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“The number of these animalcules in the scurf of a 
man's teeth are so many that I believe they 
exceed the number of men in a kingdom” (Antonie 
van Leewenhoek London Royal Society, 1684)

Antonie van Leeuwenhoek (1632-1723) 
Father of Microbiology

Bacteria as unicellular organisms



• Cooperative community 
• Universal distribution 
• Can colonize any surface 

• Minerals (pipes, cement…) 
• Roots 
• Even inside cells (our cells) 

• Relevant in biogeochemical process 
• Present in extreme environments

It is the predominant form of life of microorganisms in any hydrated 
biological system (Trautner & Darouiche, 2004). 

Biofilms in nature



Once mature, the biofilm generates an altered pattern of bacterial growth, 
physiological cooperation, and metabolic efficiency, which provides a community-
based functional coordination that mimics primitive eukaryotic tissue.

A bacterial community that is irreversibly attached to a surface, surrounded by a self-
produced polysaccharide matrix. Microorganism in the biofilm differ from their 
planktonic counterparts in gene expression, metabolic and physiological status.

Costerton, 1999

Dunne, 2002

Biofilm definition



Sauer et al., 2022

Expanded conceptual model of biofilm formation 
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This new model represents three basic events that we 
believe can be used to depict most of the different scenar-
ios for biofilm formation independently of whether the 
condition is in vitro, in situ or in vivo. The model bridges 
and combines the different possibilities and pathways of 
biofilm aggregate development in an inclusive manner. 
We acknowledge that this is a work in progress based on 
what we know to date. Thus, we expect that the model is 
not final but will undergo future revision.

In contrast to the five- step model, the present model 
considers open systems that may be encountered in 
the environment or the human airways or gut, where 
a continuous influx of new biofilm members is likely. 
Most importantly, there are no known correlations 
suggesting that a particular biofilm structure is either 
‘better’ or ‘worse’ in any given situation. Ex vivo and 
ex situ observations suggest that mushroom structures 
and surface- attached 3D structures are just as likely to 
occur as the aggregates observed in chronic infections 
and the natural environment with and without surface 
association. A key concept is that biofilm aggregates are 
heterogeneous, diverse microbial communities, shaped 
and influenced by different environmental cues, that 
represent multiple discrete microenvironments.

The original model was largely derived based on data 
from in vitro flow cell experiments; however, snapshots 

of biofilms from environmental systems and from in vivo 
and ex vivo studies suggest that this type of development 
is not always supported in vivo or in open systems. This 
led to questioning the general validity of the original 
model. From in vitro investigations, we know that flow 
and nutrients are important in the experimental sys-
tems shaping the 3D architecture of the surface- attached 
biofilms27,140. The question then becomes, how much do 
we really know about the microenvironment and bio-
film development in environmental, in vivo and ex vivo 
examples? Photosynthetic mats are well- described flat 
biofilms where the penetration of sunlight and metabolic 
activity of the organisms leads to stratified species dis-
tribution and microenvironments141. Suspended biofilm 
aggregates used for wastewater treatment, such as aerobic 
granules, are another example of a stratified biofilm. In 
this case, the aggregates are generally spherical. Although 
direct measurements of the microenvironment are dif-
ficult because they are free floating, stratification show-
ing aerobes on the outside and anaerobes on the inside 
provides evidence of oxic and anoxic zones142. These 
microenvironments enable simultaneous aerobic diges-
tion and anaerobic denitrification of wastewater. Patchy 
aggregates of bacteria in industrial systems allow the 
formation of strong oxygen gradients accelerating pit-
ting and the deposition of corrosion products producing 
large tubercules protruding from the metal surface143. In 
iron and steel industrial pipes, biofilms can cause micro-
bially induced corrosion owing to the development of 
microenvironments144. These biofilms tend to be present 
as mound- shaped aggregates on metal surfaces and con-
sist of bacteria and corrosion products. The stratification 
of organisms such as iron- oxidizing and sulfur- reducing 
bacteria creates anoxic zones within the tubercule, which 
become anodic relative to the surrounding metal, caus-
ing pitting corrosion below the tubercule and rust dep-
osition at the surface. These examples illustrate how the 
interplay between the original external environmental 
conditions and the physiology of biofilm microorgan-
isms leads to the creation of different biofilm structures 
and microenvironments in situ. Mechanical forces can 
also shape biofilm architecture, microbial community 
and microenvironment development. Samples from river 
biofilms growing under higher turbulence were thinner, 
more compact and formed more homogenous layers 
than those growing under lower hydrodynamic shear145. 
In a medical context in the lung of an individual with 
cystic fibrosis, bacteria can be present and form aggre-
gates independently of the epithelial surface121. Thus, the 
new proposed model includes a variety of conditions and 
biofilm developmental pathways to embrace multiple 
diverse habitats and microenvironments in the environ-
ment, industry and medicine (FIG. 5). What we do know 
is that the microenvironment depends on the immediate 
milieu surrounding a single cell, the aggregate itself and 
the close proximity of the aggregate146.

As for the hallmark mushroom- shaped structures 
adopted for the original developmental model, these 
seem to be formed primarily by P. aeruginosa, and are 
highly dependent on the flow conditions, surface mate-
rial and carbon source29. For most other species, even 
under flow conditions and in the presence of glucose, 
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Fig. 5 | Expanded conceptual model of biofilm formation. The schematic presents the 
proposed updated model of biofilm formation, including the three main events in biofilm 
formation independently of surfaces and initiation from single- cell planktonic bacteria, 
thus encompassing in vitro, in situ and in vivo systems. In contrast to the five- step model, 
the present model considers different habitats, conditions and microenvironments as 
well as the possible influx of new cells. In addition, the new model also encompasses both 
surface- attached (outer ring) and non- surface- attached (inner ring) biofilms with possi-
ble exchange between the two. Bacteria can enter the model at any given point; thus,  
we have removed the restrictive developmental scheme the five- step model represented. 
This enables a more dynamic overview that can be used to explain most biofilm scenarios 
in clinical, environmental and industrial habitats. Aggregation and attachment: during this 
event, bacteria aggregate to each other or attach to biotic and abiotic surfaces. Growth 
and accumulation: during this event, aggregated and attached bacterial colonies expand 
by growth and recruitment of surrounding cells. Disaggregation and detachment: during 
this event, bacteria can leave the biofilm as aggregates and as single cells, depending  
on the mechanism. These three events characterize and represent most, if not all, biofilm 
scenarios independently of time and maturity.
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associated with secondary bacterial biofilm infections18. Topical
antibiotics have been used to disperse biofilms, but other
attempted treatments include the use surfactants19. The estimated
direct global cost of CSR was $24.4bn in 2019.
Biofilms present a recurrent issue in catheter-associated

infections20. For central venous catheters (CVCs) the main route
of infection occurs via migration along the surface of the catheter,
bypassing the skin and subcutaneous tissue to colonise the
intravascular portion of the catheter. Decontamination of CVCs
in situ is difficult, likely due to the presence of biofilms21, and the
incidence of infection is much aggravated by increases in the
average length of stay of patients in ICU units in some countries22.
The annual cost of infections due to CVCs has been estimated at
$11.5bn globally. Of equal importance is the economic impact of
biofilm formation on catheter-associated urinary tract infections
(UTIs), where around 150 million people experience these
infections every year, potentially aggravated by the spread of
the infection to the kidney. It is estimated that between 15 and
25% hospitalised patients receive urinary catheters, and that

catheterisation accounts for around 75% of UTIs in hospitals23,24.
The estimated global cost of catheter-associated urinary tract
infections is estimated to be $1bn annually.
In ophthalmology, biofilm infections can present in the eye and

eyelids, but also as a result of contact lenses and artificial lenses
introduced during cataract surgery25. One of the most prevalent
diseases of the eye is keratitis, where the incidence of ulcerative
keratitis per 100,000 person every year is approximately nine times
higher for contact lens users compared to those who do not use
them26. The annual global cost of eye conditions associated with
biofilms is in the region of $759.3 m.
The insertion of pacemakers and defibrillators under the skin

near the collar bone with a wire connection threaded through to a
vein into the heart is normally considered a low-risk procedure;
however, biofilm infections occur in 1–3% patients within twelve
months of implantation27–29. This usually requires treatment with
antibiotics and, in many cases, the need to replace the device to
prevent the development of pneumonia, endocarditis and
sepsis27–29. Considering that over one million pacemakers are

Table 1 continued

Sector Global ($bn) Comment

Total energy and waste 5.3

Marine

Aquaculture 6 The environmental impact of aquaculture includes the formation of biofilms
from feed debris.

Fouling in shipping and other industries 28.2 Biofilms on the hulls of ships increases drag and reduces speed or increases
fuel consumption.

Total marine 34.2

Oil and gas

Oil spillages 2 Oil in the natural environment is broken down by biofilms that form on its
surface.

Corrosion in oil and gas 44 Biofilms produce local chemical environments that are conducive to corrosion
that leads to pipeline failure.

Total oil and gas 46

Mechanical and civil engineering

Microbial influenced corrosion excluding
oil and gas

2676 Microbially influenced corrosion occurs in all industrial sectors.

Corrosion inhibitors 7.52 Inhibition of corrosion requires inhibition of biofilms.

Bioremediation 10.5

Total mechanical and civil engineering
exc. oil and gas

2694

Grand total 3967

Fig. 1 Economic significance of biofilms by sector. Corrosion has been removed from the right chart to expand the viewing of the other
sectors.

M. Cámara et al.
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(Camara et al., 2022)

Table 1. Quantification of market sectors engaging with biofilm technologies—summary of economic information6.

Sector Global ($bn) Comment

Medical and human health

Wound healing 281 Biofilms form on the surface of wounds and delay healing.

Cystic fibrosis 7.5 The mucus produced in the lungs of cystic fibrosis patients is colonised by
pathogens.

Infective endocarditis 16 Biofilms in natural and artificial heart valves result in serious cardiac disease.

Chronic sinusitis 24.4 Chronic sinusitis is often associated with secondary biofilm infections which
are difficult to clear.

Ophthalmology 0.759 Surfaces in the eye are prone to biofilm formation.

Human antibiotics 34.2 Bacterial infections are often linked to biofilms and are widely treated with
antibiotics.

Central venous catheter bloodstream
infection

11.5 Biofilms colonise catheters and can lead to infections.

Catheter-associated urinary tract infection 1 Biofilms colonise catheters and can lead to infections.

Prosthetic cardiac valves and pacemakers 0.22 The surfaces of surgically implanted devices may host biofilms that can only
be treated by surgery.

Ventilator-associated pneumonia 2.3 Endotracheal tubes are prone to biofilm infections, which can result in
pneumonia and protracted hospital stays.

Breast implants 0.093 The surfaces of breast implants can become infected with biofilms.

Prosthetic joints 7.8 The surfaces of surgically implanted devices may host biofilms that can only
be treated by surgery.

Total medical and human health 386.8

Personal care

Total personal care 91 Personal care products control biofilms on skin and hair.

Oral care

Human oral care 47 Tooth scale is a form of biofilm and central to oral health.

Animal oral care 1.85 There is increasing awareness of animal oral health.

