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Abstract
The extracellular matrix of structured microbial communities constitutes the framework 
that holds the component cells together. Although the presence of cell-to-cell intercon-
necting matrices appears to be a common feature of structured microbial communities, 
there is a remarkable diversity in the composition of these matrices. Compounds such as 
polysaccharides, fimbriae, mating pili, and extracellular DNA can all function as extracel-
lular matrix components. In the present chapter we provide examples of the diversity of 
biofilm matrices.

Introduction
The formation and maintenance of structured microbial communities critically depends on 
the presence of extracellular substances that constitute cell-to-cell interconnecting matrices. 
Proliferation of sessile bacteria and the production of cell-to-cell interconnecting extracel-
lular compounds lead to the formation of microbial biofilms. The extracellular matrix that 
surrounds the bacteria in biofilms is believed to offer protection against various adverse fac-
tors including protozoan predation in environmental settings (Matz and Kjelleberg, 2005) 
and host immune responses in medical settings (Costerton et al., 1999). The production of 
the cell-to-cell interconnecting components in biofilms apparently is a cost each bacterium 
pays in order to contribute to the social activity of creating a protective biofilm domicile. 
Although the presence of a cell-to-cell interconnecting matrix appears to be a common 
feature of microbial biofilms, there is a remarkable diversity in the composition of these 
matrices. Many kinds of exopolymers, e.g. polysaccharide, protein, and DNA may function 
as biofilm matrix material. In addition to these exopolymers, outer membrane proteins and 
a variety of cell appendages such as fimbriae, pili, and flagella may also function as part 
of the biofilm matrix. The components of the biofilm matrix are usually, but not always, 
produced by the bacteria themselves.

In the present chapter we present examples of polysaccharides, proteins, and extracel-
lular DNA as matrix components in biofilms. It appears that the expression of polysaccha-
rides and proteins of the extracellular matrix in many cases is regulated through proteins 
which contain GGDEF and/or EAL domains. These proteins control intracellular levels 
of the cyclic dinucleotide c-di-GMP through diguanylate cyclase and phosphodiesterase 
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activity. c-di-GMP in turn acts as a second messenger and affects matrix production and 
the adhesiveness of the bacteria. For a thorough description of the regulatory mechanism 
involving GGDEF and EAL domain proteins the reader is referred to Dow et al., this vol-
ume. The generation of extracellular DNA is evidently in many cases regulated by means 
of quorum-sensing which is a mechanism that enable bacteria to monitor their cell popula-
tion density through the extracellular accumulation of signaling molecules. For thorough 
descriptions of quorum-sensing in Gram-negative and Gram-positive bacteria the reader is 
referred to Atkinson et al., and Yarwood, this volume.

Polysaccharides as matrix components in biofilms
Extracellular polysaccharides are usually very important parts of biofilm matrices. The 
chemical composition and physical properties of the polysaccharides in biofilm matrices 
can vary greatly due to the type of monomer units, the kind of glycosidic linkages (e.g. 

-1,4, -1,3 or -1,6), and the occurrence of different organic and inorganic substitutions. 
Here we address five types of polysaccharides that have been shown to play important roles 
in biofilm formation by a number of different bacterial species: cellulose, PNAG/PIA, 
PEL, PSL and VPS.

Cellulose
Cellulose is the most abundant polysaccharide in nature and is produced by both plants 
and bacteria. Bacterial cellulose biogenesis and the role of cellulose in biofilm formation has 
been described for a number of bacterial species including Gluconacteobacter xylinus (for-
merly called Acetobacter xylinum) Sarcina ventriculi, Agrobacterium tumefaciens, Rhizobium 
leguminosarum, Escherichia coli, Salmonella spp., and Pseudomonas fluorescence (Ausmees et 
al., 1999; Deinema and Zevenhuizen, 1971; Matthysse et al., 1995; Napoli et al., 1975; 
Ross et. al., 1991; Zogaj et al., 2001; Spiers et al., 2003). However, comparative sequence 
analyses indicate that many other bacteria including Vibrio, Yersinia, and Burkholderia spe-
cies have the capacity to synthesize cellulose. In the present chapter we will focus on G. 
xylinus, Salmonella spp., and P. fluorescence as model organisms.

When G. xylinus is grown in vitro in a static broth culture it forms a thick cellulose-con-
taining biofilm at the air/liquid interface (Schramm and Hestrin, 1954). In nature G. xylinus 
has predominantly been found on decaying fruits, where a cellulose-matrix surrounding the 
bacteria may protect against competitors and lethal effects of UV light. The native cellulose 
is synthesized as a long polymeric chain composed of -1,4-linked D-Glucose units by a 
multimeric enzyme complex, which is located in the cytoplasmic membrane of G. xylinus. A 
single row of pore-like structures on the outer membrane along the longitudinal axis of the 
rod-shaped bacterium, called linear terminal-complexes, has been identified to be the site 
of extrusion of the native cellulose chain (Brown et al., 1976; Kimura et al., 2001). Several 
of these single glucan chains coalesce via van der Waals forces and hydrogen bonds to form 
crystalline microfibrils. An entangled mesh of these microfibrils produces a gelatinous 
structure which constitutes the major component of the biofilm matrix.

In G. xylinus and other cellulose-synthesizing bacteria, the genetic elements coding 
for cellulose synthesis are located in an operon consisting of four genes which are generally 
designated bcsA, bcsB, bcsC and bcsD (bacterial cellulose synthesis). The polymerization of 
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single monomer units of UDP-glucose to cellulose polymer is catalyzed by the cellulose 
synthase BcsA. Several transmembrane domains anchor the cellulose synthase BcsA in the 
cytoplasmic membrane. In spatial proximity with the BcsA enzyme the BcsB protein can 
be found. This protein regulates the activity of cellulose synthesis via binding of the second 
messenger c-di-GMP (Ross et al., 1987). It has been proposed that a controlled release of 
c-di-GMP from BcsB to the BcsA enzyme may activate the cellulase synthase allosterically. 
Recent bioinformatic investigations suggest the localization of a binding site of c-di-GMP, 
called the PilZ domain, at the C-terminal end of the BcsA cellulose synthase (Amikam and 
Galperin, 2006). The functions of BcsC and BcsD have not been described yet. However, 
sequence analysis suggests that BcsC might be involved in pore formation through the cell 
wall, whereas BcsD might have an effect on cellulose crystallization (Saxena et al., 1994; 
Wong et al., 1990).

Synthesis of cellulose by enterobacteria such as Salmonella spp. and E. coli has been 
associated with the ability to form biofilms on abiotic surfaces, such as glass and polysty-
rene (Garcia et al., 2004; Römling et al., 2000; Zogaj et al., 2001). High-level production 
of cellulose and proteinaceous curli fimbria by these organisms result in the formation of 
wrinkly or rough colonies on agar plates. If the bacteria are grown on rich agar medium (of 
low osmolarity), containing the diazo dye Congo Red, which binds to cellulose and curli 
fimbriae, they will form characteristic colonies which appear red, dry and rough (Hammar 
et al,. 1995; Römling et al., 2000; Zogaj et al., 2001). Regulation of the biosynthesis of cellu-
lose and curli fimbriae evidently occurs through a complex coordinated pathway. The CsgD 
protein, a member of the LuxR superfamily of transcriptional regulators, is believed to 
regulate the synthesis of curli fimbria directly via transcriptional activation of the curli bio-
synthesis operon csgDEFG-csgBAC (Römling et al., 2000; Gerstel et al., 2003). In addition, 
CsgD stimulates the synthesis of cellulose indirectly via transcriptional activation of AdrA 
(Römling et al., 2000; Zogaj et al., 2001). AdrA is a two-domain protein consisting of an 
N-terminal MASE2 domain (Nikolskaya et al., 2003) and a C-terminal GGDEF domain, 
capable of producing c-di-GMP (Simm et al., 2004). High concentrations of c-di-GMP 
have been shown to induce the cellulose biosynthesis operon (yhjRQbcsABZC-bcsEFG) 
and thereby the excretion of cellulose from Salmonella enterica (Zogaj et al., 2001; Solano et 
al., 2002). Recent data indicate that in addition to AdrA, other GGDEF-domain contain-
ing proteins of Salmonella spp., are involved in modulating the level of the c-di-GMP, and 
thus biofilm formation (Garcia et al., 2004; Kader et al., 2006). Cellulose and curli fimbriae 
together form a highly inert matrix, which account for the strength and integrity of biofilms 
formed under various conditions by these enterobacteria (Garcia et al., 2004; Römling et al., 
2000; Zogaj et al., 2001).

