 
inactivation of these systems arrested biofilm formation at distinct developmental stages, with ΔsagS and 238 
ΔbfiS biofilms being arrested at the irreversible attachment stage, while biofilms formed by ΔbfmR and ΔmifR 239 
were found to be arrested at the maturation-1 and -2 stages of biofilm development, respectively (29, 46, 240 
68-70).  241 
 242 
While the discovery of the signal transduction network strongly supported the idea that formation of biofilms 243 
was a biologically regulated developmental process, at least for P. aeruginosa grown under laboratory 244 
conditions, other concerns remained, including the validity of the biofilm structure or architecture being 245 
composed of mushroom-like microcolonies. In fact, several reports demonstrated that even in P. aeruginosa, 246 
the biofilm architecture varied with growth conditions as well as the growth medium. For instance, Klausen 247 
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et al. (71) demonstrated that while P. aeruginosa PAO1 biofilms grown on glucose minimal medium 248 
demonstrated the typical mushroom-shaped multicellular biofilm structures, growth in minimal medium 249 
containing citrate, casamino acids or benzoate as carbon source led to the formation of flat unstructured 250 
biofilms by the same strain (Figure 2). In multispecies biofilms, different medium composition impacts not 251 
only biofilm morphology, but also species composition (72). In addition to growth medium and nutrient 252 
sources, other variations in growth conditions have been reported to influence the biofilm architecture.  253 
While P. aeruginosa forming mushroom-shaped biofilms has been associated with growth under relatively 254 
low flowing conditions (73), static growth conditions favor the formation of pellicles that form at the air–255 
liquid (74). However, at higher flows, structures such as streamers and ripples can form, demonstrating the 256 
remarkable ability of biofilms to adapt to the physical conditions under which they are growing (48, 75). 257 
 258 

 259 
Figure 2, P. aeruginosa grown in flow cells under flow conditions but with different carbon sources shows 260 
remarkedly different three-dimensional architecture (Sauer, K 2021)  261 
 262 
Additionally, the organisms composing the biofilm also have a marked effect on the biofilm structure (Figure 263 
2) (73). For example, in comparison to pure cultures of laboratory grown biofilms of either K. pneumoniae or 264 
P. aeruginosa, biofilms containing both species were thicker (76, 77). Moreover, in a mixed species biofilm 265 
composed of four bacterial soil isolates, removal of one biofilm member completely changed biofilm 266 
morphology, species structural organization and relative abundance, even when the species removed was 267 
initially low abundant and intrinsically weak in biofilm formation capability (78). Biofilms by Gram-positive 268 
bacteria S. aureus (79) and Streptococcus pneumoniae (80), while having a heterogenous appearance 269 
indicative of the presence of water channels, lack the distinct microcolonies that had become an iconic 270 
feature of the biofilm architecture. In contrast, studies with pneumococcal biofilms formed under static 271 
conditions were used to investigate chronic otitis media with effusion, since fluid/flow is severely disrupted 272 
in the middle ear during infection. Biofilm structures were also dependent on bacterial strains but were 273 

smaller (5-15m) recapitulating the appearance of pneumococcal biofilms from ex vivo middle ear mucosa 274 
samples from children with chronic otitis media (81, 82). Similarly, non-typeable Haemophilus influenzae 275 
(NTHi), a Gram-negative bacterium, also formed biofilm aggregates in these otitis media samples, which are 276 
recapitulated in a chinchilla model of OM (83). NTHi biofilms also formed on differentiated airway epithelial 277 
cultures from patients with primary ciliary dyskinesia (PCD)(84). These smaller aggregated structures suggest 278 
that biofilms with highly complex architectures are less likely to form in host microenvironments even in 279 
hosts with defective immune responses. Importantly, such biofilm aggregates are still able to induce 280 
inflammation and tissue destruction that leads to sustained chronic infection because they display tolerance 281 
to antibiotic therapy and persist despite host innate immune responses.  282 
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 283 
In contrast mixed species biofilms taken from the environment are structurally very diverse. As an example, 284 

microbial mats are thick and layered, whereas bacterial aggregates on sand grains are thin and small (60). In 285 

