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Biofilm can be defined broadly as a dynamic 
and well structured microbial community, 

attached to a solid surface and aggregated by 
an extracellular matrix. The ability to form bio-
film is a widespread feature among prokaryo-
tes (both in the archaeal and bacterial domain) 
and it has been found in fossil formations dat-
ing back 3.2 billion years. From an evolutionary 
standpoint, the formation of biofilm probably 
conferred an adaptive advantage by providing 
homeostasis against extreme conditions and 
fluctuations of the primitive earth (tempera-
ture, pH and exposure to UV radiation). In ad-
dition to offering protection from physical and 
chemical environmental factors, biofilm facili-
tates extracellular catalytic functions (because 
cells remain close to each other) and promotes 
the concentration of nutrients on the surface 
(Hall-Stoodley et al., 2004). Biofilm resistance 
to antimicrobial agents (e.g. antibiotics) may 
be due to difficulty in penetration of the antimi-
crobial agent through the extracellular matrix, 
to the decreased growth rate of biofilm cells 
(β-lactam antibiotics are effective in Gram-
positive cells that are actively dividing) or the 
existence of resistant phenotypes among a ge-
netically heterogeneous population. 

1. Biofilm as a  
survival mechanism

2. Biofilm in natural environments  
and its implication in infections
Biofilm formation is ubiquitous in natural 
environments. These types of biological 
structures are found at the bottom of riv-
ers or on the surface of stagnant water; 
in extreme environments, from hot springs 
to glaciers in the Antarctic; in showers or 
baths favoured by the warm moist envi-
ronment; inside water ducts or indus-
trial gas and oil pipes; in symbiosis with 
plants, etc.
Biofilm formation is also implicated in 
the pathogenesis of many human infec-
tions. The adhesion of Staphylococcus 
or Streptococcus to the proteins of the 
basal membrane of the damaged heart 
epithelium is a cause of endocarditis. In 
the case of cystic fibrosis patients, de-
creased ciliary activity of the respiratory 
mucosa and mucus hyperviscosity pro-
mote colonisation and biofilm formation 
by Staphylococcus aureus, Haemophilus 
influenzae and Pseudomonas aeruginosa. 
Another well known example of biofilm is 
the subgingival plaque of Streptococcus 
mutans.
Biofilm formation has also been described 
in uropathogenic strains of Escherichia 

coli. Finally, biofilm is an important viru-
lence factor involved in the development 
of implant-related infections of intrave-
nous catheters, heart valves, prosthe-
ses, peritoneal dialysis catheters, en-
dotracheal tubes, etc., which are mainly 
caused by the adhesion of S. aureus 
and Staphylococcus epidermidis to the 
surface of these implants (Hall-Stoodley 
et al., 2004). 
The contribution of biofilm to patho-
genesis is attributed to its resistance 
to antibiotics and phagocytosis, thereby 
facilitating chronic infections. On the 
other hand, detachment of biofilm bac-
teria cells is a cause of septicaemia and 
new colonisations, while the production 
of endotoxins and exotoxins produce in-
flammation and tissue damage.
One of the difficulties in eliminating 
infections associated with biofilm pro-
duction is resistance to antibiotics. Ta-
ble 1 shows that bacterial death within 
biofilm requires a greater amount of an-
tibiotic than the concentration of bac-
tericidal activity in planktonic bacterial 
cells (free or in suspension).

infected cows. In this regard, STARTVAC is the first vaccine 
registered in the world that confers protection against mas-
titis caused by coagulase negative staphylococci. Antibod-
ies to the PNAG exopolysaccharide of the SAAC, induced by 
immunisation with STARTVAC, could be one of the factors 
responsible for conferring cross-protection against infections 
from CNS. 

6. Perspectives of  
biofilm in mastitis
The ability to form biofilm is an important virulence factor of S. 
aureus involved in bovine and ovine mastitis. Although other viru-
lence factors may be involved in the pathogenesis of mastitis, the 
PNAG or SAAC-specific antibodies may prevent the establishment 
of infection of S. aureus in the mammary gland by binding to the 
exopolysaccharide extracellular matrix (before the establishment 
of the biofilm), thereby facilitating polymorphonuclear neutrophil-
mediated phagocytosis and elimination of infection. From this 
point of view, vaccination with STARTVAC offers an option for re-
ducing intramammary infections from S. aureus and CNS.
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Figure 5. Inhibition of biofilm formation of S. aureus in microplate mediated by anti-SAAC antibodies. The graph plots the OD of bacterial growth at the end of the 
microplate incubation (in blue) and the OD of the biofilm after staining of adherent cells (in light blue). In this study, a biofilm producing strain of S. aureus was 
incubated without antibodies (“S. aureus” columns), in the presence of serum without anti-SAAC antibodies (“Ac- columns”) or in the presence of a hyperimmune 
serum with anti-SAAC antibodies (“Ac+ columns”). The “Control” columns correspond to the wells with uninoculated culture medium. The columns with the same letter 
do not differ significantly between each other (P <0.05). Error bars indicate the standard deviation of the mean.
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of an exopolysaccharide matrix in S. aureus cells by immuno-
histochemical analysis of mammary gland parenchymal tissue 
samples from sheep experimentally infected with S. aureus by 
intramammary route. The in vivo exopolysaccharide expression 
has also been shown indirectly by observing the production 
of specific antibodies against PNAG (Perez et al., 2009) and 
against SAAC (Slime Associated Antigenic Complex; Prenafeta 
et al., 2010) in sheep and cows, respectively, experimentally in-
fected with S. aureus by intramammary route.