When P. fluorescens was grown for extended periods in static liquid cultures, which 
contained numerous niches, spontaneous variants that colonized the different niches arose 
at high frequencies (Rainey and Travisano, 1998). One group of these variants, which 
colonized the air/liquid interface of the static cultures by forming a robust biofilm-pellicle, 
was termed “the wrinkly spreader” because the bacteria formed distinct wrinkled colonies 
on agar plates (Rainey and Travisano, 1998). This highly aggregative phenotype of the 
wrinkly spreader has been linked to the production of an acetylated form of cellulose and a 
proteinaceous fimbrial like attachment factor (Spiers et al., 2003; Spiers and Rainey 2005). 
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Complementation experiments suggested that the cellulose fibers could interact with the 
lipopolysaccharide (LPS) of neighboring cells and that this interaction in conjunction with 
the proteinaceous attachment factor was responsible for the strength and integrity of the 
pellicle (Spiers and Rainey 2005). Studies of P. fluorescens in the spatially heterogeneous 
environment of a static culture have also shown that cheater variants, which benefit from the 
production of matrix compounds by neighboring bacteria without contributing themselves, 
arise at high frequencies in the biofilm pellicle (Rainey and Rainey, 2003). The frequency of 
cheaters in a biofilm in a given system is limited to the point where their presence damages 
the integrity of the biofilm too much. In general, the emergence of cheaters is the key prob-
lem for the evolution of microbial cooperation in biofilms. However, the predominantly 
clonal structure of the microcolonies in biofilms, combined with the re-establishment of 
them by single cells, acts as a purification mechanism to get rid of cheaters, and promotes 
the evolution of cooperation in biofilms (Kreft, 2004).

Production of the acetylated cellulose polymer in P. fluorescens was shown to be en-
coded by genes in the 10-gene wss operon, and on the basis of homology with the G. xylinus 
bcs genes the WssB, WssC and WssE proteins were identified as the bacterial cellulose 
synthase subunits (Spiers et al., 2002; Spiers et al., 2003). The WssG, WssH and WssI 
proteins are unique to the P. fluorescens cellulose operon, but their homology to the AlgF, 
AlgI and AlgJ proteins of P. aeruginosa (Franklin and Ohman 1996) suggests a role in 
the acetylation of the polymer. The production of the cellulosic polymer has been demon-
strated to enhance the fitness of P. fluorescens during colonization of the rhizosphere (Gal 
et al., 2003). The wrinkly spreader phenotype was found to be regulated by the GGDEF 
domain protein WspR, which consists of a C-terminal CheY-like receiver domain and an 
N-terminal GGDEF output domain. Mutagenesis showed that the activity of WspR was 
dependent on phosphorylation of the protein via gene products encoded by the wsp operon, 
and that the GGDEF domain was essential for the regulation of cellulose production. 
(Spiers et al., 2003; Goymer et al., 2006).

PNAG/PIA
The role of poly-N-acetylglucosamine as matrix component in biofilms has been extensively 
studied in two closely related Gram-positive bacteria; the coagulase-negative organism 
Staphylococcus epidermidis which synthesizes polysaccharide intercellular adhesin (PIA), 
and the coagulase-positive organism Staphylococcus aureus which synthesizes poly-N-
acetylglucosamine (PNAG). More recently it has been found that PNAG/PIA-like poly-
saccharides are also synthesized by Gram-negative bacteria such as E. coli, Yersinia pestis 
and Actinobacillus sp. In addition, comparative genome sequence analysis has revealed that 
homologues of the poly-N-acetylglucosamine biosynthesis genes are present in many bacte-
rial species including Pseudomonas fluorescence, Bordetella pertussis, Ralstonia solanacearum, 
and Lactococcus lactis. Here we will turn our attention on PNAG/PIA synthesized by S. 
epidermidis, S. aureus, E. coli and Y. pestis.

S. aureus and S. epidermidis are frequently found as harmless inhabitants of the mucosal 
nasal passages or the normal skin flora of humans. However, these organisms are oppor-
tunistic pathogens and they are increasingly found to be the cause of invasive, and chronic, 
medical device-associated infections. These implant-associated infections are difficult to 
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eradicate and it is believed that the biofilm mode of growth is responsible for the inherent 
tolerance towards host immune responses and antimicrobial treatment. Biofilm develop-
ment by staphylococci is multifactorial. Many extracellular or surface-bound polymers 
have been identified to play a role in cell-to-cell adhesion and binding to biotic and abiotic 
surfaces, but in general PNAG/PIA is believed to be the most important biofilm matrix 
component for the staphylococci (Caiazza and O’Toole, 2003; Foster and Höök, 1998; 
Gross et al., 2001; Götz, 2002; Vuong et al., 2000).

The polysaccharides PIA and PNAG synthesized by S. epidermidis and S. aureus, are 
chemically and immunologically closely related. PIA and PNAG are both homopolysac-
charides, composed of unbranched long polymeric chains of D-glucosamine uniformly 
linked together by -1,6 glucosidic bonds, but they differ in chain length and modification 
(Mack et al., 1996; Maira-Litran et al., 2002). The wheat germ agglutinin lectin (WGA) 
was found to bind to N-acetylglucosamine produced by staphylococci ( Jäger et al., 2005; 
Sanford et al., 1995; Sanford et al., 1996; Thomas et al., 1997). Figure 4.1 visualizes the 

Figure 4.1 Confocal laser scanning micrographs showing bacterial cells (stained with Syto 9) 
and PNAG exopolysaccharide (stained with WGA-TMR) in a biofilm formed by Staphylococcus 
aureus SJ235 (a clinical isolate obtained from a cystic fibrosis patient). Staphylococcal cells 
were cultivated in a continuous flow chamber setup perfused with minimal medium. After 24 
hours of cultivation, the cells had formed a single-layer biofilm on the glass surface (A), and 
PNAG could be visualized (B). An overlay of the two images demonstrates that most cells 
were surrounded by PNAG exopolysaccharide (C). After 3 days of cultivation, a biofilm with 
microcolonies containing staphylococci and PNAG had formed as visualized by the top-down 
shadow projection with two flanking section images (D) and with the 3D image projection (E).
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presence of the extracellular polysaccharide in a staphylococcal biofilm using fluorescently 
labeled WGA lectin and confocal laser scanning microscopy.

The genetic elements coding for the biosynthesis of poly-N-acetylglucosamine are 
located in an operon consisting of the four genes icaA, icaD, icaB and icaC (intercellular 
adhesin). A gene, icaR, located upstream of icaADBC and transcribed divergently, encodes 
a transcriptional repressor of the icaADBC-operon (Conlon et al., 2002a; Jefferson et al., 
2004; Cramton et al., 1999; Heilmann et al., 1996; Gerke et al., 1998). IcaA, IcaC and 
IcaD are located in the cellular membrane, whereas IcaB can be found extracellularly. The 
polymerization of single monomer units of UDP-N-acetylglucosamine to polymer chains 
of -1,6-N-acetylglucosamine is catalyzed by the N-acetylglucosaminyl-transferase IcaA. 
Co-expression of icaA with icaD increased the enzyme activity significantly, indicating a 
supportive function of IcaD for IcaA enzyme activity. Oligomers of N-acetylglucosamine 
produced by IcaAD only reach a maximal length of 20 residues. Expression of long N-
acetylglucosaminyl chains requires co-expression of icaA and icaD with icaC (Gerke et 
al., 1998). TcaR (Teicoplanin associated regulator), a protein with sequence homology to 
MarR-like transcriptional regulators, was shown to influence transcription of icaADBC 
negatively in S. aureus ( Jefferson et al., 2004). SarA (staphylococcal accessory regulator A), 
a global regulator for expression of virulence factors in S. aureus, was shown to upregu-
late transcription of icaADBC in S. aureus as well as S. epidermidis (Beenken et al., 2003; 
Tormoet al., 2005b; Valle et al., 2003). Staphylococcal cells lacking SarA showed reduced 
binding to abiotic surfaces such as polystyrene or glass in static as well as continuous flow 
systems (Beenken et al., 2003; Tormo et al., 2005b; Valle et al., 2003). Quorum sensing in 
staphylococci (encoded by the accessory gene regulator (agr) locus) was shown to influence 
biofilm formation of both S. aureus and S. epidermidis, but apparently through an ica-inde-
pendent pathway (Vuong et al., 2000; Vuong et al., 2003; Yarwood et al., 2004).

The alternative sigma factor B ( B) is part of a complex regulatory network that regu-
lates basic cellular processes as well as virulence factor expression in S. aureus and possibly 
also in S. epidermidis (Kies et al., 2001; Novick, 2003; Pane-Farre et al., 2006; Ziebandt et 
al., 2001). Previously B was found to regulate biofilm formation of an S. aureus mucosal 
isolate (Rachid et al., 2000a), but more recent data indicate that B might play a minor 
role in regulating biofilm development of S. aureus as complete deletion of sigB did not 
significantly affect PNAG production (Valle et al., 2003). In contrast, a positive, although 
indirect, influence of B on PIA regulation seems to be established for S. epidermis. Deletion 
of either B itself or its positive regulator rsbU was shown to decrease production of PIA 
and therefore lead to a biofilm-negative phenotype in a microtiter tray assay (Knobloch 
et al., 2001; Knobloch et al., 2004). The biofilm-negative phenotype could be restored by 
addition of ethanol resulting in downregulation of icaR and increased synthesis of PIA 
(Knobloch et al., 2001; Knobloch et al., 2004), indicating the presence of an additional 
regulatory element in the pathway that regulates PIA synthesis.