Total oral care 48.9

Homecare

Homecare 161 Prevention and removal of biofilms contribute to a clean domestic
environment.

Textiles 10 Fabrics hostile to biofilms contribute to hygiene.

Total homecare 171

Built environment

Cleaning and related hygiene products 41.5 Prevention and removal of biofilms contribute to a clean environment and are
essential to some institutions and industry.

Anti-microbial surfaces 7.1 Surfaces hostile to biofilms contribute to hygiene.

Total built environment 48.6

Food and agriculture

Crops—microbials 5.3 Biofilm-forming bacteria are used as both biofertilisers and biopesticides.

Crops—antimicrobials 10.4 Prevention of biofilms optimises horticultural output.

Animal husbandry 4.3 Animal health and growth can be promoted by the use of antibiotics to
control biofilms in the digestive system.

Food processing accounted for in
‘crops’

Food safety requires elimination of biofilms.

Preservatives 1.5 Control of biofilms is important to retaining freshness and wholesomeness.

Food packaging 303 Part of the purpose of food packaging is to prevent biofilm growth and
control the environment within the packaging.

Total food and agriculture 324

Water and wastewater

Water 90.4 Uncontrolled biofilms in water distribution systems present health hazards.

Wastewater treatment 27 Wastewater treatment technologies use biofilms to cleanse water.

Total water and wastewater 117

Energy and waste

Anaerobic digestion 2 The composting of putrescible waste by biofilms produces gas and energy.

Landfill gas 3.3 Decomposition of organic matter in landfills by biofilms produces methane
which can be captured and used as fuel.

M. Cámara et al.
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Biofilm costs



More than 60% of hospital complications 
Around 80% of deaths associated with infections are attributed to microorganisms forming biofilms 
80% of known pathogenic bacteria are implicated in implant-associated infections. 

Leveaux et al., 2013

Biofilm in the medical context



1. Reversible adhesion 
2. Irreversible adhesion 
3. Microcolonies formation & matrix production 
4. Maturation
5. Dispersal

Costerton, 1999

It is important to make clear that these are not, by any means, single events following a straight and unique

line. A variety of different processes will occur and potentially overlap during biofilm development, where

some of them may be exclusive for particular microorganisms and microenvironment conditions. Because

of this complexity, and in order to provide an overview for interdisciplinary scientists, we have decided to

present biofilm development by introducing such series of events following the traditional model of five

main stages. Despite the use of clearly identified and labeled stages of biofilm formation and develop-

ment, the actual processes occurring under native conditions are far more complex, dynamic, and varied.

Hence, in this review, we use this structure as an overall picture and provide a more detailed discussion in

the following subsections to show some of the events and mechanisms involved, as well as the potential

consequences of such, to highlight the multifactorial nature of biofilm formation and development. We

consider that in order to develop relevant biofilm models, it is important to understand the molecular

and cellular events that influence biofilm formation and heterogeneity at each stage, which as a conse-

quence influence their susceptibility to potential antimicrobial strategies.

Since the current knowledge onbiofilms has beenmostly derived from in vitro studies and surface-attachedbio-

films, where Pseudomonas aeruginosa has served as a model microorganism over several years of research, we

willmainly focus on surface-related biofilmdevelopment. As previouslymentioned, and later discussed, biofilms

of clinical relevance are also found to be not necessarily attached to a surface. Because of their significance,

several research studies on this matter are also briefly discussed throughout this section.

The main stages of bacterial biofilm formation may include the following: (1) adsorption, (2) adhesion, (3)

formation of microcolonies, (4) maturation, and (5) dispersal (Figure 1). In general, these stages apply for

both bacterial and yeast biofilms (Costerton et al., 1987; Stoodley et al., 2002; Chandra et al., 2001; Blanken-

ship and Mitchell, 2006; Harding et al., 2009; O’Toole et al., 2000). Some authors have proposed to subdi-

vide them to explain biofilm formation by filamentous fungi. Specifically, in this case, the formation of mi-

crocolonies considers the germling and/or formation of amonolayer, which leads tomycelial development,

hyphal layering, and hyphal bundling (Harding et al., 2009).

Adsorption of bacterial cells to the surface: reversible attachment

Planktonic bacteria move toward a surface by the effect of physical and gravitational forces and by sensing

changes in physicochemical properties (Xu et al., 1998; Kimkes and Heinemann, 2020). Biofilms can be

formed onto abiotic or biotic surfaces, differing in some of the mechanisms for their anchorage (discussed

later). Initially, bacterial cells become adsorbed to a substrate through nonspecific interactions in both

abiotic and biotic surfaces (Bos et al., 1999) (Figure 2). These involve a series of attractive and repulsive

physicochemical interactions between bacteria and the surface, where Lifshitz-van der Waals forces,

Figure 1. Schematic representation for single bacterial species biofilm formation on a solid surface

The schematic depicts the five main steps for the formation and spreading of biofilms.
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Biofilm stages



Adhesion and interaction with surfaces to form a biofilm are crucial for 
survival in a complex environment. 

Specific and nonspecific interactions between bacteria and surfaces 

Nonspecific interactions with abiotic surfaces

electrostatic interactions, and Lewis acid-base hydrophobic forces are the first to participate (Ren et al.,

2018; Bos et al., 1999). Steric forces given by bacterial structures, such as the polymeric brush layer in

P. aeruginosa, P. putida, and Escherichia coli, also influence surface interactions (Berne et al., 2018). The

net result between attractive and repulsive forces dictates the strength of bacterial adhesion, which is var-

iable depending on the surface, microbial species, and surrounding medium (An and Friedman, 1998).

Furthermore, most bacteria have extracellular projections of varied size, structure, and function generally

known as bacterial appendages. Apart from influencing cell morphology, these surface-associated filamen-

tous structures gear bacterial cells up to promote locomotion, survival, niche acquisition, and modulation

of immune response in the host (Yang et al., 2016). Flagella and pili are two families of bacterial append-

ages that play main roles during the initial interactions with the target surface.

Flagella can either be found as long helical filament(s) located outside the cell, like in P. aeruginosa

(O’Toole and Kolter, 1998) or, residing within the periplasmic space (Nakamura and Minamino, 2019)

such as in spirochetes like Borrelia burgdorferi (Kumar et al., 2017; Sapi et al., 2012). These structures allow

bacterial motion toward a gradient of nutrients (chemotaxis-directed motility) (Yang et al., 2016) and other

types of motility to achieve surface migration. Pili, on the other hand, are hair-like structures varied in

composition, which surround the bacterial cell body to serve as virulence factors during infection (Proft

and Baker, 2008). Pili are proteinaceous polymers composed by ‘‘pilin’’ subunits and are also involved in

a bacterial locomotion style known as twitching motility (O’Toole and Kolter, 1998; Yang et al., 2016). Pili

can be found both in Gram-negative and Gram-positive bacteria (Proft and Baker, 2008; Dramsi et al.,

Figure 2. Schematic representation for the main nonspecific and specific interactions between bacteria and surfaces

(A) Some physicochemical interactions include the attractive van der Waals forces; attractive or repulsive electrostatic interactions, which depend on the

microenvironment conditions, where the presence of a conditioning film may contribute to reducing repulsion; and the attractive/repulsive acid-base

interactions (Kimkes and Heinemann, 2020).

(B: Left side) Pili-mediated temporal attachment. Pili elongation allows attachment to the surface, whereas pili retraction may cause the bacterium to be

tugged toward the surface, reach different directions, change from horizontal to vertical (and vice versa) orientations by using different types of motility, or it

may be released back.

(B: Right side) Flagella-mediated temporal attachment may be caused because of their hydrophobic nature, as well as by some of the flagellar motor

components. When flagella become anchored to the surface, the polarly attached cells spin around, often leading to detachment of bacteria.

(C) Specific temporal attachment may be mediated by binding of adhesins, expressed onto the bacterial surface or at the tip of certain pili appendages, to

particular host receptors.
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In biotic surfaces, receptor-ligand type interactions 
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Negative charge of the bacterial surface 
Repulsive electrostatic forces 
Liquid medium: Repulsive hydrodynamic forces near the surface 

Fimbriae/flagella for adhesion/movement 

Once on the surface, adhesion is increased by specific and nonspecific 
adhesins, leading to irreversible adhesion
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It is influenced by: 
environmental factors (pH, salinity, etc.) 
physicochemical properties of the surface (roughness, hydrophobicity, 
charge, etc.) 
presence of a conditioning film (a layer of organic and inorganic 
compounds absorbed onto the surface) 

For permanent adhesion, bacteria use nonspecific adhesin as: 

fimbrial 
nonfimbrial 
discrete polysaccharide adhesins

Irreversible adhesion



Fimbrial/pili adhesins 

A ubiquitous group of adhesins, both Gram-positive and negative, involved 
in adhesion to biotic/abiotic surfaces, DNA transfer, biofilm formation, 
relevant in early stages, mediating intercellular interaction through 
aggregation and microcolony formation, playing a role in biofilm secondary 
structure through twitching motility, and 4 subgroups defined by the type of 
secretion and assembly. 

CUP (chaperon-usher pili) 
Type IV fimbriae 
Alternative CUP 
Fimbriae assembled by extracellular nucleation-precipitation (curli)

Irreversible adhesion



Irreversible adhesion
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subdivided into two categories: type IVa,
characterized by prepilins with a short signal
peptide (5 to 10 amino acids) and type IVb,
characterized by prepilins with a long signal
peptide (15 to 30 amino acids) (13). In this
section we will focus on individual examples

of type IVa, type IVb, and a subset of type IVb
called the Tad pili.

Type IVa pili
We will use P. aeruginosa as a model for type
IVa pilus assembly and secretion (Fig. 2,

FIGURE 2 Type IV assembly and secretion pathway. Given that the type IV pili have similar elements, we
are using the P. aeruginosa type IVa pilus as the model for biogenesis. Many type IVa proteins utilize the
Sec machinery to translocate the inner membrane (aqua pore). PilA (blue sphere) is the main pilus
subunit. FimU, PilE, PilX, PilW, and PilV are minor pilins (red, yellow, light blue, green, and purple
spheres, respectively). The prepilins are processed by PilD (orange integral IM protein), the prepilin
protease. PilB (red bean) is the ATPase that supplies energy for pilus assembly, and PilU/PilT (purple
bean) is the ATPase for pilus retraction. PilC (green porin) is an inner membrane protein of the motor
complex for assembly of the pilus. PilM, PilN, PilO, PilP, and FimV are the alignment complex. PilQ is the
multimeric secretin in the outer membane that translocates the pilus outside the cell. PilF is a pilotin
needed for localization of the PilQ in the OM. FimV is a peptidoglycan binding protein needed for
multimerization of PilQ. Abbreviations: IM, inner membrane; CW, cell wall; OM, outer membrane.
doi:10.1128/microbiolspec.MB-0018-2015.f2
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Non fimbrial adhesins
T1SS 
T5SS

been reported to be involved in biofilm
formation by Gram-negative bacteria.