addition, environmental biofilms often form on biodegradable material, and thus the nutrients are provided 286 

not only from ‘above’, potentially impacting growth zones and structure of the biofilm. Likewise, bacterial 287 

communities lacking surface-association altogether, such as microbial flocs found in water treatment 288 

facilities or biofilms in the gut, as well as in bacterial aggregates entrapped by polymeric substances are 289 

surface independent (85).  290 

 291 
[H2] Biofilms in the absence of an attachment surface 292 
As reviewed by several groups (86, 87), many of the chronic bacterial infections linked to biofilms that involve 293 

aggregated bacteria and antimicrobial recalcitrance, may not involve hard surface attachment, even if a 294 

surface is present. (Figure 3). Likewise, biofilms in the environment are often free-floating, including diverse 295 

bacterial aggregates (granules) formed in wastewater treatment plants(88) or those in marine, lake and river 296 

habitats, commonly referred to as ‘marine-snow’(7). 297 
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Figure 3. Variety of biofilm structures underscores differences between in vitro and in vivo or environmental 299 
biofilms. Original images are shown in the left column and a schematic drawing of the structure and its 300 
organization in the right column with shading denoting water (blue), aggregated microbial cells (dark green) 301 
and their extracellular polymeric substances (light green), host cells and other material including mucus or 302 
tissue (red), and attachment surface (hatched grey). A: Mushroom structure of Pseudomonas aeruginosa 303 
biofilm in vitro in a flow cell. B: Mucus embedded aggregates of P. aeruginosa surrounded by 304 
polymorphonuclear leucocytes in a cystic fibrosis lung (89) C: Wound-embedded aggregates of P. aeruginosa 305 
surrounded by polymorphonuclear leucocytes(90). D: Aerobic granules from a full-scale AquaNereda® 306 
wastewater treatment process (image courtesy of Kylie Bodle and Cat Kirkland). E: Striated microbial mat 307 
from a Brazilian lake(91). (Jill Story assisted with figure preparation) 308 
 309 
 310 
Two “classic” chronic infections linked to aggregated rather than surface-associated bacteria include the 311 

infection of soft tissues such as the chronic lung infection of people with cystic fibrosis (CF) (89) and chronic 312 

dermal wounds (92). Similarly, in other biofilm associated respiratory infections, such as chronic otitis media, 313 

rhinosinusitis, or biofilms on differentiated ciliated cells from people with Primary ciliary dyskinesia (PCD), 314 

aggregates (~10-20 m) may adhere to mucosal epithelia or grow as aggregates in effusion, mucus, and 315 

airway surface liquid. The bacterial aggregates seen in these infections are not necessarily modeled well by 316 

flow biofilm experimental systems, although shear is present in the airways (93). 317 

Osteomyelitis with and without an implant also belongs to this category. In the case of osteomyelitis with 318 

implants, it is generally assumed that the bacteria are attached to the implant surface, and so can be 319 

described by the current biofilm model. This has led to much research into designing antibacterial and anti-320 

adhesive surfaces. However current studies show that even though the bacteria can be associated with the 321 

surface, the implant does not have to be colonized to cause a persisting infection (94, 95). Samples from 322 

implant-associated infections show that bacteria can be present both in peri-implant tissue and on the 323 

implant, but not necessarily both places (96). Importantly, detached aggregates recapitulated the antibiotic 324 

tolerance observed in biofilms that were surface attached(97). 325 

Aggregates have also been reported for non-infectious biofilms. Consider the microbiota in the oral cavity, 326 

such as on the teeth or on the skin where the majority of bacteria are organized as small aggregates (98, 99). 327 