It has been widely observed that biofilm formation of staphylococci is enhanced in the 
presence of additional NaCl, glucose, and ethanol. While the glucose- and NaCl-depen-
dent biofilm formation in S. aureus seems to be regulated independently of the ica-locus, 
enhanced biofilm formation of S. epidermidis in the presence of NaCl or ethanol is regulated 
via transcriptional induction of icaADBC (Conlon et al., 2002a; Conlon et al., 2002b; Lim 
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et al., 2004). Addition of glucose seems to affect the biosynthesis of PIA in S. epidermidis 
positively, but at a stage subsequent to icaADBC transcription (Mack et al., 1992; Dobinsky 
et al., 2003). Of therapeutic relevance is the observation that some antibiotics are able to 
induce PIA production in S. epidermidis. Subinhibitory concentrations of tetracycline and 
quinuprisin-dalfopristin were found to induce transcription of the ica-operon and promote 
biofilm formation in a microtiter tray assay (Rachid et al., 2000b).

E. coli is, in addition to cellulose, colanic acid and capsular polysaccharides, able to 
synthesize the PNAG/PIA-like polysaccharide PGA (poly-N-acetyl-glucosamine). 
Disruption of the pga locus in E. coli was found to decrease biofilm formation significantly 
in a polystyrene microtiter tray assay (Blattner et al., 1997; Wang et al., 2004). The PGA 
exopolymer produced by E. coli consists of unbranched poly- -1,6-N-acetylglucosamine, 
contains less than 3% non-N-acetylated glucosaminyl moieties and does not possess any 
major substitutions (Wang et al., 2004). The genetic elements coding for the biosynthesis 
of PGA are located in an operon consisting of the four genes pgaABCD (formerly called 
ycdSRQP) (Blattner et al., 1997; Wang et al., 2004). The low G+C content of the pgABCD 
locus in E. coli (44% versus 51%) suggests that these genes were horizontally transferred 
(Wang et al., 2004). PgaC is an N-glycosyltransferase which is predicted to be anchored in 
the membrane by two N-terminal and three C-terminal transmembrane domains. PgaB 
is assumed to be a lipoprotein and shares sequence similarities with the staphylococcal 
protein IcaB (Wang et al., 2004). The protein sequence of PgaA indicates that it is located 
in the outer membrane, suggesting that it might participate in mediating translocation of 
PGA to the cell surface. PgaD is supposed to be a small inner membrane protein with two 
N-terminal membrane-spanning domains (Wang et al., 2004).

The pgaABCD operon in E. coli was shown to be under negative control of CsrA (global 
storage regulator A). Disruption of csrA in E. coli led to a significant increase in biofilm 
formation in microtiter trays and on a glass surfaces ( Jackson et al., 2002). CsrA is a small 
RNA-binding protein which is a central effector molecule in the global regulatory system 
Csr, which controls bacterial gene transcription on the post-transcriptional level (Romeo, 
1998). CsrA is known to be involved in regulating central metabolic pathways, such as 
glycogen synthesis and catabolism, gluconeogenesis, and glycolysis (Sabnis et al., 1995; 
Yang et al., 1996). CsrA binds to the pgaA mRNA in competition with the ribosome and 
prevents its translation by destabilizing the transcript (Romeo, 1998). Six putative CsrA 
binding sites in the pgaA mRNA leader have been identified (Wang et al., 2005). CsrB and 
CsrC, two small RNAs (sRNAs), have been found to antagonize the regulatory effects of 
CsrA. These sRNAs have repeat sequences and were shown to bind several CsrA proteins, 
thereby sequestering CsrA from its target mRNA leader. This mechanism leads to positive 
modulation of the transcription of pgaABCD and therefore PGA synthesis (Weilbacher et 
al., 2003). Recent research indicates that sRNAs in general may be key regulators of viru-
lence factors and adaptive processes in Gram-negative as well as Gram-positive pathogens 
(Romby et al., 2006).

The hmsHFRS (hemin storage) genes of Y. pestis share similarities to the icaADBC 
genes of staphylococci (Darby et al., 2002; Pendrak and Perry, 1993; Perry et al., 1990), 
and were shown to be required for biofilm formation by Y. pestis in a flow-chamber system 
( Jarrett et al., 2004). The hmsHFRS operon is located on a 102 kb large mobile high-patho-
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genicity island (HPI) which has been found in Y. pestis and Y. pseudotuberculosis (Buchrieser 
et al., 1999; Fetherston et al., 1992). Sequence analysis predicts that HmsH is located in 
the outer membrane of Y. pestis, whereas HmsF is supposed to be a lipoprotein (Lillard 
et al., 1997). HmsR has about 39% identity to the staphylococcal N-glycosyltransferase 
IcaA, and HmsS is predicted to be a small inner membrane protein with two N-terminal 
membrane-spanning domains (Darby et al., 2002; Lillard et al., 1997). Evidence has been 
presented that expression of the hsmHFRS locus is regulated in a temperature dependent 
fashion via the HmsT and HmsP proteins, which contain a GGDEF and an EAL domain, 
respectively (Kirillina et al., 2004).

Biofilm formation allows Y. pestis to colonize the proventricular valve within fleas 
(Darby et al., 2002; Hinnebusch et al., 1996; Jarrett et al., 2004). Colonization of the pro-
ventricular valve, which separates the midgut from the esophagus, causes physical block-
age of the flea, and efficient transmission of Y. pestis, the etiological agent of plague, to 
humans and rodents is facilitated when a blocked flea attempts to feed (Darby et al., 2002; 
Hinnebusch et al., 1996; Jarrett et al., 2004).

PEL and PSL
P. aeruginosa can, dependent on the strain and growth conditions, produce at least three 
different polysaccharides: alginate, PEL and PSL. Besides these, two additional gene 
clusters which putatively are involved in polysaccharide biosynthesis (PA1381-PA1398 
and PA3552-PA3558) have been identified in the chromosome of the reference strain P. 
aeruginosa PAO1. Mucoid forms of P. aeruginosa that over-express the alg genes (alginate 
biosynthesis, PA3540-PA3551) are primarily found in infected lungs of cystic fibrosis 
patients (Govan and Deretic, 1996). However, most P. aeruginosa strains are non-mucoid, 
and alginate was found not to be a significant component of the extracellular matrix of non-
mucoid laboratory strains (Wozniak et al., 2003). In the present chapter we will describe 
PEL and PSL as examples of exopolysaccharides in the extracellular matrix of P. aeruginosa 
biofilms.

While PEL and PSL both seem to be branched heteropolysaccharides, the main 
component of PEL is glucose, whereas PSL has a high content of mannose (Friedman 
and Kolter, 2004a; Friedman and Kolter, 2004b). High-level expression of PEL and PSL 
in P. aeruginosa was shown to lead to the formation of wrinkly colonies on agar plates, 
and synthesis of PEL was shown to enable P. aeruginosa to form pellicle-biofilm at the 
air/liquid interface of broth cultures (Friedman and Kolter, 2004a; Friedman and Kolter, 
2004b). Proteinaceous cup fimbriae appear to participate together with PEL in P. aerugi-
nosa biofilm formation under some conditions (Friedman and Kolter, 2004a), similar to the 
cellulose and curli fimbriae-containing matrix of Salmonella sp. biofilms described above. 
Studies using a static attachment assay provided evidence that PSL is important in the 
early stages of P. aeruginosa biofilm development, whereas the synthesis of PEL seems to 
be important in later stages of biofilm development (Friedman and Kolter, 2004b; Vasseur 
et al., 2005). In a continuous culture flow-chamber set-up, a P. aeruginosa strain deficient 
in PSL production was found to be impaired in biofilm formation ( Jackson et al., 2004; 
Matsukawa and Greenberg, 2004), supporting a role of PSL in the early stages of biofilm 
development.
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The genetic elements encoding the biosynthesis of PEL are organized in a gene cluster 
which consists of seven open reading frames termed pelA-G (pellicle formation; PA3058-
PA3064), spanning a 12.2 kb region of the P. aeruginosa genome. Although the exact func-
tion of the gene products is not described yet, sequence analysis revealed that these proteins 
contain domains, which are present in proteins involved in polysaccharide processing in 
other organisms. For example, PelF shares sequence homology with group IV glycosyl 
transferases, PelA has similarity to endo -1,4 polygalactosaminidase, and PelE contains 
domains which resembles those of sucrose synthases. In addition, PelG was suggested to be 
a PST-family protein, whose members are involved in translocating glycolipid precursors 
through the membrane. Many of the proteins contain transmembrane domains, indicating 
their final location in the membrane (Friedman and Kolter, 2004a; Vasseur et al., 2005).