In P. fluorescens and P. putida, the Bap
protein LapA (large adhesion protein A) is
crucial for biofilm formation (84, 85). This
surface-associated protein, the largest one
expressed by both organisms, is responsible
for the transition between reversible adhe-
sion via a single pole to irreversible adhe-
sion along the entire cell length (84, 85).
Indeed, lapA or the ABC transporter for
LapA (required for the export of LapA to
the cell surface) mutants is able to first
attach to surfaces via their pole but fails to
undergo later irreversible adhesion and to
develop the typical biofilm architecture
(85). LapA is conserved between many
P. fluorescens and P. putida strains, but the
length of the protein in different strains is
highly variable due to the flexible number
of amino acid repeats (86). LapA mediates
cell adhesion to a wide array of abiotic
surfaces, from various plastics to glass or

quartz, suggesting that the interactions
between this protein and the surface are
nonspecific (84, 85). Single cell force spec-
troscopy experiments recently showed that
different domains of LapA are involved in
different adhesion processes: while the
repeated units in the core domain are
mainly responsible for adhesion on hydro-
phobic surfaces, the C-terminal domain is
involved in adhesion to hydrophilic sur-
faces, allowing LapA adhesion to a wider
range of substrates and increasing the
versatility of P. fluorescens colonization in
diverse environments (87). In addition,
single cell force spectroscopy analysis of
the footprint left behind by P. fluorescens
cells detached from a surface reveals a local
accumulation of LapA occurring at the
cell-surface interface and the presence of
multiple adhesion peaks with extended
rupture lengths, highlighting the critical
role of LapA in mediating the irreversible
cell adhesion to surfaces (88).

FIGURE 3 Schematic overview of the various secretion systems of nonfimbrial adhesins. The type 1
secretion system (T1SS) and three classes of type 5 secretion system (T5SS) (monomeric autotransporter
adhesins [MAA], trimeric autotransporter adhesins [TAA], and two-partner secretion [TPS] systems) are
represented. In T1SS, the adhesin is exported directly from the cytoplasm to the extracellular milieu via a
pore comprised of three proteins. In T5SS, the adhesin is translocated from the cytoplasm to the
periplasm by the Sec machinery and auto-assembled in the outer membrane. See text for more details.
Abbreviations: IM, inner membrane; CW, cell wall; OM, outer membrane. doi:10.1128/microbiolspec.MB-
0018-2015.f3
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TABLE 3 Selected examples of nonfimbrial adhesins experimentally shown to be involved in biofilm
formation by Gram-negative bacteria

Protein Organism Size (aa) Reference

Biofilm associated proteins (Bap) – T1SS
LapA Pseudomonas putida 8,682 84
BapA / AdhA B. cenocepacia 2,924 213
LapA Pseudomonas fluorescens 4,920 85
BapA S. enterica 3,825 214
YeeJ E. coli 2,358 102
Bap Acinetobacter baumannii 8,621 215
LapF P. putida 6,310 89
BfpA Shewanella oneidensis 2,768 216
MRP Pectobacterium atrosepticum 4,558 217
BfpA Shewanella putrefaciens 4,220 218
Cat-1 Psychrobacter articus 6,715 219

Monomeric autotransporter adhesins – T5SS

Ag43 E. coli 1,039 104
Cah E. coli 2,850 220
AIDA E. coli 1,237 107
TibA E. coli 989 221
YfaL/EhaC E. coli 1,250 102
YpjA/EhaD E. coli 1,526 102
YcgV E. coli 955 102
Hap H. influenzae 1,392 127
EhaA E. coli 1,328 222
EhaB E. coli 980 223
UpaH E. coli 2,845 224
UpaC E. coli 996 225
UpaI E. coli 1,254 226
MisL S. enterica 955 227

Trimeric autotransporter adhesins – T5SS

YadA Yersinia pseudotuberculosis 434 119
UspA1 Moraxella catarrhalis 955 228
Hap/MID M. catarrhalis 2,090 228
UpaG E. coli 1,779 120
SadA S. enterica 1,461 121
AtaA Acinetobacter sp. Tol5 3,630 229
EhaG E. coli 1,589 230
BbfA Burkolderia pseudomallei 1,527 122

Hemagglutin-like adhesins – T5SS

HxfB X. fastidiosa 3,376 231
HxfA X. fastidiosa 3,458 231
HMW1 H. influenzae 1,536 127
HMW2 H. influenzae 1,477 127
XadA X. fastidiosa 763 125
YapH Xanthomonas fuscans 3,397 124
FhaB X. fuscans 4,490 124
XacFhaB Xanthomonas axonopodis 4,753 232
CdrA P. aeruginosa 2,154 129
FHA B. pertussis 3,590 128
BcpA Burkholderia thailandensis 3,147 233
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Polysaccharide adhesins

strongly associated with the bacterial surface, forming the capsule (capsular 
polysaccharides) 

loosely associated or secreted (extracellular polysaccharides, EPS) 

differences are experimentally defined and have limited physiological 
relevance 

from an adhesive perspective: 

protective polysaccharides form a protective barrier 
aggregative polysaccharides (EPS) adhesive/cohesive properties
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Aggregative polysaccharides 

When associated with the cell surface, the
exact connection between EPS and the outer
membrane is not always known and usually
involves a linker, which can be a sugar, lipid,
or protein. For EPS exported through the
ABC transporter–dependent pathway, the
conserved phospholipid terminus is attached
at the reducing end of the polysaccharide via
a poly-3-deoxy-D-manno-oct-2-ulosonic acid
(also known as KDO) linker that is responsi-
ble for proper translocation and contributes
to the attachment of the polymer to the cell
surface (148), although ionic interactions
between the core region of the lipopoly-
saccharide (LPS) and the polymer may also

be involved (159). As observed for LPS
O-antigen, carbohydrate chains forming
the capsular or K-antigen (derived from the
German word Kapsel [150]) may also be
linked to the lipid A core of an LPS mole-
cule, but the distinction from a traditional
O-antigen remains subtle and purely opera-
tional (151, 152). Finally, polysaccharides can
be anchored to the cell surface via dedicated
proteins (153–155). In E. coli and K. pneumo-
niae, the outer membrane protein Wzi is a
critical factor in the anchoring of the K30
type I capsule to the cell surface (153, 155).
The 2.6Å resolution structure of Wzi suggests
that Wzi may act as a lectin binding to the

FIGURE 5 Polysaccharide biosynthesis pathways. Overview of the Wzx/Wzy-, ABC-transporter-, and
synthase-dependent exopolysaccharide biosynthesis pathways. Only the key components for each
pathway are indicated on the diagram. In the Wzx/Wzy-dependent pathway, the polysaccharide repeat
unit assembly is initiated on an undecaprenyl phosphate acceptor moiety located in the inner leaflet of
the inner membrane, which is then transported across the inner membrane by the flippase, Wzx. The
polymerization into high–molecular weight polysaccharide occurs in the periplasm by the action of the
polymerase Wzy. The export and secretion of the polysaccharide through the outer membrane are
facilitated by the outer membrane polysaccharide export (OPX) and the polysaccharide copolymerase
(PCP) protein families. Depending on the polysaccharide being synthesized, the nascent polymer could
be anchored to the outer membrane via a specific protein, such as Wzi. In the ABC transporter–
dependent pathway, the entire polysaccharide chain is assembled into the cytoplasm on a lipid acceptor
that is then transported across the inner membrane by the ABC transporter. As observed for the Wzx/
Wzy-dependant pathway, the export and secretion of the polysaccharide through the outer membrane
also involve the OPX and PCP protein families. In the synthase-dependent pathway, both the
polymerization and the transport of the polymer across the inner membrane are carried out by the
same membrane-embedded glycosyl transferase. The export and secretion of the polysaccharide
through the outer membrane are facilitated by a molecular chaperone and a β-barrel porin.
Abbreviations: IM, inner membrane; CW, cell wall; OM, outer membrane. doi:10.1128/microbiolspec.
MB-0018-2015.f5
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FIGURE 6 Selected examples of discrete polysaccharides. AF488-conjugated wheat germ agglutinin
lectin labelling of the holdfast in (A) C. crescentus, (B) A. biprosthecum (courtesy of Chao Jiang),
(C) Asticcacaulis excentricus (courtesy of Chao Jiang), and (D) Hyphomicrobium vulgare (courtesy of Ellen
Quardokus). (E) AF488-conjugated wheat germ agglutinin lectin labelling of the UPP in A. tumefaciens.
(F) FITC-conjugated ConA lectin labelling of the slime inM. xanthus. doi:10.1128/microbiolspec.MB-0018-
2015.f6
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nascent polymer once translocated through
the Wza translocase, but other cell surface
components may also play a role (153). In
C. crescentus, the HfaA, HfaB, and HfaD
proteins provide an extremely strong anchor
for the holdfast polysaccharide to the cell
envelope, as discussed below (154). Alterna-
tively, polysaccharides can be anchored to
the cell surface by glycosylation of proteins, a
system primarily utilized to decorate flagellar
proteins and protein adhesins (for review see
references 156, 157).

Polysaccharide Diversity

The composition and the structure of EPS
can vary both between and within species
(148), and it is now well accepted that
bacteria are able to produce different types
of EPS to provide adhesive adaptability under
varying conditions (Table 4). Most of these
carbohydrate polymers generate a highly

hydrated and extensive layer surrounding
the cell, but a few bacterial species adhere
to surfaces by using a clearly defined, discrete
patch of polysaccharide (158–160). We will
focus on the discrete aggregative polysaccha-
rides in this section.

There are diverse instances of discrete ad-
hesive polysaccharide mediating surface at-
tachment. Among these is the well-described
unipolar attachment to surfaces of Alpha-
proteobacteria, such as C. crescentus and
A. tumefaciens, and the less common discrete
slime deposition by the motile Deltaproteo-
bacterium, Myxococcus xanthus (Fig. 6). In
both cases, the discrete polysaccharide
provides a specific function for different
phases of the life cycle, supporting a transient
or an irreversible attachment with the sur-
face. In this section, the unipolar polysaccha-
ride adhesin produced by C. crescentus and
by some Rhizobiales and the adhesive slime
produced by M. xanthus will be discussed.

TABLE 4 Selected examples of aggregative polysaccharides experimentally shown to be involved in
biofilm formation by Gram-negative bacteria

Polysaccharide Organism Composition/structure Reference

Alginate P. aeruginosa β-1,4-linked mannuronic acids and
guluronic acids

234

Cellulose Gluconacetobacter xylinus, A. tumefaciens,
Rhizobium leguminosarum bv. Trifolii,
Sarcina ventriculli, Salmonella spp.,
E. coli, K. pneumoniae

β-1,4-linked D-glucose 235–239

Holdfast Caulobacter spp., Asticcacaulis
biprosthecum, Hyphomonas adherens,
Hyphomonas rosenbergii,
Hyphomicrobium zavarzinii, Maricaulis
maris, Oceanicaulis alexandrii

Suspected to contain β-1,4-linked
N-acetyl-D-glucosamine, but the
exact composition and structure
remain unknown

160, 163, 166,
240–243

PGA E. coli, Yersinia pestis, Bordetella spp.,
Actinobacillus spp., P. fluorescens

β-1,6-linked N-acetyl-D-glucosamine 244, 245

Psl P. aeruginosa Repeating pentasaccharide of 3
mannose, 1 rhamnose, and 1 glucose

246–248

Pel P. aeruginosa, P. fluorescens Unknown, but reported to be a
glucose-rich polysaccharide polymer

246, 249, 250

Slime M. xanthus Suspected to contain α-D-mannose or
α-D-glucose residues, but the exact
composition and structure remain
unknown

192

UPP A. tumefaciens Suspected to contain N-acetyl-D-
glucosamine residues, but the exact
composition and structure remain
unknown

68, 179
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Microcolonies

regulation of two-component systems (Persat et al., 2015), and upregulation of virulence factors (Gode-Po-

tratz et al., 2011; Persat et al., 2015) to evade and modulate host immune response, being bacterial adhe-

sion a virulence factor per se (Busscher and van der Mei, 2012).