On the teeth, the bacteria attach to the enamel surface, however not in three-dimensional mushroom 328 

structures (100). Similarly, on the skin bacteria are scattered in small heterogenous distributed aggregates 329 

and as single cells.  330 

In addition to clinical and infectious biofilms, bacteria in the environment are present both as surface 331 

attached colonies as well as free floating or embedded aggregates. In biological wastewater treatment 332 

processes, dense multispecies aggregates of microorganisms self-assemble in both aerobic and anaerobic 333 

processes. The overarching observation is that the environmental microbiota is dominated by heterogeneous 334 

patterns of aggregated bacteria (7) rather than continuous films of bacteria over large (centimeter) areas, 335 

however to a certain extent this is a scalar issue. Algal biofilms on ship hulls may appear macroscopically 336 

continuous and in localized areas as a uniform flat layer but can also appear patchy (101).  337 

 338 
[H1] Aggregate formation 339 

As outlined above a shortcoming of the current biofilm model is that it does not account for non-surface-340 

attached aggregates that are often observed in clinical or environmental settings. While aggregates had been 341 

observed when the model was first published in 2002, little was known about aggregates at the time. Since 342 
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then, several publications have reported on bacterial aggregation independent of surfaces, with bacteria in 343 

aggregates displaying similar phenotypes as bacteria present in surface-attached communities, such as 344 

increased antibiotic and host defense tolerance as well as matrix production and slow growth (102, 103).  345 

Examples of different types of aggregates include cells embedded in host material such as mucus in CF lungs, 346 

slough in the chronic wound bed or external material flocs in wastewater treatment and soil. Host fluids 347 

including synovial fluid and human serum can induce rapid (within minutes) aggregation in both Gram 348 

positive and negative bacteria in vivo (103-105), suggesting that host components such as fibronectin are 349 

forming bridging connections. Such planktonic aggregates have also been seen ex vivo (106), and in shaken 350 

in vitro cultures (107-109). Bacteria in a shaken, liquid culture have until recently been assumed to be entirely 351 

planktonic single cells (or short chains or clusters) independent of each other. However, recent publications 352 

challenge the conceptual separation between planktonic and biofilm bacteria by showing that S. aureus and 353 

P. aeruginosa grow as a mixture of planktonic and aggregates in liquid batch cultures (108-110). 354 

Based on several laboratory studies, literature currently points to five mechanisms for the formation of free-355 

floating aggregates (Figure 4) which are discussed in the order they have been recognized. The first is the 356 

detachment of pieces of attached biofilm due to changes in hydrodynamic shear, nutrient reduction, physical 357 

abrasion or exogenously added or endogenously produced dispersal agents (111). The loss of biofilm 358 

bacterial cells due to this process has often been referred to as sloughing. The second is through growth in 359 

the planktonic phase (110). As cells divide, the daughter cells remain with the mother cells rather than 360 

dispersing, presumably through interactions of self-recognizing surface adhesion molecules or simultaneous 361 

production of EPS. The presence of surface adhesins may also contribute to the co-aggregation of cells in the 362 

planktonic state, leading to the formation of aggregates in the absence of growth. More recently, it has been 363 

proposed that aggregation can occur in the liquid phase mediated by host polymers such as mucin and DNA 364 

(112). One potential mechanism is depletion aggregation, which occurs as entropic forces between 365 

uncharged or like-charged polymers forces particles (single bacterial cells in the case of our discussion) in the 366 

suspension to “push out” polymers between the cells as they come close together forcing the formation of 367 

aggregates (113). Another possible aggregation mechanism is that bacteria bind to molecules in host fluids 368 

through surface adhesion interactions. For example, staphylococci have been shown to aggregate in synovial 369 

fluid, which has been a proposed mechanism for initiating periprosthetic joint infection (103). This 370 

aggregation is a binding interaction between bacterial factors such as adhesin proteins and host factors such 371 

as fibrinogen, fibronectin, and hyaluronic acid (114, 115). Notably, aggregate formation in liquid or in 372 

response to host polymers includes both co-aggregation without bacterial growth as well as clonal growth of 373 

trapped bacteria, coinciding with continued increasing aggregate size. Moreover, very little is known about 374 

how cells disembark aggregates, including whether aggregates disassemble by dispersion or sloughing, or 375 

simply revert into single cells. 376 
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 378 