The psl (polysaccharide synthesis locus) gene cluster contains the 15 co-transcribed 
open reading frames pslA-O (PA2231-PA2245). Sequence analysis of the first 11 predicted 
gene products revealed homologies to proteins involved in polysaccharide biosynthesis. The 
putative gene products PslF, PslH and PslI share sequence homologies with group I fam-
ily glycosyltransferases, whereas PslA is similar to sugar transferases and PslD might be 
involved in polysaccharide transport. Since PslA, PslJ and PslK are predicted to contain 6, 
11 and 12 transmembrane domains respectively, they are most likely located in the cellular 
membrane (Friedman and Kolter, 2004b; Jackson et al., 2004; Matsukawa and Greenberg, 
2004)

Recent data indicate that synthesis of the polysaccharide matrix in P. aeruginosa 
biofilms is regulated via intracellular levels of c-di-GMP. Transcription of the pel and psl 
loci were found to be regulated through the wsp chemosensory system (wspABCDEFR, 
PA3708-PA3702), of which the two gene products, WspR and WspF contain the catalytic 
GGDEF and EAL domains respectively. Whereas high levels of c-di-GMP were found to 
stimulate transcription of the pel and psl loci and induce biofilm formation, low intracellular 
c-di-GMP levels were found to decrease biofilm formation in a microtiter tray assay and in 
a flow-chamber system (Hickman et al., 2005).

VPS
Vibrio cholerae produces the exopolysaccharide VPS (Vibrio polysaccharide) which causes 
the formation of wrinkly (rugose) colonies on agar plates and has been shown to have an 
important role in biofilm formation on solid surfaces and at liquid–air interfaces (Casper-
Lindley and Yildiz, 2004; Wai et al., 1998; Watnick and Kolter, 1999; Yildiz et al., 2001; 
Yildiz and Schoolnik, 1999). The bacteria in V. cholerae biofilms have been shown to ex-
hibit an enhanced survival in chlorinated water, and an elevated tolerance towards osmotic, 
acid and oxidative stresses compared to their planktonic counterparts (Morris et al., 1996; 
Wai et al., 1998; Yildiz and Schoolnik, 1999). The polysaccharide produced by V. cholerae 
contains mainly glucose and galactose as monomeric sugar components, and in addition 
smaller amounts of N-acetylglucosamine and mannose (Yildiz and Schoolnik, 1999).

The genetic elements coding for the biosynthesis of VPS are organized in two gene 
clusters, vspI (vpsA-K, VC0917-VC0927) and vspII (vpsL-Q, VC09334-VC0939), that 
encompass a 30.7 kb region on the large chromosome of V. cholera. Sequence analysis 
revealed that the gene products of the vps gene cluster share sequence similarities with 
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proteins involved in exopolysaccharide synthesis and polysaccharide modification in other 
bacterial species, among these glycosyl transferase, UDP-glucose dehydrogenase, glycosyl-
1-phosphate transferase and NDP-N-acetyl-D-galactosaminuronic acid dehydrogenase 
(Yildiz and Schoolnik, 1999). In vitro analysis demonstrated that transcription of the gene 
clusters vpsI and vpsII are regulated positively by the two response regulators VpsR and 
VpsT. Knock-out mutants in either vpsR or vpsT or both genes displayed reduced biofilm 
formation in a polyvinyl microtiter tray assay and in a static borosilicate glass slide assay 
compared to the rugose isogenic wild-type strain. VpsR belongs to the NtrC subclass of 
transcriptional regulators, whereas VspT shares sequence homologies with the transcrip-
tional regulators CsgD and AgfD of E. coli and Salmonella sp. (Casper-Lindley and Yildiz, 
2004; Yildiz et al., 2001).

Evidence has been provided that transcription of the vps genes in V. cholerae is regu-
lated through the second messenger c-di-GMP (Rashid et al., 2003; Tischler and Camilli, 
2004). Whole genome transcriptional studies of bacteria which formed smooth and rugose 
colonies, respectively, showed that five genes which code for proteins containing GGDEF 
and/or EAL domains were differentially expressed in the two colonial phenotypes (Yildiz 
et al., 2004). More detailed analysis demonstrated that the GGDEF/EAL domain proteins 
CdgC (cyclic diguanylate), RocS (regulation of cell signaling) and MbaA (maintenance of 
biofilm architecture) all regulate vps transcription and V. cholerae biofilm formation nega-
tively via the VpsR regulator (Bomchil et al., 2003; Lim et al., 2006; Rashid et al., 2003). In 
addition, high intracellular levels of the EAL domain-containing protein AcgA was shown 
to decrease V. cholerae biofilm formation, whereas high intracellular levels of the GGDEF 
domain-containing protein AcgB was shown to increase V. cholerae biofilm formation in 
a microtiter tray assay. Whether regulation of V. cholerae biofilm formation via AcgA and 
AcgB is dependent on the vps genes remains to be investigated (Kovacikova et al., 2005).

Several environmental stimuli and complex regulatory pathways are involved in the 
aquatic and intestinal life cycles of V. cholera. Along with the synthesis of the cholera toxin 
(CT) and toxin co-regulated pili (TCP), the synthesis of the extracellular VPS matrix 
seems to play a major role in the life cycle and pathogenesis of V. cholera. It appears that 
quorum sensing negatively regulates biofilm formation as well as CT and TCP expression 
in V. cholera. At low cell density, the transcriptional regulator LuxO (together with the 
alternative sigma factor 54) activates expression of four small regulatory RNAs. These 
sRNAs together with Hfq repress HapR (homologue to LuxR of V. harveyi) expression by 
destabilizing the hapR mRNA. In the absence of HapR the genes vps, ctx (cholera toxin) 
and tcp (toxin co-regulated pilus) are expressed. At high cell density, LuxO is inactive and 
therefore repression of hapR is relieved, and HapR negatively regulates biofilm formation 
as well as ctx and tcp expression (Hammer and Bassler, 2003; Jobling and Holmes, 1997; 
Lenz et al., 2004; Vance et al., 2003; Zhu and Mekalanos, 2003; Zhu et al., 2002).

Recent investigations indicate that the biofilm growth mode of V. cholera might play an 
important role in the transmission of the diarrheal disease cholera (Zhu and Mekalanos, 
2003; Faruque et al., 2006). V. cholera cells have been found to exist as aggregates (biofilms) 
of partially dormant cells in surface waters (Faruque et al., 2006). Within these aquatic 
environments the biofilm mode of growth might increase survival of V. cholera, for instance 
against grazing by protozoa as has been shown by Matz et al. (2005). Upon oral ingestion, 
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these biofilms might furthermore be protected against acid stress in the gastric area. In the 
intestinal environment single cells might detach from the biofilm, due to high levels of quo-
rum-sensing signal. In the intestinal environment with low quorum-sensing levels, expres-
sion of CT and TCP is enhanced and colonization of the intestinal sites induced. Again, 
high cell densities lead to high levels of quorum-sensing signal and repression of VPS, CT 
and TCP but induction of proteases, which might facilitate detachment of cell aggregates 
and single cells from the intestinal sites and exit from the host (Zhu and Mekalanos, 2003). 
In agreement, single free-swimming cells and small aggregates have been observed in stools 
from cholera patients (Faruque et al., 2006).

Proteins as matrix components in biofilms
Genetic and microscopic approaches have provided information about proteins that play 
roles as cell-to-cell interconnecting factors in the course of biofilm formation by different 
bacterial species. In the present chapter we present examples from two different groups: 
multimeric cell appendages and surface proteins.

Multimeric cell appendages
Large multimeric cellular appendages such as flagella, fimbriae, and pili typically consist of 
numerous major structural protein components and several auxiliary proteins.

In many bacterial species flagella play a role in the initial phase of biofilm formation 
under some conditions (e.g. O’Toole and Kolter 1998a, b; Klausen et al., 2003b; Watnick 
and Kolter, 1999), and they may also play a role in the later phases of structural biofilm 
development (Klausen et al., 2003b; Yamada et al., 2005). It appears that flagellum-driven 
motility can promote initial biofilm formation by facilitating transport of the bacteria to a 
surface (Gilbert et al., 1993). In addition, evidence has been provided that flagella can act as 
both cell-to-surface adhesins and cell-to-cell adhesins (O’Toole and Kolter 1998a; Yamada 
et al., 2005).