Implicit in the mechanisms required for surface recognition/interactions and acquired properties is the fact

that these involve bacterial genetic expression of target genes for better responding to all the challenges

and stressors that bacteria are subject to. Part of these events is mediated by the second messenger mole-

cule bis-(30-50)-cyclic dimeric guanosine monophosphate (c-di-GMP). This signaling molecule stimulates

the biosynthesis of adhesins and extracellular polymeric substance (EPS) matrix components while

reducing/inhibiting various forms of motility, contributing to the strong adhesion reached at this stage

(for review, see Hengge, 2009). Moreover, at this point, bacteria not only become prepared to mount an

adequate response for themselves or neighboring cells during the adsorption and adhesion stages but

also has been reported that bacteria are able to ‘‘keep track’’ of these events retaining a multigenerational

memory through the oscillations in the levels of the second messenger molecule cyclic adenosine 30,50-

monophosphate (cAMP) and type IV pili activity (Lee et al., 2018). Finally, it has been recently reported

that the biofilm forming environmental bacteria C. crescentus experience cell differentiation and speed

up cell cycle progression after surface sensing (Snyder et al., 2020).

Cell growth and division: formation of microcolonies

Once a strong bacteria-to-surface adhesion has been achieved, attached bacteria grow and divide either

by binary fission (Costerton et al., 1995; Read et al., 1989) or asymmetric division (Conrad et al., 2011; Lav-

entie et al., 2019) (Figure 4). This implies cell proliferation and colonization of the surface, which leads to

activation of second messengers, intercellular communication, and initial secretion of EPS matrix (Sauer

and Camper, 2001). When the ‘‘monolayer biofilm’’ has been formed, any or a combination of three poten-

tial mechanisms may follow:

(1) Additional planktonic bacteria are recruited from the bulk solution via agglutinins, such as Staphy-

lococcus aureus surface protein G (Geoghegan et al., 2010) and the aggregative adherence fimbriae

in E. coli (Nataro et al., 1992);

Figure 4. Potential routes for the formation of microcolonies

Microcolony formation arises from the accumulation of cells in continuous growth and division and may be enhanced by the

incorporation of planktonic cells from the bulk fluid or product of cell division and the integration of bacterial clusters. (1) Once

bacteria become strongly attached, the colonization of the surface takes place bymeans of cell growth and division. One of the

daughter cells may remain attached, and the other may be released from the surface (3A), where it becomes free to colonize

other sites (2) by landing onto target surfaces (3B) or, it may become part of recently formed bacterial clusters either on the

surface (3C) or the bulk fluid (3D). Bacterial clusters formed in the absence of a solid substratemay colonize new surfaces or land

onto biofilms under development (3E). During cell proliferation and biofilm formation, QS signals and production of EPSmatrix

occur. As cell density increases, some of the bacteria slide along each other (3F) leading to the formation of small bacterial

aggregates, which correspond to ‘‘immature’’ biofilms known as microcolonies (4).
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Microcolonies

The basic structure of the biofilm 
varies depending on the bacterial species 
under identical conditions: Pseudomonas putida and P. knackmussii

levels of c-di-GMP, indicating a link between
sRNA-mediated and c-di-GMP-mediated
biofilm regulation in P. aeruginosa.

THE ARCHITECTURE AND
ORGANIZATION OF BIOFILMS
ARE SPECIES DEPENDENT

Although microcolonies are the basic unit in
most biofilms, the structure of the micro-
colonies can vary greatly depending on the
biofilm-forming bacterial species. For exam-
ple, it has been demonstrated that under
identical conditions in a flow chamber P.
putida forms loose protruding microcolonies
(Fig. 1A), whereas Pseudomonas knackmussii
(formerly termed Pseudomonas sp. B13)
forms spherical microcolonies (Fig. 1B) (43).
Moreover, when the two Pseudomonas spe-
cies were grown together in dual-species
biofilms, they still formed their characteristic
microcolony structures (Fig. 1C), apparently
without affecting each other (43). The archi-
tecture and organization of the three differ-
ent biofilms are therefore dependent on
the biofilm-forming bacterial species. Multi-
ple factors are involved in the formation
of particular structures in biofilms, and
currently the mechanisms underlying the

difference in biofilm structure displayed by
P. putida and P. knackmussii is not known.
However, in the case of P. putida, biofilm for-
mation in flow chambers is mainly governed
by the large adhesive protein LapA (9, 10, 44),
whereas for other pseudomonads, such as
P. aeruginosa, biofilm formation in flow
chambers is mainly dependent on the exo-
polysaccharides Psl and Pel (7, 45, 46).
Differences between the extracellular matrix
components that interconnect bacteria in
biofilms may give rise to different structures
of the microcolonies.

STRUCTURE DEVELOPMENT IN
BIOFILMS IS DEPENDENT ON
NUTRITIONAL CONDITIONS

As described above, different bacterial spe-
cies may form different biofilm structures
under identical conditions. In addition, the
same bacterial species may form different
biofilm structures under different environ-
mental conditions. For example, Klausen
et al. (47) demonstrated that P. aeruginosa
forms mushroom-shaped microcolonies
when it grows in flow chambers that are
irrigated with glucose medium, whereas it
forms flat biofilms when it grows in flow

FIGURE 1 Confocal laser scanning microscopy (CLSM) images showing spatial structures in flow-chamber-
grown 5-day-old biofilms formed by (A) Gfp-tagged (green fluorescent) P. putida, (B) Gfp-tagged
P. knackmussii, and (C) a mixture of Gfp-tagged P. putida and DsRed-tagged (red fluorescent)
P. knackmussii. Bars, 20 μm. Adapted from reference 43 with permission from the American Society
for Microbiology. doi:10.1128/microbiolspec.MB-0001-2014.f1
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Microcolonies

Varies depending on environmental conditions 
Mushroom-shaped P. aeruginosa microcolonies under flow conditions with 
glucose-containing medium 
Flat biofilms in P. aeruginosa under flow conditions with citrate-containing 
medium 

chambers that are irrigated with citrate
medium (Fig. 2). Moreover, the structure of
an established biofilm can change in response
to a change in nutritional conditions. Nielsen
et al. (48) studied biofilm formation in
flow chambers of a mixture consisting of P.
knackmussii and Burkholderia xenovorans
(formerly termed Burkholderia sp. LB400).
These bacteria have the potential to inter-
act metabolically because P. knackmussii
can metabolize chlorobenzoate produced
by B. xenovorans when grown on chlorobi-
phenyl. When the dual-species biofilm was
fed with medium containing chlorobiphenyl,
mixed-species microcolonies consisting of
associated P. knackmussii and B. xenovorans
bacteria were formed. In contrast, when the
mixture was fed citrate, which can be
metabolized by both species, the two species
formed separate microcolonies. After a shift
in carbon source from a citrate medium to a
chlorobiphenyl medium, movement of the
P. knackmussii bacteria led to a change in
the spatial structure of the biofilm from the

separate microcolonies toward the mixed-
species microcolonies.

Similar observations weremade byWolfaardt
et al. (49), who studied a microbial mixture
capable of degrading the herbicide diclofop.
When this mixture was grown in flow
chambers irrigated with diclofob, a highly
structured biofilm with specific patterns
of intergeneric cellular coaggregation was
formed. But when the mixture was grown
on tryptic soy broth (TSB), a biofilm lacking
variation in thickness and structure was
formed. After a shift in carbon source from
TSB to diclofob, it took TSB-grown biofilms
only two days to acquire the typical structure
of diclofob-grown biofilms. Although the
organisms and the nature of the metabolic
interactions in the study (49) were unknown,
this study provided substantial evidence that
structure development in biofilms is de-
pendent on nutritional conditions and that
the structure of an established biofilm can
change in response to a change in nutritional
conditions.

FIGURE 2 CLSM micrographs acquired in 5-day-old P. aeruginosa PAO1 biofilms grown on (A) glucose
minimal medium and (B) citrate minimal medium. The central pictures show-top down fluorescence
projections, and the flanking pictures show vertical sections. Bars, 20 μm. Adapted from reference 47
with permission from Wiley-Blackwell publishing. doi:10.1128/microbiolspec.MB-0001-2014.f2
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Matrix

contributes to structure and stability 

Exact components vary between microorganisms and culture conditions 

50-90% exopolysaccharides 
Proteins (adhesins, components of fimbriae and flagella, secreted 
extracellular proteins, and outer membrane vesicle proteins (OMVs) 
Nucleic acids (eDNA) 
97% water 

Matrix proteome 
Large amount of periplasmic, cytoplasmic, outer, and inner membrane 
proteins
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Matrix

exopolysaccharides 
vary in composition and therefore in physicochemical properties 
size 
in association with lectins, proteins, lipids, and DNA

The diversity in PS structure also pro-
vides a range of functional roles for PSs in
microbial biofilms. For many bacteria, struc-
tural and physical consequences of PS ex-
pression confer unique colony morphology
phenotypes (Fig. 2). The PS in the biofilm
matrix dictates a framework for the biofilm
landscape. Inhabitants of the biofilm need to
be protected from the environment (host
cells, antimicrobials, desiccation, tempera-
ture, competing microbes, etc.) while main-
taining access to nutrients and the ability
to respond to changes in the environment.
Bacteria generate multiple PSs to cope with
these needs in a variety of different ways. PSs
can help bacteria adhere to a multitude of
different surfaces and host and bacterial cells,
provide protection from the onslaught of
antimicrobials in the environment, provide
reservoirs for nutrient acquisition, and aid in
the creation of distinct architectures, which
further potentiate an environment suitable
for microbes to persist. In this chapter, we
will discuss PSs that are known to be
important for microbial biofilm formation.
For strictly organizational purposes, PSs are
divided here into three functional categories
to highlight their importance and diver-
sity in biofilm biology. While these PSs are
subjectively categorized into aggregative,
protective, and architectural, these divisions
are by no means exclusive. Several PSs have
roles in each of these categories (see Table 1),
which will also be discussed below.