Figure 4. Microbial aggregate formation mechanisms. The top panel shows the “standard” model for biofilm 379 

formation prceeding from the attachment of single planktonic cells to a smooth surface followed by cell 380 

division and production of EPS to form 3D surface attached aggregate structures. Below are different 381 

mechanisms for generating free floating biofilm-like aggregates. The first is detachment of aggregates from 382 

attached biofilms. The second is from clonal growth (division) in the liquid which can be facilitated  with or 383 

without and EPS matrix. The third is aggregation of individual cells in a process called autoaggregation for a 384 

single species or coaggregation for multiple species, in which bacteria attach to each other through mutual 385 

attraction of surface molecules such as adhesins or EPS bridging interactions. Bridging aggregation can also 386 

be mediated by host polymers such as appears to be the case in synovial fluid (116). Another mechanism of 387 

aggregation is “polymer depletion aggregation” when bacteria are in the prescence of non-absorbing 388 

polymers (117) due to entropic ordering of the colloidal system. Depeletion aggregation can be through 389 

bacterially produced EPS or host derived polymers (112). 390 

 391 
[H1] Expanding the biofilm model  392 

Visualization of biofilms and bacterial aggregates in other in vitro experimental systems, in the environment 393 

and in infections, reveal major disparities with the original model (figure 1). A major difference is the 394 

microenvironment of the individual biofilms and aggregates and the access to substrates and oxygen as well 395 

as exposure to secreted products. This varies depending on whether bacteria are directly adjacent to the 396 

growth medium or entrapped in some sort of biological (mucus, tissue, wound bed within infections) or non-397 

biological (as within corrosion or hard water deposits) material, not to be confused with a self-produced 398 

biofilm matrix. The microenvironment plays a dominant role in determining the metabolism and behavior of 399 

the bacteria, including such characteristics as antibiotic tolerance, growth rate, and expression of virulence 400 

factors (12, 118-120).  401 

 For these reasons, we have constructed an updated, more encompassing model describing different 402 

aggregation and interaction fates that bacteria can follow in different macro- and microenvironments (Figure 403 

5). 404 
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 405 

Figure 5, Expanded model showing different biofilm scenarios in vitro, in situ and in vivo, where one pathway 406 

does not exclude the other. Middle: Bacteria can exist as both single cells and biofilm depending on the growth 407 

and microenvironment. Top: In vivo/in situ, bacteria can be present as both single cells and in aggregates, 408 

and depending on the focus, the bacteria can be either suspended in fluids (urine, synovial fluids, blood, 409 

marine and freshwater systems, wastewater treatment plants), present within a matrix of host material 410 

(chronic wounds and mucus in the CF lung) or attached to biotic or abiotic surfaces such as tissue (native heart 411 

valves, gut epithelium, middle ear mucosal epithelium), implants, calcifications within the body, plant roots 412 

and leaves, soil particles, submerged surfaces. Bottom: In vitro bacteria can be present as single cells and 413 

aggregates both in liquid cultures and attached to surfaces. On surfaces under flowing conditions, some 414 

bacterial species may also form the famous mushroom shaped structures.  415 

While the new model lacks the simplicity of the previous model, it bridges and combines the different 416 

possibilities and pathways of biofilm aggregate development in an inclusive model. We acknowledge that 417 

this is a work in progress, based on what we know to date. Thus, the model is not final, but will likely be 418 

revised in the years to come. 419 

With this model we embrace the microenvironment that governs the developmental processes by which 420 

bacteria behave and organize themselves. In contrast to the initial model, the present model considers open 421 

systems that may be encountered in the environment or the human gut, where a continuous influx of new 422 

biofilm members must be considered. Importantly, there are no known correlations suggesting a particular 423 

biofilm structure is either “better” or “worse” in any given situation. Ex vivo and ex situ observations suggest 424 

mushroom structures and surface-attached three-dimensional structures are just as real as the aggregates 425 

observed in chronic infections and the natural environment with and without surface association. What is 426 
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important is that they are diverse microbial communities, shaped and influenced by different environmental 427 

cues, that represent different microenvironments.  428 

The original model is largely derived based on data from in vitro flow cells experiments, however snapshots 429 

of biofilms from environmental systems and from in vivo and ex vivo studies suggest this development is not 430 

always supported, which led to questioning of the original model. From in vitro investigations we know that 431 

flow and nutrients are important in the experimental systems to shape the three-dimensional architecture 432 

of the surface attached biofilms (19, 121). The question is how much do we really know about the 433 

microenvironment and biofilm development in the environmental and in vivo and ex vivo examples? 434 