Type IV pili are used by a number of bacteria to perform surface associated motility 
(Mattick, 2002). In addition type IV pili have been shown to mediate adhesion to both abi-
otic and biotic surfaces under some conditions (Giltner et al., 2006; Mattick, 2002; Sheth 
et al., 1994; Schweizer et al., 1998; O’Toole and Kolter 1998a). In vitro studies revealed 
that type IV pili of P. aeruginosa display specificity towards asialo-GM1 and asialo-GM2 
on host cell surfaces (Hahn, 1997; Gupta et al., 1994; Ramphal et al., 1991). Recently type 
IV pili of Neisseria gonorrhoeae and P. aeruginosa were shown to bind with high affinity to 
DNA (Aas et al., 2002; van Schaik et al., 2005), and because extracellular DNA has been 
shown to be part of the extracellular matrix material in P. aeruginosa biofilms (Whitchurch, 
et al., 2002; Nemoto et al., 2003; Matsukawa and Greenberg, 2004; Allesen-Holm et al., 
2006), type IV pili might act as crosslinkers between the cells and the extracellular DNA 
matrix. Sauer and Camper (2001) presented evidence that expression of the major struc-
tural component of type IV pili, PilA, is downregulated in the initial stages of biofilm 
formation, but upregulated in the later stages of biofilm development.

Type 1 fimbriae-like organelles are encoded by various members of the enterobacteria 
and they are believed to play an important role during pathogenesis of some of these organ-
isms (Abraham et al., 1988). Each bacterial cell typically carries 100–500 type 1 fimbriae 
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on its surface (Hahn et al., 2002). Type 1 fimbriae consist primarily of the structural pro-
tein FimA, but several auxiliary proteins are necessary for transport and assembly of the 
structural proteins (Klemm 1984; Klemm and Christiansen 1990; Klemm 1992). A minor 
component of type 1 fimbriae is the mannose specific adhesin FimH which is responsible 
for the ability of type 1 fimbriae to bind to eukaryotic cells (Krogfelt et al., 1990). Evidence 
has been presented that type 1 fimbriae play a role in the formation of E. coli biofilms at the 
air–liquid interface in static liquid cultures (Duguid et al., 1966; Pratt and Kolter 1998). 
The formation of these pellicles was inhibited by addition of mannose derivatives, suggest-
ing that the process was dependent on the adhesive functions of the FimH adhesin (Old 
and Duguid, 1970; Harris et al., 1990). Type 1 fimbriae have also been associated with in-
creased biofilm formation by E. coli in flow-chamber systems (Schembri and Klemm 2001). 
These observations suggest that type 1 fimbriae, besides mediating binding to eukaryotic 
cell surfaces, may also act as matrix components in biofilms.

Mutations in genes encoding P. aeruginosa cell appendages termed Cup fimbria were 
shown to affect the ability of the cells to attach to surfaces in microtiter trays (Vallet et al., 
2001). Evidence is accruing that Cup fimbriae in addition to their role in initial biofilm 
formation also play a role as cell-to-cell interconnecting compounds in mature biofilms. 
The sadARS genes code for a putative sensor histidine kinase and two response regulators, 
and mutations in any of these genes were shown to result in the formation of P. aerugi-
nosa biofilms with an altered mature structure (Kuchma et al., 2005). In another study 
the sadARS genes (termed rocARS) were shown to regulate transcription of the CupB 
and CupC fimbriae through the action of the positive regulator RocA, and the negative 
regulator RocR, which contain an EAL domain (Kulasekara et al., 2005). D’Argenio and 
colleagues demonstrated that expression of CupA fimbriae was necessary for the formation 
of wrinkly colonies by a P. aeruginosa mutant, and that the GGDEF domain protein WspR 
was required for this phenotype (D’Argenio et al., 2002).

It appears that the presence of conjugative pili may promote biofilm formation in E. 
coli. Ghigo (2001) observed that strains harboring and expressing conjugative plasmids 
displayed an increase in biofilm formation on Pyrex slides placed in microfermentors. In 
a flow-chamber system the presence of conjugative pili on the surface of E. coli K-12 cells 
was shown to be the critical biofilm matrix component whereas other known E. coli biofilm 
formation factors like Ag43 and type 1 fimbria were dispensable (Reisner et al., 2003). Even 
minor changes of the conjugative pili structure, such as those conferred by a deletion of the 
traX gene, resulted in either the formation of biofilms with altered spatial structure, or in a 
decrease in biofilm formation (Reisner et al., 2003).

Curli were first identified in E. coli but subsequent studies have shown that they are also 
produced by Salmonella, Citrobacter and Enterobacter species (Prigent-Combart et al., 2000; 
Zogaj et al., 2003). Curli are thin amyloid-like structures protruding from the cell surface 
as a tangled amorphous matrix, and they may function as both cell-to-surface and cell-to-
cell adhesins (see Figure 4.2) (Vidal et al., 1998; Römling et al., 1998; Prigent-Combart et 
al., 2000). The CsgA protein is the primary structural component of curli and the CsgB 
protein is an important minor structural unit. Polymerization of curli occurs outside the 
cell in a process referred to as extracellular nucleation. This nucleation is dependant of the 
CsgB protein and mutant studies have shown that mixing of csgA and csgB mutants can 
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result in the precipitation of curli subunits on the surface of the csgA mutant, suggest-
ing that the CsgA protein is freely diffusible in the extracellular surroundings. In addition 
to binding to abiotic surfaces and stimulating biofilm formation by mediating cell-to-cell 
adherence, curli have been demonstrated to interact with host cell exopolymers such as 
fibronectin (Olsen et al., 1989; Austin et al., 1998). Evidence has been provided that curli 
together with cellulose play a role for biofilm formation by members of the enterobacteria 
such as E. coli, Enterobacter and Citrobacter (Zogaj et al., 2003; Bokranz et al., 2005). In E. 
coli and S. enterica it has been shown that the coordinated expression of curli and cellulose 
is regulated through the transcriptional regulator CsgD and the GGDEF domain protein 
AdrA as described above (Prigent-Combaret et al., 2001; Römling et al., 2000; Garcia et 
al., 2004; Kader et al., 2006).

Surface proteins
In E. coli a group of surface proteins (e.g. Ag43, AIDA and TibA) termed self associating 
autotransporters or SAAT has been identified (Diderichsen 1980; Benz and Schmidt 1992; 
Lindenthal and Elsinghorst, 1999; Klemm et al., 2006). These proteins all have sequence 
similarities and share common features such as promotion of cell aggregation and biofilm 
formation (Henderson et al., 1997; Danese et al., 2000). Cell-to-cell interconnection medi-
ated by these surface proteins occurs by virtue of there self-recognizing nature (Klemm et 
al., 2004; Henderson et al., 1997).

The TasA protein of Bacillus subtilis was recently recognized as a major component 
of the extracellular matrix surrounding B. subtilis cells during formation of biofilms at the 
liquid-air interface (Branda et al., 2006). Based on genetic and biochemical evidence it was 
demonstrated that biofilm formation, in addition to the TasA protein, required an exopoly-
saccharide component encoded by the epsA-O operon, and that the absence of both of these 
components led to the abolishment of B. subtilis biofilm formation (Branda et al., 2001; 
Branda et al., 2006). Inactivation of either component alone resulted in a residual biofilm 
matrix and extracellular complementation was possible through mixing of the two mutant 

Figure 4.2 Scanning electron micrographs showing curli-mediated adherence of E. coli cells to 
a surface (A) and to each other (B). Adapted from Environ. Microbiol. 2:450–464 with permission 
from Blackwell Publishing.
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strains. Evidence has been provided that the eps and tasA genes are coregulated through the 
B. subtilis regulator SinR (Chu et al., 2006). The exact function of TasA in the extracellular 
matrix of B. subtilis remains unknown, but in addition to its role in biofilm formation it 
appears to have broad-spectrum antibacterial activity (Stover and Driks, 1999), and seems 
to be part of the spore coat assembly and germination (Serrano et al., 1999).

Lectins are characterized by affinity towards carbohydrate residues on host cell surfaces, 
but evidence has been provided that some lectins recognize carbohydrates in extracellular 
biofilm matrices and thereby promote cell-to-cell interconnection. The P. aeruginosa fucose 
specific LecB lectin has recently been demonstrated to be important for the development 
of flow-chamber grown biofilms (Loris et al., 2003; Tielker et al., 2005). Cell fractionation 
experiments suggested that LecB was exported and bound to the outer-membrane through 
interaction with fucose containing ligands (Tielker et al., 2005). Staining of P. aeruginosa 
biofilms with fluorescently labeled LecB protein confirmed the presence of lectin bind-
ing sites in these structures (Tielker et al., 2005). The galactophilic lectin, LecA, has also 
recently been shown to have a role in biofilm development by P. aeruginosa (Diggle et al., 
2006).

The search for factors involved in biofilm formation has revealed the widespread exis-
tence of a large group of high molecular weight surface proteins that share limited sequence 
homology but are characterized by extensive repeat structures (Lasa and Penadés, 2005). 
Although the repetition of domains is central to the grouping of these diverse proteins, 
this might only reflect a general requirement for such surface proteins to protrude from the 
bacterial surface. Repetitive protein sequences could reflect a number of structural units 
necessary for obtaining protrusion from the surface and could otherwise be unrelated to 
the biological function of the individual proteins of the group. In addition to the repetition 
of domains, these proteins share a number of functional characteristics such as promotion 
of cell aggregation, surface adhesion and biofilm formation. The protein family includes 
the biofilm-associated protein (Bap) of Staphylococcus aureus, the large adhesion protein 
(LapA) of P. fluorescens and P. putida, the biofilm associated protein (BapA) of Salmonella 
enterica, the enterococcal surface protein (Esp) of Enterococcus faecalis, and the AdhA adhe-
sin of Burkholderia cenocepacia. In addition to these experimentally characterized proteins a 
large number of similar proteins are found in the genome databases of both environmental 
and medically relevant bacteria.