AGGREGATIVE POLYSACCHARIDES

The formation of biofilms occurs in multiple
stages: initial attachment, microcolony and
macrocolony formation, and detachment or
disassembly (4–6). Aggregative PSs play es-
sential roles in each of these steps: aiding in
adhesion to surfaces, formation of complex
structures by promoting microbial interac-
tions, and relief of these interactions promot-
ing dissolution of the biofilm. Bacteria can
elaborate multiple PSs, which are important
in different strains and varying environmen-
tal conditions, including surface substrate,
nutrition, and flow rate (7). The redundancy
of aggregative PSs produced by many bacte-
ria highlights the essentiality of bacteria
remaining associated with the biofilm com-
munity. Moreover, the ability to modify PS
production provides compensatory mecha-
nisms to adapt to changing environments.
The PSs described in this section highlight
the importance of aggregation in the biofilm
community lifestyle and demonstrate the
range of functions of these PSs.

Polysaccharide Intercellular Adhesion

Significance, structure, and regulation
The PS intercellular adhesion (PIA) is the
primary PS involved in biofilm formation of
Staphylococcus aureus and Staphylococcus
epidermidis, which contribute significantly
to endocarditis, osteomyelitis, and infections

TABLE 1 Summary of the cellular location, chemical composition, and functions of bacterial polysaccharides
important for biofilm formation

Functions

Localization Charge Aggregative Protective Architectural

Pel Secreted NA X X X
Psl Secreted/cell associated Neutral X X X
PIA Secreted Polycationic X X
Cellulose Secreted Neutral X X
Alginate Cell associated Polyanionic X X
CPS Covalently attached Polyanionic X
Levan Cell associated Neutral X X
Colanic acid Cell associated Polyanionic X
VPS Secreted NA X X X
Bacillus EPS Secreted Neutral X
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exopolysaccharides 

FIGURE 1 Adapted representative chemical structures of polysaccharides which participate in biofilm
formation including (A) polysaccharide intercellular adhesin (PIA), (B) Psl, (C) alginate, capsular poly-
saccharide (CPS) from (Di) E. coli and (Dii) S. pneumoniae, (E) levan, (F) cellulose, and (G) colanic acid.
Brackets depict repeating units. doi:10.1128/microbiolspec.MB-0011-2014.f1
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Matrix

Extracellular DNA
DNAse treatment prevents microcolony formation 
In some cases, it results from lysis of certain bacteria 
It is regulated in time and space 
Interacts with EPS to produce defined agglomerates
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Outer Membrane Vesicles (OMV)

Small spherical structures produced by Gram-positive bacteria (10-300 nm) 
containing cytoplasmic and periplasmic contents (proteases, 
phospholipases, toxins, OMPS, LPS, etc.) 
Involved in biofilm formation, pathogenesis, quorum sensing, nutrient 
acquisition, horizontal gene transfer, and antibiotic resistance 
Relationship with biofilms… contribute to communication, nucleation, nutrient 
acquisition, and defense, but this remains unclear. 4 FEMS Microbiology Letters, 2015, Vol. 362, No. 15

Table 1. The relationship between biofilm and vesicle in some bacteria.

Species Strain Factor Effect Reference

Helicobacter pylori TK1402 22-kDa protein Plays an important role in biofilm
formation.

Yonezawa et al. (2011)

Francisella - OMV Involved in biofilm formation and
forming part of biofilm matrix.

van Hoek (2013)

Pseudomonas aeruginosa PAO1 CPA Its absence causes structural
defects which limit the
development of mature biofilms.

Murphy et al. (2014)

Vibrio cholerae El Tor strain
C6706

OMV-associated protein
DegP

Required for the secretion of
biofilm matrix components and
the activity strongly influences
biofilm formation.

Altindis, Fu and
Mekalanos (2014)

Pseudomonas putida DOT-T1E OMV Lead to an increased
hydrophobicity of cells surface
which enhanced their ability to
form biofilms

Baumgarten et al. (2012)

The table shows the species’ vesicle associated component that possess a direct effect on biofilm.

wild-type (WT) cells, they confirmed that the deletion of the
rmd gene resulting in the absence of CPA significantly dimin-
ished the ability of P. aeruginosa PAO1 to form mature biofilms,
thus highlighted the importance of CPA in the biofilm formation
process.

In the study on V. cholerae by Altindis, Fu and Mekalanos
(2014), DegP, associated with OMV, was illustrated to play an im-
portant role in determining the contents of OMV and formation
of biofilm matrix. In this study, they compared the degP mutant
strain EC956 with WT to investigate colonization defect caused
by disruption of DegP. The results indicated that DegP enhances
biofilm formation by facilitating the secretion of RmbA, RmbB,
Bap1 and hemagglutinin protease into the maturing biofilm
matrix, which were observed to contribute to the architecture
of V. cholerae biofilms (Absalon, Van Dellen and Watnick 2011).
In the Berk et al. (2012) report, it was concluded that Bap1
plays an important role in helping biofilms adhere to surfaces
while RmbC and Bap1 help encapsulate cell clusters attached
to those surfaces. To fully understand the mechanism by which
DegP influences biofilm formation, additional studies are still
required.

In another study by Baumgarten et al. (2012), the role and
physiological function of OMV formation in P. putida under
rapidly changing environmental stress conditions were inves-
tigated. They studied the ability of pretreated cells to form
biofilms, and the possible advantages in the release of OMVs.
They concluded that the release of OMVs as a reaction of cells to
several stress factors led to an increased hydrophobicity in cell
surface, which resulted in enhanced biofilm formation. These
findings are in agreement with previous studies (Beveridge et al.
1997, Lopez, Vlamakis and Kolter 2010).

TARGETING BIOFILM THROUGH VESICLE
PATHWAY
With the enormous and extensive studies that have been con-
ducted on biofilm formation and OMV production, various ways
of treating biofilm infections can be deduced from these stud-
ies. Below are some ways if applied that can assist in curbing
bacterial biofilm-related infections.

RNA interference technology to knockdown expression
of proteins associated with OMV

RNA interference (RNAi) is one of themost exciting and enliven-
ing phenomena in which short double-stranded RNA disrupts
the expression of specific genes by causing degradation of target
mRNA in the cytoplasm (Jagtap, Gurav and Bapat 2011). The tech-
nology has been used for post-transcriptional gene silencing al-
lowing scientists to study gene function better, and becomes a
powerful tool in reverse genetics for in vivo and in vitro systems
(Sifuentes-Romero, Milton and Garcia-Gasca 2011). Yanagihara
et al. (2006) have demonstrated a novel strategy to treat MRSA
(methicillin-resistant Staphylococcus aureus) infections through
inhibiting mRNA expression and the activity of MRSA coagu-
lase by siRNA (Yanagihara et al. 2006). Moreover, bioengineered
OMVs have been used to deliver small interfering RNA (siRNA)
and proved effective (Gujrati and Jon 2014). In this report, bio-
engineered OMV successfully delivered siRNA directed against
kinesin spindle protein. The subjects also showed tolerance to
OMV and no side effects.

In addition, some components associated with OMV, such
as CPA and OSA in P. aeruginosa, and DegP in Vibrio cholera play
important roles in biofilm formation and their silencing signifi-
cantly affects biofilmmatrix and biofilm formation. In the study
by Murphy et al. (2014), they compared chromosomal knockout
mutants of P. aeruginosa PAO1 which are defective in produc-
ing OSA (!wbpM) with WT, using gene interference technol-
ogy (Murphy et al. 2014). These findings suggested that silenc-
ing someOMV-associated polysaccharides, for example CPA and
OSA, which are important for the process of biofilm formation
through RNAi technology may be a novel way to treat BAI.

Vesicles combined with antimicrobial agents

Biofilm can provide microorganisms with a protective shield
that contributes significantly to several clinical challenges, in-
cluding the resistance to antimicrobial agents used for treating
BAI. The normal method for treating bacteria in biofilm with an-
timicrobial agents is not so effective; thus, alternative applica-
tion of antimicrobial agents is needed to destroy the biofilm.
In cells, vesicles participate in transportation and biofilm
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Outer Membrane Vesicles (OMV)

There are differences in the composition of planktonic OMVs vs. biofilm 
OMVs. 
Role in protecting DNA from degradation. 
Maintaining matrix integrity. 
How DNA enters OMVs and its role is a major debate.

Microcolonies & Matrix



Microcolonies and Macrocolonies

Biofilm coated with matrix (proteins, polysaccharides, nucleic acids, and others) 
Protective barrier against bacteriophages, amoebas, immune response, and 
antibiotics 

c-di-GMP and bacterial communication (QS) 

Transition from microcolonies to macrocolonies is poorly understood 

Mechanism
Simply continuous growth over time 
Induction of macrocolony formation at a given time 
Combination of genetic determinants + physiological factors 

They differ in the distribution of some key molecules 

Formation and maintenance of channels between macrocolonies, necessary for 
the transport of nutrients, metabolites, and waste

Maturation



Quorum sensing (QS): The process by which bacteria synthesize, recognize, 
and respond to extracellular signaling molecules known as autoinducers 
(AIs) that mediate intercellular communication. 

They use AI concentrations in the medium to monitor changes in bacterial 
numbers and coordinate the expression of specific QS genes. 

Genes involved in bacterial behavior, ATB production, biofilm production, 
bioluminescence, genetic competition, spin, and virulence. 

QS Principles: 
AI Synthesis 
AI Detection by Receptors 
Activation of Specific QS Genes 

Some bacteria do not produce AIs but have receptors

Maturation
Quorum Sensing



Gram - 
Acyl-homoserine lactones (AHLs) as AI 
N-acetylated homoserine lactones that 
vary in size and modifications 
synthesized by AHL synthases (LuxI), 
diffuse, or are transported 
Receptors (LuxRs) in the absence of 
AHLs are degraded. 
AHL-LuxR dimerizes and binds to DNA 
and transcribes QS-specific genes

Gram +
Oligopeptides secreted as AIPs 
Acyclic oligopeptides (cyclic lactones) 
precursors within the cell mature into 
AIPs, which are then secreted. 
Two-component histidine kinase 
receptors, kinase activity results in 
autophosphorylation. 
The kinase transfers phosphate to an 
intracellular response regulator, which, 
once activated, binds to DNA to initiate 
transcription of QS genes.

Existen AI comunes a G- y G+ como AI-2 
que median QA interespecies.

Maturation
Quorum Sensing



QS and biofilms

QS mutants of P. aeruginosa form 
flat, undifferentiated biofilms. 
QS inhibition affects the biofilm. 
Associated with DNA and matrix 
generation. 
C o n t r o l s t h e p r o d u c t i o n o f 
r h a m n o l i p i d s , l e c t i n s , a n d 
siderophores. 
Associated with dispersion.

Maturation
Quorum Sensing
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A highly programmed process 

would be expected to have a set of expressed "biofilm genes.” 

Transcriptomic analyses have failed to identify biofilm regulons. 
It would then be governed by adaptive responses dependent on 
nutritional conditions that change in response to environmental 
conditions. 
If it requires the expression of genes associated with matrix 
products, 
omics research will contribute to the understanding of biofilms.