Photosynthetic mats are well described relatively flat biofilms where the penetration of sunlight and 435 

metabolic activity of the organisms leads to stratified species distribution and micoenvironments (122). 436 

Suspended biofilm aggregates used for wastewater treatment such as aerobic granules are another example 437 

of a stratified biofilm. In this case the aggregates are generally spherical. While direct measurements of the 438 

microenvironment is difficult because they are free floating, stratification showing aerobes on the outside 439 

and anaerobes on the inside provide evidence of oxic and anoxic zones (123). These microenvironments allow 440 

simultaneous aerobic digestion and anaerobic denitrification of wastewater, as well as in industrial systems 441 

patchy aggregates of bacteria and corrosion products in tubercules (124). In iron and steel industrial pipes 442 

biofilms can cause microbially induced corrosion due to the development of microenvironments (125). These 443 

biofilms tend to be present as mound shaped aggregates on metal surfaces and consist of bacteria and 444 

corrosion products. Stratification of organisms such as iron-oxidizing and sulfur-reducing bacteria create 445 

anoxic zones within the tubercule, which become anodic relative to the surrounding metal causing pitting 446 

corrosion below the tubercule and rust deposition at the surface. These examples illustrate how the interplay 447 

between the original external environmental conditions and physiology of biofilm microorganisms lead to 448 

the creation of different biofilm structures and microenvironments in situ. Mechanical forces can also shape 449 

biofilm architecture, microbial community, and microenvironment development. Samples from river biofilms 450 

growing under higher turbulence were thinner, more compact and formed more homogenous layers than 451 

those growing under lower hydrodynamic shear (126). In a medical context in the CF lung bacteria can be 452 

present and form aggregates independent of the epithelial surface (127). Thus, the expanded model includes 453 

a variety of conditions and biofilm developmental pathways to embrace multiple diverse habitats and 454 

microenvironments from the environment, industry and in medicine. What we do know is that the 455 

microenvironment depends on the immediate milieux surrounding  a single cell, next the aggregate itself and 456 

finally the close proximity of the aggregate(128).   457 

The different pathways and structures are most likely governed by the microenvironment, for example  458 

flow/shear conditions, nutrient availability, and the genetic traits and phenotypic capabilities of the bacterial 459 

species(121, 129, 130).  The surface can be a niche for attachment and growth or can trap aggregates from 460 

suspension, however bacteria can auto-aggregate without a surface suggesting that surface attachment also 461 

depends on the bacterial phenotypic capabilities as shown in the present conceptual model. Moreover, the 462 

current model indicates that aggregation, developmental processes, attachment, structure, and tolerance 463 

towards antibiotics and host defenses are reversible, depending on the microenvironmental conditions(10). 464 

As for the hallmark mushroom-shaped structures of the original developmental model, these appear to be 465 

dependent on the flow conditions, surface attachment, and carbon source of principally P. aeruginosa, where 466 

the mushroom structure forms during flow conditions on a surface with glucose as the carbon source(20). 467 

For most other species, even under flow conditions and in the presence of glucose, mushroom structures do 468 

not form. In the environment outside of stromatolites and some hot spring structures, mushroom structures 469 

appear to be uncommon. Thus, in some ways dissecting the P. aeruginosa mushroom model by designing 470 
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experimental conditions to study to show how mushrooms formed led to its over-generalization to all 471 

biofilms, including Pseudomonas species.  472 

  473 

Conclusion 474 

The most cited and used model (Figure 1) for biofilm development is extremely intuitive, which explains in 475 

part why it has become the preferred model to describe all kinds of biofilm formation. However, as we 476 

discussed in this Review, and present in the expanded model, one single model does not fit all. In the 477 

expanded model the possibility of aggregation is presented, and one pathway does not exclude another. 478 