The Bap protein was first described in a study with an S. aureus bovine mastitis isolate, 
and was found to be essential for biofilm formation by this organism (Cucarella et al., 2001). 
Bap was shown to promote both primary attachment to abiotic surfaces and cell-to-cell 
adhesion. In addition, evidence was presented that deletion of the bap gene was linked to a 
decreased accumulation of the major staphylococcal exopolysaccharide, PIA. Bap appears 
to be almost universally conserved in biofilm forming S. aureus isolates, and has also been 
linked to the pathogenesis of bovine isolates (Cucarella et al., 2004). Close homologs of 
Bap have been found in numerous other staphylococcal species among these S. epidermidis 
(Tormo et al., 2005a).

Mutations in the bapA gene of S. enterica were shown to abolish biofilm formation, but 
the defect could be rescued by overexpression of curli (Latasa et al., 2005). The bapA gene 
is located next to genes encoding a putative type 1 transport system and the BapA protein 

caister.com/biofilmsbooks



The Biofilm Matrix | 51

might be exported to the surface in a process similar to that identified for the LapA protein 
of P. fluorescens (described below) (Lasa and Penadés, 2005). The expression of the BapA 
protein has been proposed to be co-regulated with the other two major components of the 
S. enterica matrix, curli and cellulose, through the CsgD regulatory protein (Latasa et al., 
2005).

In the case of the Esp protein of E. faecalis it was shown by in-frame deletions that only 
the non-repetitive N-terminal domain was required for enhancement of biofilm forma-
tion (Toledo-Arana et al., 2001; Tendolkar et al., 2004), and that a fusion between the 
N-terminal region and a heterologous anchoring protein was sufficient to restore biofilm 
formation (Tendolkar et al., 2005). Expression of esp in Lactococcus lactis or Enterobacter 
facium did not enhance biofilm formation, suggesting that Esp stimulates biofilm formation 
by E. faecalis through interaction with another component of E. faecalis such as a surface 
protein or an exopolymer (Tendolkar et al., 2005). In addition, an esp mutant was found to 
have decreased cell surface hydrophobicity compared to its isogenic wild type (Tendolkar 
et al., 2005); a phenomenon which has also been observed for other members of the Bap 
family. The connection between expression of Bap-like proteins and increased cell surface 
hydrophobicity is somewhat surprising since a high serine/threonine content and a low 
theoretical pI of these proteins suggest that they would be highly charged and soluble in an 
aqueous environment. This apparent paradox might be related to an interaction of Bap-like 
proteins with other matrix components such as polysaccharides.

LapA (large adhesion protein A) was first identified by Espinosa-Urgel et al. (2000) in a 
study aimed at determining factors of P. putida which are involved in adhesion to corn seed. 
Among a number of mus (mutants unattached to seed) mutants one (mus-24) displayed 
a very severe corn adhesion defect. This mutant was also tested for adhesion to abiotic 
surfaces and was found to be severely defective in adhesion to polystyrene, polypropylene 
and borosilicate glass in both minimal and rich media. Co-inoculation of the wild type 
and the mus-24 strain in part rescued the adhesion defect of the mus-24 strain, suggesting 
that the adhesion factor was secreted or that coaggregation with the wild type occurred. 
A gene almost identical to the mus-24 gene was identified in a transposon mutant screen 
for attachment defective mutants in P. fluorescens by O’Toole and Kolter (1998a). The P. 
fluorescens protein was further characterized by Hinsa et al. (2003) who designated the 
protein LapA. The LapA protein was reported to have sequence similarities to the CshA 
adhesin of the oral bacterium Streptococcus gordonii (Hinsa et al., 2003). CshA has been 
shown to be essential for colonization of the oral cavity and to participate in coaggregation 
of S. gordonii with other oral bacteria (McNab et al., 1996). LapA is transported to the 
bacterial surface via an ABC transport system which is encoded by the lapEBC genes, and 
is analogous to the type 1 transporter associated with transport of the BapA protein of 
S. enterica. The LapE protein has been identified in earlier work by Buell and Anderson 
(1992) referred to as the AggA protein, and was shown to be necessary for adhesion of P. 
putida to plant roots. Since a lapE mutant does not display surface located LapA it seems 
likely that the phenotypes described by Buell and Anderson (1992) for the aggA mutant 
also applies to a lapA mutant. Further work indicated that the plant receptor might consist 
of carbohydrate moieties (Buell et al., 1993) suggesting that LapA might also facilitate 
adhesion to carbohydrate residues. The involvement of LapA in adhesion to both abiotic 
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and biotic surfaces suggests a function as a general adhesion. So far, no conditions that 
rescue the biofilm formation defect of a lapA mutant have been reported, suggesting an 
important role in biofilm formation of P. putida and P. fluorescens under diverse conditions. 
Our unpublished experiments with P. putida suggest that LapA not only acts as a surface 
adhesin but also plays a role during the later stages of biofilm formation as a cell-to-cell 
adhesin. The GGDEF and EAL domain containing protein LapD appears to be necessary 
for the activity of the LapA protein, possibly through a mechanism involving transport of 
LapA to the cell surface (Hinsa and O’Toole, 2006).

The Bap-type protein of Burkholderia cenocepacia, AdhA, was identified as an adhesin 
mediating binding to cytokeratin 13 filaments, which are expressed on the apical surface of 
injured tracheobronchial epithelial cells (Urban et al., 2005). It was found that in conjunc-
tion with cable pili, the AdhA protein was required for strong binding to the epithelial cells 
and for migration across the epithelium surface. Huber et al. (2002) identified mutants in 
B. cenocepacia that were impaired in biofilm formation in both microtiter trays and flow-
chambers. These mutants (termed m13 and m15) had insertions in a gene that showed 
homology to the Bap protein of S. aureus, and surface protein extracts from them showed 
that they were missing a 22 kDa protein. The mutants obtained by Huber et al. (2002) 
were shown to have decreased surface hydrophobicity compared to that of the wild type. 
However, because the Huber et al. (2002) report does not contain sequence information no 
conclusive correlation between the studies in the two B. cenocephacia strains can be made.

In Gram-positive bacteria a large group of proteins termed MSCRAMM proteins 
(microbial surface components that recognize adhesive matrix molecules) has been de-
scribed (Patti et al., 1994). The large family of MSCRAMM proteins share many of the 
characteristics of the Bap-type protein family, but the functions have mostly been demon-
strated in relation to adhesion to host factors such as fibronectin-, fibrinogen-, collagen-, 
and heparin-related polysaccharides, although this does not rule out a function in biofilm 
matrices as well.

Extracellular DNA as matrix component in biofilms
Because most, if not all, bacterial populations are accompanied by extracellular DNA (e.g. 
Lorenz and Wackernagel, 1994), and because most bacterial species bind to DNA (e.g. 
Dubnau, 1999), it appears that extracellular DNA may serve as a cell-to-cell interconnect-
ing compound in many different biofilms. On top of a basal level of DNA release it appears 
that many bacteria, especially those that are able to develop natural competence, possess a 
specific DNA-release program. A correlation between DNA release and competence devel-
opment has been established in many different bacteria including Streptococcus pneumoniae 
(Steinmoen et al., 2002), Bacillus subtilis (Lorenz et al., 1991), Acinetobacter calcoaceticus 
(Palmen and Hellingwerf, 1995), Neisseria gonorrhoeae (Dillard and Seifert, 2001), and 
Pseudomonas stutzeri (Stewart et al., 1983). In all these cases DNA release and competence 
development was shown to occur in late-log phase cultures, and in some of the cases it has 
been documented that competence development is regulated through a quorum-sensing 
mechanism (e.g. Pestova et al., 1996; Magnuson et al., 1994). Since many kinds of polymers 
can function as biofilm matrix material, it is difficult to conceive that bacteria should release 
large amounts of costly information material solely with the purpose of stabilizing biofilms. 
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It is possible, that bacteria release DNA both in order to exchange genetic material, and 
in order to form and stabilize biofilms. The relatively long-lasting physical proximity of 
bacteria in biofilms enable the constituent cells to establish long term relationships with 
each other, and evidence has been presented that biofilms are optimal environments for 
transformation-based gene transfer (e.g. Li et al., 2001; Wang et al., 2002; Hendrickx et al., 
2003).

In the present chapter we limit the description of extracellular DNA in biofilms to 
P. aeruginosa as an example from the Proteobacteria and Streptococcus species as examples 
from the Gram-positive bacteria.