Gene Expression



36Comparison of transcriptomic profiling of S. mutans NMT4863 WT from different growth phases. (A) Principal component 
analysis of the samples. (C) Number of differentially expressed genes in the various growth phases and in biofilm. 
 doi: 10.3389/froh.2025.1535034

Gene Expression
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as (p)ppGpp) (Dı́az-Salazar et al., 2017). Produced signals may culminate in events and self-produced bac-

terial substances that contribute to the remodeling process of the biofilm structure at this stage. Some of

them include the production and release of enzymes to degrade the EPS matrix components (Boles and

Horswill, 2008); disruption of noncovalent interactions by bacterial surfactants such as rhamnolipids (Boles

et al., 2005) and phenol-solublemodulins (Wang et al., 2011); and cell death, which leads to the formation of

cavities within the biofilm (Ma et al., 2009). The latter has been reported to be used by motile bacteria as

points of escape from the biofilm and is often referred to as ‘‘central hollowing’’ or ‘‘seeding dispersal’’ (Ma

et al., 2009; Purevdorj-Gage et al., 2005; Sauer et al., 2002). In general, individual cells or cell clusters may be

released from a mature biofilm (Stoodley et al., 2001), and these become available for further spread and

colonization (Figure 7).

The aforementioned mechanisms highlight the fact that biofilm dispersion is a well-regulated process

affecting particular cells and regions within the biofilm. Furthermore, the dispersed cells have the advan-

tage of having gone through changes in phenotype during biofilm development as well as further genetic

modifications after the stress conditions generated by biofilm gradients. These modifications that once

permitted them to express a more virulent and resistant phenotype are partially maintained; hence,

dispersed cells are more virulent than their planktonic counterparts but less than those within the parent

biofilm (Chua et al., 2014).

Biofilms modulate and evade immune responses from the host

As any other element recognized as foreign by the immune system, biofilm formation elicits the activation

of different cells and mechanisms intended to clear it from the host. Although immune cells and mediators

offer a wide variety of strategies to prevent pathogenic microbial invasion, biofilm-livingmicroorganisms as

well as biofilm molecular and structural components have the ability of modulating and evading immune

attack (Figure 8). Some of the main mechanisms that contribute to this immune regulation include the

following:

(1) Activation and/or impaired activity of innate immune cells such as monocytes/macrophages (Kaya

et al., 2020), neutrophils (Hong et al., 2009), and natural killer cells (Kaya et al., 2020);

(2) Induction of an increased secretion of proinflammatory and anti-inflammatory cytokines (Kaya et al.,

2020);

Figure 7. Biofilm dispersal

Bacterial regulatory mechanisms drive biofilm disruption for the release of individual cells and bacterial clusters into the

bulk fluid where they become available for further spread and colonization.
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Coordinated release of dispersing bacteria 
differentiated 
motile 
chemotactic 
that colonize new surfaces and begin the cycle 

may correlate with the death program of bacterial subpopulations 

associated with specific nutrient and O2 gradients 

down-regulation of biofilm phenotype genes such as exopolysaccharides and fimbriae and up-regulation of flagella and 
chemotaxis factors

Dispersion



39

Laboratorio de Biofilms Microbianos



1.Development of models 

 

E 
S 
T 
Á 
T 
I 
C 
O 
S

Screening

• Tiempo

• Condiciones ambientales

• Cuantificación morfotopológica

D 
I 
N 
Á 
M 
I 
C 
O 
S

Antimicrobia
no/

compuesto a 
evaluar 

40

Biofilm formation



E 
S 
T 
Á 
T 
I 
C 
O 
S

Screening

Pathogens and Disease, 74, 2016, ftw033

doi: 10.1093/femspd/ftw033
Advance Access Publication Date: 17 April 2016
Research Article

RESEARCH ARTICLE

Fimbriae have distinguishable roles in Proteus mirabilis
biofilm formation
Paola Scavone1, Victoria Iribarnegaray1, Ana Laura Caetano1,
Geraldine Schlapp1, Steffen Härtel2 and Pablo Zunino1,∗

1Department of Microbiology, Instituto de Investigaciones Biológicas Clemente Estable, Montevideo 11600,
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∗Corresponding author: Department of Microbiology, Instituto de Investigaciones Biológicas Clemente Estable, Av. Italia 3318, Montevideo 11600,
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One sentence summary: Proteus mirabilis causes complicated urinary tract infections, especially those associated with catheterization; biofilm formation
and different types of fimbriae are critical in this process, exerting particular effects.
Editor: Filip Ruzicka

ABSTRACT
Proteus mirabilis is one of the most common etiological agents of complicated urinary tract infections, especially those
associated with catheterization. This is related to the ability of P. mirabilis to form biofilms on different surfaces. This
pathogen encodes 17 putative fimbrial operons, the highest number found in any sequenced bacterial species so far.
The present study analyzed the role of four P. mirabilis fimbriae (MR/P, UCA, ATF and PMF) in biofilm formation using
isogenic mutants. Experimental approaches included migration over catheter, swimming and swarming motility, the
semiquantitative assay based on adhesion and crystal violet staining, and biofilm development by immunofluorescence
and confocal microscopy. Different assays were performed using LB or artificial urine. Results indicated that the different
fimbriae contribute to the formation of a stable and functional biofilm. Fimbriae revealed particular associated roles. First,
all the mutants showed a significantly reduced ability to migrate across urinary catheter sections but neither swimming nor
swarming motility were affected. However, some mutants formed smaller biofilms compared with the wild type (MRP and
ATF) while others formed significantly larger biofilms (UCA and PMF) showing different bioarchitecture features. It can be
concluded that P. mirabilis fimbriae have distinguishable roles in the generation of biofilms, particularly in association with
catheters.

Keywords: urinary tract infection; Proteus mirabilis; fimbriae; biofilm

INTRODUCTION
Proteus mirabilis is one of the most common etiological agents
associated with catheter-associated urinary tract infections
(CAUTIs) (Warren et al. 1982). The risk of having a urinary tract
infection (UTI) increases up to 50% with short-term catheteriza-
tion (up to 7 days) whereas all patients undergoing long-term

catheterization (longer than 28 days) will develop bacteriuria
(Morris and Stickler 1998).

Proteus mirabilis can form biofilms on catheter surfaces which
lead to complications such as alteration in local pH through
the production of urease, which hydrolyzes the urine urea.
Ammonia production then raises the local pH allowing

Received: 30 September 2015; Accepted: 7 April 2016
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Abstract  Proteus  mirabilis  (P.  mirabilis)  is  a  common  etiological  agent  of  urinary  tract  infec-
tions, particularly  those  associated  with  catheterization.  P.  mirabilis  efficiently  forms  biofilms
on different  surfaces  and  shows  a  multicellular  behavior  called  ‘swarming’,  mediated  by  flag-
ella. To  date,  the  role  of  flagella  in  P.  mirabilis  biofilm  formation  has  been  under  debate.  In
this study,  we  assessed  the  role  of  P.  mirabilis  flagella  in  biofilm  formation  using  an  isogenic
allelic replacement  mutant  unable  to  express  flagellin.  Different  approaches  were  used,  such  as
the evaluation  of  cell  surface  hydrophobicity,  bacterial  motility  and  migration  across  catheter
sections, measurements  of  biofilm  biomass  and  biofilm  dynamics  by  immunofluorescence  and
confocal microscopy  in  static  and  flow  models.  Our  findings  indicate  that  P.  mirabilis  flagella
play a  role  in  biofilm  formation,  although  their  lack  does  not  completely  avoid  biofilm  genera-
tion. Our  data  suggest  that  impairment  of  flagellar  function  can  contribute  to  biofilm  prevention
in the  context  of  strategies  focused  on  particular  bacterial  targets.
© 2023  Asociación  Argentina  de  Microbioloǵıa.  Published  by  Elsevier  España,  S.L.U.  This  is  an
open access  article  under  the  CC  BY-NC-ND  license  (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

PALABRAS  CLAVE
Infección  del  tracto
urinario;
Proteus  mirabilis;
Flagelos;
Biofilm;
Catéter;
Prevención

Papel  de  los  flagelos  de  Proteus  mirabilis  en  la  formación  de  biofilms

Resumen  Proteus  mirabilis  (P.  mirabilis)  es  un  agente  etiológico  común  de  infecciones  del
tracto urinario,  en  particular  de  aquellas  asociadas  con  cateterización.  P.  mirabilis  forma
biofilms eficientemente  en  diferentes  superficies  y  muestra  un  comportamiento  multicelu-
lar llamado  swarming,  mediado  por  flagelos.  Hasta  el  momento,  el  papel  de  los  flagelos  en
la formación  de  biofilms  de  P.  mirabilis  ha  estado  en  discusión.  En  este  estudio,  se  evaluó
el papel  de  los  flagelos  de  P.  mirabilis  en  la  formación  de  biofilms,  utilizando  una  mutante
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A B S T R A C T   

The microorganisms are found in the environment, forming sessile communities embedded in an extracellular 
matrix of their own production, called biofilm. These communities have a great relevance in the clinical context, 
since they are associated with infections caused by biofilm in medical implants, such as urinary catheters. The 
development of biofilms is a complex process where a great diversity of genes participate. The present work is 
based on the study of genes related to iron metabolism and its implication in the development of P. mirabilis 
biofilms and pathogenicity. For this study, two mutant strains defective in biofilm formation were selected, 
generated by the interruption of genes that encoded non-heme ferritin and TonB-dependent receptor. The mu-
tations influence on the development of the biofilm was evaluated by different approaches. The complexity of the 
biofilm was analyzed using Confocal Laser Microscopy and image analysis. The mutants infectivity potential was 
assessed in two experimental mice models of urinary tract infection. The results obtained in the present work 
show us the role of the ferritin and a TonB-associated porin protein over the initial and later stages of biofilm 
development. Moreover, in the ascending UTI mouse model, both mutants failed to colonize the urinary tract. In 
CAUTI models, ferritin mutant damaged the bladder similarly to wild type but the Ton-B mutant was unable to 
generate infection in the urinary tract. The results obtained in the present work confirm the relevant role that 
iron metabolism genes have in P. mirabilis biofilm development and for infection in the urinary tract.   

1. Introduction 

Iron is one of the most abundant metals in the earth, although its 
availability for microorganisms is limited. The host limits iron avail-
ability as part of its innate defense against invading cellular microor-
ganisms. Mammals use iron-binding proteins (e.g., transferrin, 
lactoferrin) to reduce the levels of free extracellular iron to around 
10̂−18 M (Bullen et al.1978), insufficient to allow bacterial growth 
(Litwin et al. 1993). Many bacteria have developed complex systems to 
capture iron and regulate its acquisition (Hantke et al. 2001). The 
importance of this regulation is based on the role of iron in the survival 
of several bacteria. Iron is necessary for the bacteria metabolism, for 
example in protein synthesis, generation of energy (Crichton, 2016), and 
virulence and host colonization. Bacteria express a multitude of complex 
systems to capture iron, like heme acquisition systems, transferrin or 

lactoferrin receptors, ferric or ferrous iron transporters, and production 
of low molecular weight compounds, called siderophores (Bullen et al., 
1999). 