Biofilms do not necessarily form a mushroom shaped structure as the final culminating structure, nor is there 479 

an absolute dependence on a surface. Currently no developmental model accurately depicts biofilm 480 

formation of all microorganisms, habitats, and all microenvironments. Biofilms are communities of bacterial 481 

cells, in the absence or presence of a surface, that respond to their environmental growth conditions in 482 

different ways, evidenced by the observations that biofilms formed by the same species but in different 483 

environments exhibit different gene expression profiles and display different behaviors. Specifically, this was 484 

shown by differences in gene expression of P. aeruginosa relating to antibiotic resistance, metabolism, 485 

transportation, and extracellular secreted molecules between different microenvironments, in vitro vs. in 486 

vivo, shaken culture vs. surface biofilms, rich vs. minimal growth media etc. (131).  487 

Growing evidence indicates that biofilms do not require an attachment surface to form. Aggregates formed 488 

in fluids, due to clonal growth, co-aggregation, or aggregates induced by bacterial EPS or host fluids, 489 

demonstrate many of the characteristics previously attributed only to surface-associated biofilms. These 490 

aggregates are not limited to laboratory conditions but may be found as part of the human microbiota, and 491 

in several chronic infection sites (85, 132-135). Two decades of biofilm research indicates that the model 492 

depicted in Figure 1 was incomplete because it did not capture multiple biofilm phenotypes that can form 493 

with different bacteria and in different microenvironments. This has implications for how we study biofilms 494 

specifically and bacteria in general, as different biofilm experimental systems in vitro or experimental animals 495 

in vivo cannot encompass all the factors important for different microenvironments (15). We propose that it 496 

is imperative that the research question drives the study and interpretation of the results, not the 497 

experimental system used to do the research. This is also important for how we extrapolate from the 498 

experimental situation to the native scenario. We need to understand biofilms in the context of the relevant 499 

microenvironment.  500 

Given that aggregates are now accepted as sharing similarities to surface-associated biofilms, several 501 

questions remain to be addressed. For example, it is not known what drives aggregate formation in the 502 

absence of a surface — that is, does bacteria-bacteria attachment involve the same mechanisms as 503 

attachment of single cells to surfaces? Also do aggregates interact with surfaces and can aggregates attach 504 

to surface biofilms, and if so how? Are the same surface properties commonly associated with initial cell-505 

surface adhesion (stiffness and surface energy, which in turn is a function of electrostatic charge, wettability, 506 

surface tension and roughness) as important for attachment as macroscale topographical features such as 507 

edges, screw holes, expansions and contractions, threads, etc, which may physically entrap aggregates. 508 

It is well established that in vitro biofilms actively disperse but do aggregates actively disassemble and/or 509 

disperse cells to the surroundings? These questions could be investigated by analyzing gene-expression 510 

profiles during the different stages of biofilm development in the absence and presence of a surface. How do 511 
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the transcriptional profiles of bacteria in aggregates that have developed though chemical/physical 512 

interaction or growth differ from each other and from biofilms formed on surfaces? Furthermore, are 513 

successional dynamics and community assembly processes similar for aggregates and surface-associated 514 

biofilms? 515 

Finally, does aggregation protect bacteria from antimicrobials, long considered a hallmark phenotype of 516 

biofilm formation for medically relevant species? We know that it is not the aggregation alone that promotes 517 

tolerance towards antimicrobial agents and host defenses, but gradients of oxygen and nutrients that 518 

become pronounced in aggregates as they increasing in size (136). The aggregate size also seems to 519 

determine how easy phagocytes engulf the aggregates. In flow cells and as depicted in the original 5 step 520 

model, this results in stratified growth with a fast growing exterior and a dormant inner subpopulation(137). 521 

In infections it is often host material surrounding microbial aggregates which causes gradients, thus the 522 

original 5 step model does not accurately represent the microenvironment around these aggregates, and 523 

likely also fails to capture the reality of biofilms in complex environmental and industrial systems. 524 