Extracellular DNA and biofilm formation by P. aeruginosa
Evidence for a role of extracellular DNA as cell-to-cell interconnecting compound in P. 
aeruginosa biofilms has been presented both for the P. aeruginosa PAO1 reference strain 
and for clinical P. aeruginosa isolates (Whitchurch et al., 2002; Nemoto et al., 2003). P. 
aeruginosa PAO1 biofilm formation in the wells of microtiter plates was attenuated by the 
presence of DNase I, and biofilm formation by P. aeruginosa PAO1 in flow-chambers was 
almost absent when the flow-chambers were perfused with medium containing DNase I 
(Whitchurch et al., 2002). In addition, young P. aeruginosa PAO1 biofilms, which had 
been grown in flow-chambers perfused with DNase-free medium, were dispersed rapidly 
after addition of DNase I to the flowing medium, whereas older P. aeruginosa PAO1 bio-
films were not dispersed by DNase I treatment, suggesting that other components than 
extracellular DNA stabilizes older P. aeruginosa PAO1 biofilms (Whitchurch et al., 2002). 
Matsukawa and Greenberg (2004) investigated the composition of the extracellular matrix 
of mature P. aeruginosa PAO1 biofilms, and found that extracellular DNA by far was the 
most abundant polymer, although exopolysaccharide encoded by the psl genes appeared 
to be the most critical structural matrix component. In contrast to the finding that ex-
tracellular DNA is not the primary cell-to-cell interconnecting compound in mature P. 
aeruginosa PAO1 biofilms, Nemoto et al. (2003) found that mature biofilms formed by four 
different clinical P. aeruginosa isolates could be dispersed by DNase treatment, suggest-
ing that extracellular DNA is the critical matrix component in mature biofilms formed by 
these P. aeruginosa strains. Long before biofilms became a central research area Murakawa 
(1973a,b) conducted a study to characterize extracellular “slime” produced by P. aeruginosa. 
The chemical composition of slimes from 20 clinical P. aeruginosa isolates was investigated, 
and it was found that slimes from 18 strains consisted primarily of DNA, while two strains 
with a mucoid phenotype produced slimes composed primarily of polyuronic acid (which 
most likely was alginate). Figure 4.3 visualizes the extracellular DNA matrix in a flow-
chamber-grown P. aeruginosa PAO1 biofilm. Evidence has been presented that P. aeruginosa 
is capable of producing an extracellular DNase (Allesen-Holm et al., 2006) which might 
have a role during biofilm dispersal processes.

PCR and Southern analysis have suggested that the extracellular DNA released 
from P. aeruginosa in biofilms and planktonic cultures is similar to whole-genome DNA 
(Steinberger and Holden, 2005; Allesen-Holm et al., 2006). In agreement, it has been 
shown that different chromosomal genes, including his+, leu+, and trp+, could be trans-
ferred by transformation of CaCl2-treated P. aeruginosa cells with extracellular DNA at the 
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same frequencies as when transformation was done with an equivalent amount of purified 
intracellular DNA (Hara et al., 1981; Muto and Goto, 1986).

A basal level of extracellular DNA present in P. aeruginosa PAO1 biofilms is evidently 
generated via a pathway which is not linked to quorum-sensing, whereas the generation of 
large amounts of extracellular DNA in P. aeruginosa biofilms evidently depends on the las, 
rhl and pqs quorum sensing systems (Allesen-Holm et al., 2006). The increased level of ex-
tracellular DNA in P. aeruginosa wild-type biofilms in comparison to P. aeruginosa lasIrhlI 
biofilms appears to be linked to quorum-sensing via a mechanism that results in lysis of a 
small subpopulation of the cells (Allesen-Holm et al., 2006). In support of a role of quorum-
sensing in cell lysis, D’Argenio et al. (2002) reported that mutants which overproduce the 
Pseudomonas quinolone signal (PQS) displayed high levels of autolysis, whereas mutants 
which could not produce PQS did not show autolysis. In addition, Heurlier et al. (2005) 
presented evidence that P. aeruginosa quorum-sensing mutants, unlike the wild type, did 
not undergo cell lysis in stationary phase cultures. Quinolone compounds have previously 
been shown to induce prophages in bacteria (Phillips et al., 1987; Froshauer et al., 1996), 
and recent studies by Webb et al. (2003) and Hentzer et al. (2004) have suggested that 
quorum-sensing regulated DNA release might be linked to phage induction in biofilms. 
In support of a role of phage-mediated cell lysis in DNA release a P. aeruginosa fliMpilA 
mutant, which was reported not to undergo phage-mediated cell lysis (Webb et al., 2003), 
showed a defect in DNA release (Allesen-Holm et al., 2006). However, membrane vesicles 
produced by P. aeruginosa might also have a role in DNA release. P. aeruginosa releases 
membrane vesicles which have bacteriolytic effects and contain DNA (Kadurugamuwa 
and Beveridge, 1996; Renelli et al., 2004). Extracellular DNA might be released either 
from vesicles that eventually lyse, or through the bacteriolytic activity of the vesicles which 
might lyse a small subpopulation of the P. aeruginosa cells. Recently it was shown that PQS 
is necessary for vesicle formation in P. aeruginosa (Mashburn and Whiteley, 2005), and 
evidence was presented that type IV pili and flagella are necessary for quorum sensing in 
P. aeruginosa (Hassett, 2005). The involvement of PQS, type IV pili, and flagella in DNA 
release, therefore, could be consistent with a role of vesicles in the generation of extracel-
lular DNA in P. aeruginosa biofilms.

Figure 4.3 Horizontal confocal laser scanning microscope sections in a 2-day-old DDAO-
stained biofilm formed by Gfp-tagged P. aeruginosa PAO1. The images show the fluorescent 
bacteria (A), the fluorescent extracellular DNA (B), and an overlay of the two (C). Reproduced 
from Mol. Microbiol. 59:1114–1128 with permission from Blackwell Publishing.

caister.com/biofilmsbooks



The Biofilm Matrix | 55

The extracellular DNA appears to be organized in distinct patterns in P. aeruginosa bio-
films (Allesen-Holm et al., 2006). In 4-day-old flow-chamber-grown P. aeruginosa biofilms, 
which contain mushroom-shaped structures, the extracellular DNA was located primarily 
in the stalk-portion of the mushroom-shaped structures with the highest concentration 
in the outer parts of the stalks forming a border between the stalk-subpopulation and the 
cap-subpopulation (Allesen-Holm et al., 2006). The finding that biofilms formed by wild-
type P. aeruginosa contained the highest concentration of extracellular DNA in the stalk-
portion of the mushroom-shaped structures is in agreement with a study showing that the 
expression of lasI and rhlI in P. aeruginosa biofilms was highest in the portion of the biofilm 
closest to the substratum (DeKievit et al., 2001). In addition it was shown that synthesis of 
rhamnolipid, an established quorum-sensing regulated process (Ochsner and Reiser, 1995; 
Pearson et al., 1997), occurs primarily in the stalks of the mushroom-shaped structures in 
P. aeruginosa biofilms (Lequette and Greenberg, 2005). Evidence has been presented that 
the formation of the mushroom-shaped structures in glucose-grown P. aeruginosa biofilms 
occurs in a sequential process involving a non-motile bacterial subpopulation that forms 
the stalks by growth in certain foci of the biofilm, and a migrating bacterial subpopula-
tion which subsequently forms the mushroom caps via a process that requires type IV pili 
(Klausen et al., 2003a). It is currently not understood how the migration of the motile cells 
is coordinated so that they form mushroom caps. However, because type IV pili bind to 
DNA (Aas et al., 2002; van Schaik et al., 2005), it is tempting to speculate that the high 
concentration of extracellular DNA on the outer parts of the mushroom stalks might cause 
accumulation of the migrating bacteria, which in combination with bacterial growth, might 
result in the formation of the mushroom caps. In agreement with this suggestion, type IV 
pili-mediated migration of Myxobacteria during fruiting body formation has been shown 
to depend on the presence of exopolymer material (Lu et al., 2005). The extracellular DNA 
in P. aeruginosa biofilms appears to have a stabilizing effect, as mature P. aeruginosa PAO1 
biofilms which were pre-treated with DNase I were more susceptible to SDS treatment 
than biofilms which were not pre-treated with DNase I (Allesen-Holm et al., 2006).