The role of iron during infection is well known. Hagan and Mobley 
(2009), reported that an Escherichia coli (UPEC) mutant strain that was 
deficient for heme utilization, was unable to colonize the murine kidney 
compared with the wild type. A TonB mutant was severely attenuated in 
vivo, indicating that TonB-dependent systems are required for UPEC 
colonization (Torres et al., 2001). Proteus mirabilis is an important 
etiologic agent of complicated urinary tract infections (UTI). It is the 
most commonly found microorganism in long-term catheterization 
(Wazait et al., 2003; Stickler and Feneley, 2010) and causes approxi-
mately 3% of all nosocomial infections and up to 44% of UTI associated 
to catheterization (CAUTI) in the United States (O’Hara et al., 2000; 
Jacobsen et al., 2008; Stickler and Feneley, 2010; Stickler, 2014). One of 
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ABSTRACT
Recurrent urinary tract infections (UTIs) occur frequently in children and women. Intracellular bacterial communities (IBCs)
and biofilm formation by Escherichia coli are risk factors for recurrence. The aim of this study was to evaluate the effect of
different antibiotics on biofilms by E. coli strains isolated from children with UTI and to correlate virulence factors and IBCs
with biofilm formation. A total of 116 E. coli strains were tested for biofilm formation using the crystal violet microplate
technique. 58.6% of the strains did not produce biofilm, while 16.4%, 18.1% and 6.8% formed weak, moderate and strong
biofilms, respectively. No correlation was found between the ability to form biofilms and the presence of IBCs. Biofilm
formation was significantly associated with pili P codifying genes, whereas other virulence factors were not statistically
associated. Antibiotics, including ampicillin, cephalothin, ceftriaxone, ceftazidime, amikacin and ciprofloxacin, were
evaluated at different concentrations after 48 h of biofilm formation. Except ampicillin, the other antibiotics tested induced
a significant reduction of biofilm biomass. In the case of recurrent UTIs potentially associated with the presence of biofilm,
the use of third-generation cephalosporin, fluoroquinolones and aminoglycosides could be recommended. These
antibiotics demonstrated to reduce biofilm biomass produced even by resistant strains.

Keywords: biofilm; antibiotics; urinary infection; uropathogenic Escherichia coli; treatment; children

INTRODUCTION
Urinary tract infections (UTIs) are among the most common
bacterial infections in humans, being uropathogenic Escherichia
coli (UPEC) the most frequent etiological agent (80%–90%) (Habib
2012; Robino et al. 2014a). Forty percent of women and 12% of
men will have an UTI episode at least once in their life. In chil-

dren, up to 8.4% of girls and 1.7% of boyswill have anUTI episode
in the first six years. A total of 20% to 40% of women and chil-
dren would suffer a recurrent episode of UTI in the following
6–12 months after the first episode (Garin et al. 2006; Elder 2009;
Habib 2012).

Different risk factors related to UTI recurrency in children
that either depends on the host or on the microorganism have
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A B S T R A C T   

The microorganisms are found in the environment, forming sessile communities embedded in an extracellular 
matrix of their own production, called biofilm. These communities have a great relevance in the clinical context, 
since they are associated with infections caused by biofilm in medical implants, such as urinary catheters. The 
development of biofilms is a complex process where a great diversity of genes participate. The present work is 
based on the study of genes related to iron metabolism and its implication in the development of P. mirabilis 
biofilms and pathogenicity. For this study, two mutant strains defective in biofilm formation were selected, 
generated by the interruption of genes that encoded non-heme ferritin and TonB-dependent receptor. The mu-
tations influence on the development of the biofilm was evaluated by different approaches. The complexity of the 
biofilm was analyzed using Confocal Laser Microscopy and image analysis. The mutants infectivity potential was 
assessed in two experimental mice models of urinary tract infection. The results obtained in the present work 
show us the role of the ferritin and a TonB-associated porin protein over the initial and later stages of biofilm 
development. Moreover, in the ascending UTI mouse model, both mutants failed to colonize the urinary tract. In 
CAUTI models, ferritin mutant damaged the bladder similarly to wild type but the Ton-B mutant was unable to 
generate infection in the urinary tract. The results obtained in the present work confirm the relevant role that 
iron metabolism genes have in P. mirabilis biofilm development and for infection in the urinary tract.   

1. Introduction 

Iron is one of the most abundant metals in the earth, although its 
availability for microorganisms is limited. The host limits iron avail-
ability as part of its innate defense against invading cellular microor-
ganisms. Mammals use iron-binding proteins (e.g., transferrin, 
lactoferrin) to reduce the levels of free extracellular iron to around 
10̂−18 M (Bullen et al.1978), insufficient to allow bacterial growth 
(Litwin et al. 1993). Many bacteria have developed complex systems to 
capture iron and regulate its acquisition (Hantke et al. 2001). The 
importance of this regulation is based on the role of iron in the survival 
of several bacteria. Iron is necessary for the bacteria metabolism, for 
example in protein synthesis, generation of energy (Crichton, 2016), and 
virulence and host colonization. Bacteria express a multitude of complex 
systems to capture iron, like heme acquisition systems, transferrin or 

lactoferrin receptors, ferric or ferrous iron transporters, and production 
of low molecular weight compounds, called siderophores (Bullen et al., 
1999). 

The role of iron during infection is well known. Hagan and Mobley 
(2009), reported that an Escherichia coli (UPEC) mutant strain that was 
deficient for heme utilization, was unable to colonize the murine kidney 
compared with the wild type. A TonB mutant was severely attenuated in 
vivo, indicating that TonB-dependent systems are required for UPEC 
colonization (Torres et al., 2001). Proteus mirabilis is an important 
etiologic agent of complicated urinary tract infections (UTI). It is the 
most commonly found microorganism in long-term catheterization 
(Wazait et al., 2003; Stickler and Feneley, 2010) and causes approxi-
mately 3% of all nosocomial infections and up to 44% of UTI associated 
to catheterization (CAUTI) in the United States (O’Hara et al., 2000; 
Jacobsen et al., 2008; Stickler and Feneley, 2010; Stickler, 2014). One of 
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5

Fig. 1.. Impact of gene disruption on motility and hydrophobicity. (A) Biofilm screening in the selected mutant strains. (B) Comparison of ability or wild type P. mirabilis 
2921 and mutants in swimming motility. (C) Comparison of ability or wild type P. mirabilis 2921 and mutants in swarming motility, Student test ** P ≤ 0.01 2921-WT 
vs mutant strain. (D) Cell surface hydrophobicity of P. mirabilis 2921 and mutants were measured using Hydrocarbon (xylene) * P = 0.0152 Kruskal-Wallis Test. (E) 
Comparison of ability or wild type P. mirabilis 2921 and mutants to migrate over sections of latex or silicone catheters. Data show percentage of catheter sections 
crossed from 15 replicates. Error bars shown SEM. * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001 2921-WT vs mutant strain. (F) Representative images of migration/no 
migration over latex (left) and silicone (right). 

V. Iribarnegaray et al.                                                                                                                                                                                                                         

2921-50. Ferritina

2921-110 Receptor tipo TonB

43

1.Development of models 

Biofilm formationBiofilm formation



E 
S 
T 
Á 
T 
I 
C 
O 
S

 

• Tiempo

• Condiciones ambientales

• Cuantificación morfotopológica

Author's personal copy

Development of 3D architecture of uropathogenic Proteus mirabilis batch culture
biofilms—A quantitative confocal microscopy approach
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This work studies the development of the 3D architecture of batch culture P. mirabilis biofilms on the basis of
morpho-topological descriptors calculated from confocal laser scanning microscopy (CLSM) stacks with
image processing routines. A precise architectonical understanding of biofilm organization on a morpho-
topological level is necessary to understand emergent interactions with the environment and the appearance
of functionally different progeny swarmer cells. P.mirabilis biofilms were grown on glass coverslips for seven
days on LB broth and subjected to in situ immunofluorescence. Confocal image stacks were deconvolved prior
to segmentation of regions of interest (ROI) that identify individual bacteria and extracellular material,
followed by 3D reconstruction and calculation of different morpho-topological key descriptors.
Results showed that P.mirabilis biofilm formation followed a five stage process: (i) reversible adhesion to the
surface characterized by slow growth, presence of elongated bacteria, and absence of extracellular material,
(ii) irreversible bacterial adhesion concomitant to decreasing elongation, and the beginning of extracellular
polymer production, (iii) accelerated bacterial growth concomitant to continuously decreasing elongation
and halting of extracellular polymer production, (iv) maturation of biofilm defined by maximum bacterial
density, volume, minimum elongation, maximum extracellular material, and highest compaction, and (v)
decreased bacterial density and extracellular material through detachment and dispersion. Swarmer cells do
not play a role in P. mirabilis biofilm formation under the applied conditions. Our approach sets the basis for
future studies of 3D biofilm architecture using dynamic in vivomodels and different environmental conditions
that assess clinical impacts of P. mirabilis biofilm.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In most natural, clinical or industrial settings, bacteria are found
predominantly as irreversibly adhered communities or so-called
‘biofilms’, rather than planktonic cells, but the majority of laboratory
studies focus on the latter (Costerton et al., 1995). Biofilms are found
on virtually every natural and man-made surface and frequently
associate to nosocomial infections. Several authors have described
biofilm development as a process with an initial attachment of cells to
a surface and production of exopolysaccharides resulting in more
firmly and irreversible bacterial attachment (Costerton et al., 2003;
Davey and O'Toole, 2000). After that, maturation of biofilm architec-
ture begins, which varies from smooth and confluent to rough and

uneven with tall cell clusters interweaved by fluid-filled channels
(Klausen et al., 2003). Finally, detachment and dispersion of
planktonic cells from the biofilm to colonize new areas (Davey and
O'Toole, 2000; Stoodley et al., 2002).

Confocal Laser Scanning Microscopy (CLSM) and image analysis
tools have contributed to a better visual understanding of static and
dynamic biofilm architecture in recent years (Renslow et al., 2011). In
order to identify biological key events during and after biofilm
formation, we developed image processing algorithms to identify
individual bacteria, swarmer cells, and extracellularmatrix and quantify
their morpho-topological properties with mathematical descriptors.

Proteus mirabilis is a Gram-negative bacteria that causes diverse
opportunistic and nosocomial infections (Stamm et al., 1997), and is
particularly associated with complicated urinary tract infections as those
that occur in catheterized patients or individuals with structural
abnormalities of the urinary tract (Warren et al., 1982). It is well known
that P.mirabilis forms biofilms on the surface of urinary catheters, which
can lead to serious consequences for the patient (Stickler et al., 1993). In
the present study we characterize the formation of P. mirabilis biofilm
structure grown on LB broth and glass coverslips for seven days with 3D

Journal of Microbiological Methods 87 (2011) 234–240
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to continuously decreasing elongation and halting of extracellular
polymer production (days 3–4), (iv) maturation of biofilm defined by
maximum bacterial density, volume, minimum elongation, maximum
extracellular material, and highest compaction (day 5), and (v)
decreased bacterial density and extracellular material through detach-
ment and dispersion (day 7). No mushroom-like structures were
observed; under the applied condition, biofilm resulted to be flat with a
maximum height of 2–3 bacteria (Fig. 1B).