Concentration gradients influence and regulate bacterial physiology and metabolism, which is reciprocally 525 

controlled by the microenvironment as well as by matrix components. However, is there a threshold 526 

aggregate size for tolerance to manifest? It probably depends on the microenvironment and access to 527 

nutrients and electron acceptors. The sizes of biofilms have been shown to vary much between in vitro and 528 

in vivo biofilms(85). The questions of tolerance and matrix production and physiology in general need to be 529 

addressed by controlling the microenvironment possibly in three dimensional experimental models to move 530 

beyond the attachment surface as the main constraint controlling immediate access to nutrients and electron 531 

acceptors. 532 

The current biofilm model becomes especially problematic when used to describe clinical manifestations and 533 

devise new in vitro test methods that evaluate medical implants, drugs and treatments, as these fail due to 534 

lack of extrapolation. Crucially, differences in the microenvironment likely underpin why direct extrapolation 535 

is not possible (138). Additionally, relying on the current biofilm model (Figure 1) healthcare professionals 536 

may have a conceptual framework that markedly differs from clinical findings and observations, leading to 537 

the conclusion that a biofilm is not present in a given clinical sample and thus in treatment regimens that will 538 

not effectively treat infections (139).  539 

In summary, we suggest an expanded developmental model for biofilm formation that does take the most 540 

inclusive recent insights into account but does not necessarily depict the formation and maturation process 541 

of all biofilms in the various contexts; instead it demonstrates the possible fates of microbes as single cells 542 

or aggregates in different conditions and habitats. Our intent is that this unified model will alleviate some of 543 

the misconceptions of how biofilms form ranging from industrial systems, to environmental habitats and 544 

medical settings. We hope that as a scientific community, we can expand on this model to facilitate an 545 

inclusive, less controversial interdisciplinary discussion on biofilms and biofilm formation.  546 

 547 

 548 

 549 

New proposed text box 1: Before the biofilm model 550 
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Biofilm research in the early years primarily focused on engineering applications and observational 551 

descriptions of biofilms. However, biofilm research changed with the observation of surface-attachment 552 

specific gene regulation in vitro and the introduction of in vitro systems to study biofilm formation and 553 

phenotypes in the laboratory. This facilitated the study of specific and differential gene expression upon 554 

surface attachment in vitro (36, 37, 140) including the role of cell signaling as genetic regulation from a 555 

population (42) as well as the use of genetic tools to identify genes required for in vitro surface and 556 

subsequent biofilm formation (141-143).  557 

The idea that biofilms are amenable to molecular genetic studies (141, 142) also opened the door to the 558 
exploration of factors beyond early surface attachment, to those contributing to biofilm architecture, 559 
metabolic interactions, phylogenetic groupings, and competition and cooperation. Molecular genetic 560 
applications furthermore led to exciting progress in the development of new technologies for studying 561 
biofilm communities, advanced our understanding of the ecological significance of surface-attached bacteria, 562 
and provided new insights into the molecular genetic basis of biofilm development (32).  563 
 564 
What followed was extensive research on genes that are required for bacteria to associate with surfaces, and 565 

investigations of differences in the transcriptional abundance of bacterial genes when growing planktonically 566 

and as biofilms. While some studies failed to detect differences in the transcriptomes of planktonic and 567 

surface associated cells (144), the majority of studies confirmed planktonic and sessile biofilm cells to display 568 

distinct transcriptomic profiles, with the number of genes changing in transcript abundance upon surface-569 

associated growth ranging from less than twenty to several hundred (145, 146). Moreover, transcriptome 570 

analyses of in vitro grown biofilms suggested that biofilm cells experience various stresses including hypoxia 571 

or oxygen deprivation, nutrient stress, and slow growth, which increase as the biofilm grows in size, but also 572 

coincide with the presence of chemical gradients and the formation of subpopulations within the biofilm 573 

structure (147, 148). Additionally, changes in cell-to-cell signaling, virulence gene expression and the 574 

biosynthesis of matrix components have been reported (149, 150). Notably, many of these findings have 575 

been confirmed using in vivo (animal models) grown biofilms, although not in human infections (151, 152).  576 

  577 
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