P. aeruginosa colonizes the lungs of cystic fibrosis (CF) patients and is a major cause 
of lung deterioration, health decline, and death of these patients (Høiby, 2002). Several 
studies have shown that P. aeruginosa forms biofilms in the CF lung (e.g. Lam et al., 1980; 
Baltimore et al., 1989; Worlitzsch et al., 2002; Høiby, 2002), and the biofilm mode of growth 
is considered the major reason that these bacteria can not be eradicated by host defenses 
or antibiotic treatment (Costerton et al., 1999). CF lungs evidently contain large amounts 
of extracellular DNA from necrotized neutrophils (Lethem et al., 1990), and evidence has 
been presented that extracellular actin-DNA filaments can provide a matrix for biofilm 
formation by P. aeruginosa (Walker et al., 2005). In another study the presence of extracel-
lular DNA was shown to be important for P. aeruginosa biofilm formation in artificial CF 
sputum medium (Sriramulu et al., 2005). In addition to a role of extracellular DNA, it was 
reported that biofilm formation in artificial CF sputum medium depended on the presence 
of amino acids (Sriramulu et al., 2005). Evidence has been presented that P. aeruginosa, in 
part due to the presence of a high level of aromatic amino acids, produces large amounts 
of PQS when it is present in CF lungs (Collier et al., 2002; Palmer et al., 2005). Because 
PQS evidently plays a role in DNA release from P. aeruginosa (Allesen-Holm et al., 2006), 
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PQS-mediated release of DNA from the bacteria might play a role in biofilm formation in 
the CF lung. In further support of this possibility, the amino acid content of CF sputum has 
been shown to correlate with the severity of the disease (Thomas et al., 2000).

Extracellular DNA and biofilm formation by streptococci
Evidence that extracellular DNA plays a role in biofilm formation by streptococci is ac-
cumulating steadily. Competence mutants of S. mutans and S. gordonii were shown to be 
attenuated in biofilm formation (Loo et al., 2000; Li et al., 2002; Yoshida et al., 2002), and 
because these competence mutants were also deficient in generating extracellular DNA, 
it is possible that the biofilm formation defect was caused by a lack of extracellular DNA. 
Accordingly, the presence of DNase I was subsequently shown to attenuate biofilm for-
mation by S. mutans and S. intermedius wild-type strains in the wells of microtiter plates 
(Petersen et al., 2004; 2005). Addition of exogenous quorum-sensing signal molecules to 
S. intermedius cultures was shown to promote biofilm formation, and simultaneous treat-
ment with DNase I was shown to reverse the effect, suggesting that extracellular DNA 
was responsible for the increase in biofilm formation upon addition of signal molecules 
(Petersen et al., 2004). Among the genes regulated by quorum-sensing in streptococci are 
those required for DNA binding and uptake of extracellular DNA. Evidence has been 
presented, that proteins in streptococci which are necessary for binding and uptake of 
extracellular DNA play a role in biofilm formation. Petersen et al. (2005) reported that a 
comGB mutant of S. mutans, which is deficient in DNA binding but unaffected in quorum-
sensing signaling, showed reduced biofilm formation. In the presence of DNase I, biofilm 
formation by the S. mutans wild type was reduced to a level similar to that displayed by the 
comGB mutant. The comGB mutant was not impaired in DNA-release as growth in the 
presence of quorum-sensing signaling molecules promoted DNA-release from both the 
wild type and the comGB mutant. The addition of exogenous quorum-sensing signaling 
molecules to S. mutans wild-type cultures was shown to promote DNA-release and biofilm 
formation, and the simultaneous addition of DNase I reversed the effect, emphasizing the 
importance of extracellular DNA in the biofilm formation process (Petersen et al., 2005). 
Moreover, it was shown that addition of exogenous quorum-sensing signaling molecules to 
cultures of S. mutans comX, comE, and comD competence mutants did not promote DNA-
release and biofilm formation. Evidence has been presented that S. pneumoniae is capable of 
producing an extracellular DNase (Moscoso and Claverys, 2004) which might have a role 
during biofilm dispersal processes.

The extracellular DNA in streptococcal populations appears to be generated via lysis 
of a subpopulation of the cells (e.g. Steinmoen et al., 2002; 2003; Moscoso and Claverys, 
2004; Shibata et al., 2005), and should therefore be similar to whole genome DNA. Release 
of DNA in S. pneumoniae populations was shown to involve cell lysis via the cell-wall hydro-
lases LytA, LytC, and CbpD (Steinmoen et al., 2003; Moscoso and Claverys, 2004; Guiral 
et al., 2005). Evidence has been provided that competent S. pneumoniae cells trigger lysis 
of S. pneumoniae sibling cells that are non-competent because they respond slower to the 
quorum-sensing signaling molecules (Steinmoen et al., 2003; Moscoso and Claverys, 2004; 
Guiral et al., 2005). The phenomenon evidently involves a system consisting of a bacteriocin 
(CibAB), its immunity factor (CibC), and the cell wall hydrolases (Guiral et al., 2005). 
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Competent cells are immune to the bacteriocin, presumably because they also produce the 
immunity factor, but the bacteriocin induces lysis of non-competent cells via a process that 
depends on the cell-wall hydrolases. A similar bacteriocin-based system appears to operate 
during DNA release from S. mutans populations (Kreth et al., 2005; van der Ploeg, 2005) 
and from S. sanguis populations (Schlegel and Slade, 1973).

Because biofilms most often contain numerous microenvironments, the streptococcal 
DNA-release mechanism described above will most likely lead to a stratified distribution 
of extracellular DNA in biofilms formed by streptococci. However, the investigation of 
structural biofilm development by the streptococci is not as advanced as in the case of P. 
aeruginosa, and at present the spatial organization of the extracellular DNA in streptococ-
cal biofilms has not been investigated.

Competence-triggered DNA-release from streptococci has been proposed to ensure 
coordination in time and space between DNA-release and uptake, thus favoring genetic 
exchange (e.g. Steinmoen et al., 2002; 2003). However, the finding that DNA-release in 
S. pneumoniae cultures continued a long time after competence had disappeared suggested 
that genetic exchange is not the only purpose of competence-triggered cell lysis (Moscoso 
and Claverys, 2004). Competence-triggered lysis of streptococcal cells could be important 
for the release of virulence factors such as pneumolysin, (lipo-) teichoic acid, and DNA 
(Guiral et al., 2005). Because streptococci often are involved in biofilm-related infections 
such as those occurring in middle ears or lungs (e.g. S. pneumoniae) or on teeth (e.g. S. mu-
tans), it is possible that the extracellular DNA plays a role in stabilizing medically relevant 
streptococcal biofilms. In agreement with this possibility the comB, comD, lytA, and cbpD 
genes have all been implicated in the virulence of S. pneumoniae ( Jedrzejas, 2001; Bartilson 
et al., 2001; Lau et al., 2001; Hava et al., 2003).

Concluding remarks
The extracellular matrix is arguably the most critical component of biofilms as it constitutes 
the framework that holds the component cells together. Indeed, it may be argued that the 
difference between a planktonic bacterium and a biofilm bacterium basically is that the bio-
film bacterium has upregulated its adhesiveness and produces one or more biofilm matrix 
components. On top of that of course, the micro-environmental conditions prevailing in 
the different parts of a biofilm during the different stages of biofilm development leads to 
the expression of distinct sets of genes in time and space.

Many different compounds may function as extracellular biofilm matrix component. 
The emerging picture is that almost anything that can interconnect bacteria may function as 
a matrix component. Recent research in the field has provided some surprises. For example 
it has been found that mating pili and extracellular DNA can function as biofilm matrix 
components. By promoting biofilm formation, mating pili and extracellular DNA also cre-
ate optimal environments for gene transfer via conjugation or transformation. In this way 
efficient gene transfer may be both a consequence and a cause of biofilm development.

A single bacterial species can produce several different biofilm matrix components. 
Usually not all of the biofilm matrix components are expressed during biofilm formation in 
a particular environment, but it is anticipated that the capacity of bacteria to produce dif-
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ferent biofilm matrix components allows colonization of different niches through different 
biofilm development pathways.

Although the matrix components used for biofilm development are diverse and vary 
amongst bacterial species, and in response to environmental cues, there may be common 
features underlying these factors. Recent work indicates that one common denominator 
to bacterial adhesiveness and biofilm matrix production may be regulatory proteins which 
contain GGDEF and/or EAL domains. Through diguanylate cyclase or phosphodiesterase 
activity proteins with GGDEF or EAL domains control intracellular levels of c-di-GMP 
which acts as a second messenger and affects matrix production and the adhesiveness of the 
bacteria. It appears that in many cases, exemplified in this chapter by S. enterica, P. fluore-
scens, P. putida, and P. aeruginosa, GGDEF/EAL domain proteins regulate production (or 
transport) of both polysaccharide and protein components of the biofilm matrix.

Biofilms may be very dynamic and contain migrating bacterial subpopulations, and 
it appears that the biofilm matrix may serve as a framework that the bacteria can migrate 
on. Evidence is emerging that exopolymer material is necessary for coordinated bacterial 
migration during structural development in P. aeruginosa biofilms and in myxobacterial 
biofilms.

Continued research in the field will improve our understanding of the composition of 
extracellular matrices in biofilms formed by particular species under particular conditions, 
and will provide knowledge about the regulation of bacterial adhesiveness and matrix pro-
duction and the transition between planktonic and biofilm lifestyles. Interference with the 
production of biofilm matrix components, or with the physical integrity of the biofilm ma-
trix, are obvious therapeutic strategies for combating biofilm-based persistent infections.
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