4. Discussion

In this work, we characterize uropathogenic P. mirabilis biofilm
formation process over glass coverslips in a close culture system. This
first approach sets the basis for future studies of 3D biofilm
architecture, using flowing culture systems and different environ-
mental conditions to assess clinical impacts of P.mirabilis biofilm. The
use of immunofluorescence based on a polyclonal anti-P. mirabilis
mouse immune serum raised against whole P. mirabilis cells resulted
in an appropriate technique for staining cells and cell products. The
development of P. mirabilis biofilms was analyzed by CLSM, which
allowed us to conduct non-invasive observations at single-cell
resolution. In order to analyze and extract morpho-topological
features, 3D CLSM stacks were deconvolved to lower Poisson noise
to an imperceptible degree, prior to segmentation of the individual
bacteria. The applied segmentation steps are critical for 3D biofilm

structure analysis, since they influence subsequent feature extraction
in a direct manner (Yerly et al., 2007). Noise reduction and signal
enhancement by deconvolution improves significantly when com-
plementing information from the z-axis is provided and the xyz-voxel
size during acquisition is close to the Nyquist criteria of diffraction
limited microscopy. Unfortunately, this is not the case in most CLSM
related studies on biofilm formation (Xavier et al., 2001; Yerly et al.,
2007; Beyenal et al., 2004; Renslow et al., 2011). To minimize possible
errors, sophisticated deconvolution software based on solid physical
and probabilistic criteria should be preferred above simpler methods.
Deconvolved images do not require any additional steps to improve
signal noise ratio such as diffusion techniques suggested by Yerly et
al., 2007. While diffusion techniques iteratively smooth the image
data in regions without edges, deconvolution actually removes
photon noise based on a probability criteria and the characteristics
of the microscopic Point Spread Function (PSF), and should be applied
to guarantee the best possible results for subsequent segmentation of
bacteria borders, centers, and extracellular matrix.

It should be emphasized that most of the literature published in the
field so far does not take into account the importance to work at the
diffraction limit of confocalmicroscopywhich requires sampling rates of
approximately 50×50×150 nm in the xyz dimensions (depending on
the specificmicroscopic settings). In this context, Yerly et al. (2007) only
defines the z-sampling distance (0.5 μm), the use of a 40× objective and
an image size of 1024×1024 in the xy-plane which is insufficient to

Fig. 3.Morphological features of growing biofilms. A. Number of bacteria per stack (N μm−2). B. Total bacterial volume per stack (μm3). C. Bacterial and extracellular material volume
per stack (μm3). D. Elongation of bacterial cells. White symbols represent mean values of n=3 independent experiments (black symbols). Error bars represent standard errors and
lines connect mean values by beta-splices.
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Characterization of the Different Stages of Biofilm
Formation and Antibiotic Susceptibility in a Clinical

Acinetobacter baumannii Strain

Paula Da Cunda,1 Victoria Iribarnegaray,1 Romina Papa-Ezdra,2 Inés Bado,2

Marı́a José González,1 Pablo Zunino,1 Rafael Vignoli,2 and Paola Scavone1

Acinetobacter baumannii is a relevant opportunistic pathogen, and one of the main microorganisms responsible
for outbreaks in nosocomial infections worldwide. Its pathogenicity is mainly due to its resistance to multiple
antibiotics and to its ability to form biofilms on abiotic surfaces. The objective of this study was to characterize
the biofilm formation cycle of A. baumannii isolated from a patient in a hospital and compare its antibiotic
resistance with the planktonic cells. To study biofilm formation, the classical microtiter assay was used, with
crystal violet staining and optical density reading to classify the type of biofilm. Also, the effect of gentamicin
and colistin on bacterial biofilm was studied with an extra step of antibiotic addition. For the characterization of
the different biofilm formation stages, the strain was grown on a coverslip, and the stain was made with a
mixture of fluorophores markers to visualize the biofilm with a confocal laser microscope. It was possible to
differentiate the A. baumannii biofilm formation stages. Through these observations, it was possible to estimate
the time elapsed between each stage. As the strain was susceptible to colistin and gentamicin, both antibiotics
were evaluated after the biofilm was formed. Neither antibiotics showed an effect on the eradication of
A. baumannii biofilm.

Keywords: Acinetobacter baumannii, biofilms, antibiotic resistance

Introduction

In recent years, the Infectious Diseases Society of
America has emphasized the resistance to antibiotics by

the bacteria Enterococcus faecium, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumannii, Pseudo-
monas aeruginosa, and Enterobacter spp., which have been
nicknamed as ‘‘the ESKAPE pathogens,’’ because of their
ability to ‘‘escape’’ from the antibiotic action.1

A. baumannii is an opportunistic Gram-negative pathogen,
which is commonly found in intensive care units (ICUs) or
surgery rooms, where the frequent use of antibiotics has al-
lowed the selection of resistance against the vast majority of
known antibiotics. It is known for its environmental persis-
tence, surviving up to 5 months on abiotic surfaces.2

Among the mechanisms of resistance to antibiotics,
modification of the target site, enzymatic inactivation, the
presence of efflux pumps and disturbances in the perme-
ability of the outer membrane have been described in Gram-
negative bacteria.3 On the other hand, the biofilm formation
by some microorganisms constitutes an alternative form of

resistance to a wide variety of antibiotics and other anti-
microbial agents.

The bacterial community development such as a biofilm
and the expression of efflux pumps are mechanisms of re-
sistance that began to been noticed in the last years and are
associated with the difficulty of eradication of microorgan-
isms by antibiotic treatment and lack, in some cases, of
laboratory techniques that contribute to its detection.4

Bacterial biofilms are bacterial communities irreversibly
attached to a surface or between cells, embedded in a matrix
of an extracellular polymer of own production composed of
polysaccharides, proteins, extracellular DNA, and water
channels.5,6

These communities have physiological and genetically
differentiable attributes from planktonic forms, respect to
their metabolism, growth rate, and gene transcription, which
is proposed as a strategy of the bacterial population to sur-
vive,5 as it can be reflected in their antibiotic resistance for
example.

Biofilm formation occurs mainly in five stages with an
initial adhesion of planktonic bacteria to different surfaces

1Departamento de Microbiologı́a, Instituto de Investigaciones Biológicas Clemente Estable, Montevideo, Uruguay.
2Departamento de Bacteriologı́a y Virologı́a, Facultad de Medicina, Instituto de Higiene, Montevideo, Uruguay.
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Pseudomonas aeruginosa between 1 and 4 days,31 this
A.baumannii strain has a considerably faster biofilm forma-
tion cycle in this static model. This can be taken as a base to
consider antibiofilm bioactive strategies since it should have
a faster effect than others focused on microorganisms that
form slower biofilms.

In a previous report, we have shown that A. baumannii
rapidly colonizes the respiratory and digestive tracts of
patients admitted to an ICU. This colonization is strongly
associated with subsequent infection of the lower respira-
tory tract.32 Further studies are needed to determine whe-
ther this rapid kinetics of biofilm formation could be linked
to rapid gastrointestinal and respiratory colonization of
hospitalized patients. Moreover, A. baumannii was recently
found as part of the oral microbiome, so the role of this
bacteria in multispecies biofilm should be considered.
Particularly, it was associated with Porphyromonas gingi-
valis the causing agent of periodontal diseases.29 There is
evidence that oral plaque could be a reservoir for potential
respiratory pathogens; moreover the severity of the peri-
odontal disease is linked to adverse respiratory conditions.33

The development of antibiofilm materials is important
for the design of clinical instruments. Some studies indi-
cate that A.baumannii can form biofilms on a variety of
different surfaces such as polycarbonate, a thermoplastic
material that is often used in the construction of medical
devices. A study conducted on different materials indicated
that A.baumannii forms weak biofilms on glass.34 On the
other hand, other authors have demonstrated that clinical
isolates can form biofilms on different substrates, including
glass or plastic.34–36 Our results are in agreement with
these reports as A. baumannii was able to form biofilms on
glass in 21 hr.

These findings justify the need to continue studying the
in vitro compatibility of medical materials that could be
colonized by A. baumannii and enable its persistence in the
hospital environment,34 and the development of molecules
that successfully interfere with the biofilm formation cycle.
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FIG. 3. Three-dimensional reconstruction of biofilm dur-
ing the time. Images of total bacteria (Syto9 staining), ma-
trix (wheat germ agglutinin staining), dead bacteria
(propidium iodide staining), and lattice two-dimensional
model at 12, 16, 18, 21, 24, 28, and 32 hr. Total bacteria and
matrix is observed in green, dead bacteria in red, and the
lattice model is depicted as lines connecting one bacterium
with the six more close ones. Color images are available
online.
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It is important to make clear that these are not, by any means, single events following a straight and unique

line. A variety of different processes will occur and potentially overlap during biofilm development, where

some of them may be exclusive for particular microorganisms and microenvironment conditions. Because

of this complexity, and in order to provide an overview for interdisciplinary scientists, we have decided to

present biofilm development by introducing such series of events following the traditional model of five

main stages. Despite the use of clearly identified and labeled stages of biofilm formation and develop-

ment, the actual processes occurring under native conditions are far more complex, dynamic, and varied.

Hence, in this review, we use this structure as an overall picture and provide a more detailed discussion in

the following subsections to show some of the events and mechanisms involved, as well as the potential

consequences of such, to highlight the multifactorial nature of biofilm formation and development. We

consider that in order to develop relevant biofilm models, it is important to understand the molecular

and cellular events that influence biofilm formation and heterogeneity at each stage, which as a conse-

quence influence their susceptibility to potential antimicrobial strategies.

Since the current knowledge onbiofilms has beenmostly derived from in vitro studies and surface-attachedbio-

films, where Pseudomonas aeruginosa has served as a model microorganism over several years of research, we

willmainly focus on surface-related biofilmdevelopment. As previouslymentioned, and later discussed, biofilms

of clinical relevance are also found to be not necessarily attached to a surface. Because of their significance,

several research studies on this matter are also briefly discussed throughout this section.

The main stages of bacterial biofilm formation may include the following: (1) adsorption, (2) adhesion, (3)

formation of microcolonies, (4) maturation, and (5) dispersal (Figure 1). In general, these stages apply for

both bacterial and yeast biofilms (Costerton et al., 1987; Stoodley et al., 2002; Chandra et al., 2001; Blanken-

ship and Mitchell, 2006; Harding et al., 2009; O’Toole et al., 2000). Some authors have proposed to subdi-

vide them to explain biofilm formation by filamentous fungi. Specifically, in this case, the formation of mi-

crocolonies considers the germling and/or formation of amonolayer, which leads tomycelial development,

hyphal layering, and hyphal bundling (Harding et al., 2009).

Adsorption of bacterial cells to the surface: reversible attachment

Planktonic bacteria move toward a surface by the effect of physical and gravitational forces and by sensing

changes in physicochemical properties (Xu et al., 1998; Kimkes and Heinemann, 2020). Biofilms can be

formed onto abiotic or biotic surfaces, differing in some of the mechanisms for their anchorage (discussed

later). Initially, bacterial cells become adsorbed to a substrate through nonspecific interactions in both

abiotic and biotic surfaces (Bos et al., 1999) (Figure 2). These involve a series of attractive and repulsive

physicochemical interactions between bacteria and the surface, where Lifshitz-van der Waals forces,

Figure 1. Schematic representation for single bacterial species biofilm formation on a solid surface

The schematic depicts the five main steps for the formation and spreading of biofilms.
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