5. Vaccines against the biofilm of 
S. aureus to combat mastitis in 
ruminants 
Given that biofilm formation is an important virulence factor of S. au-
reus in the pathogenesis of mastitis in sheep and cows, the efficacy 
of different experimental vaccines has been tested, showing different 
levels of protection. Watson et al. (1993) and Nordhaug et al. (1994) 
used vaccines based on whole S. aureus inactivated cells embedded 
in their own extracellular matrix called pseudocapsule.
The experimental vaccines in a study by Amorena et al. (1994) con-
sisted of a mixture of slime (biofilm exopolysaccharide matrix) in 
liposomes, toxoid and various inactivated S. aureus isolates. More 
recently, knowing that the PNAG exopolysaccharide is the major com-
ponent of the extracellular matrix of the S. aureus biofilm, Perez et al. 
(2009) conducted an efficacy trial against an intrammamary chal-
lenge with a virulent S. aureus strain in sheep, using bacterins (whole 
and inactivated bacterial cells), crude extract, or purified PNAG, with 
different adjuvants, as vaccines. The results of this study showed that 
bacterins from strong biofilm-producing bacteria induced the high-
est titres of specific antibodies to PNAG and conferred the greatest 
protection against an intramammary challenge, compared to vaccines 
containing bacterins from weak biofilm-producing bacteria, crude ex-
tract or purified PNAG.
The study by Prenafeta et al. (2010) clarifies the role of SAAC-specific 
antibodies in protecting against the mastitis caused by S. aureus in an 
experimental infection in cows. SAAC is an isolated cell fraction from 
S. aureus strains that produce biofilm. The presence of this extracel-
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lular component has been determined for all isolates of S. aureus 
characterised as slime producers in agar plates with Congo red (Figure 
4) and its production is directly related to the in vitro biofilm forma-
tion (Table 2). The chemical characterisation showed that the SAAC 
is comprised of 58% (w/v) polysaccharide and 42% (w/v) protein. 
Contents of 6.1% of glucosamine and galactosamine were found in 
the polysaccharidic fraction, suggesting that these sugars may corre-
spond to deacetylated forms of PNAG. It is noteworthy that antibodies 
to deacetylated forms of PNAG are those with the greatest capacity 
for opsonization (specific antibody binding to antigen) and protection 
against infection by S. aureus (Cerca et al., 2007).

The main defence mechanism of the mammary gland against 
infections is antibody-mediated opsonization and subsequent 
phagocytosis by polymorphonuclear neutrophils. However, we must 
not exclude that the biofilm-specific antibodies also act in a direct 
manner in protection, binding to cells and preventing bacterial ad-
herence to epithelium and intercellular interaction that leads to 
the formation of biofilm. In this regard, in an in vitro study, it was 
shown that antibodies to SAAC are capable of inhibiting biofilm 
formation without the presence of neutrophils (Figure 5 shows the 
results of a study conducted by the author).
One of the advantages of using PNAG or the SAAC component as 
vaccine antigens, unlike capsular antigens, is that no serotypes 
have been reported among isolates of S. aureus. Therefore, the an-
tibodies induced by vaccination with these antigens confer cross-
protection regardless of the capsular type of S. aureus.
STARTVAC (HIPRA) is the first vaccine against bovine mastitis reg-
istered throughout the European Union via the EMEA (European 
Medicines Agency). This vaccine contains inactivated cells of a 
high biofilm-producing S. aureus strain with a high content of cell-
associated SAAC. Moreover, the vaccine contains the inactivated 
E. coli J5 strain and a suitable adjuvant to boost the immune re-
sponse. 

In both preclinical testing and in clinical trials conducted during 
the development of the vaccine, immunisation with STARTVAC 
induced high and long-lasting titres of anti-SAAC antibodies in 
blood and milk. Clinical trials carried out with STARTVAC on six 
farms (198 cows vaccinated with STARTVAC and 188 unvac-
cinated control cows) showed that vaccination significantly re-
duced the incidence of clinical and subclinical mastitis and se-
verity of clinical symptoms of mastitis caused by S. aureus, col-
iforms and coagulase negative staphylococci (CNS) (reduction 
in somatic cell counts, decreased clinical signs and reduction 
of antibiotic treatment in infected animals). Additionally, vacci-
nation with STARTVAC increased the spontaneous cure rate in 

Figure 3. Analysis of biofilm production in microplate (adhesion test). After an incuba-
tion period of the S. aureus isolate in the wells of the microplate, the plate is emptied, 
the wells washed, and the cells that have adhered fixed, stained and the optical density 
(OD) of the wells determined by means of an ELISA plate reader. If the isolate formed 
biofilm during growth, the OD of the wells is high (rows A, B and C), whereas the OD is 
not significant if the isolate did not produce biofilm (rows D, E and F) compared with 
the uninoculated negative control wells (rows G and H).

Table 2. Determination of a slime producing phenotype (+/-), biofilm 
formation capacity in microplate (OD of the biofilm in the test) and 
production of SAAC (mg SAAC/mg total protein) in isolates of S. 
aureus. The correlation between the production of SAAC and the ability 
to form biofilm in microplate is significant (R = 0.882).

Isolate
 S. aureus 

Slime	producing	
phenotype

OD	in	the	biofilm	
test	(SD1)

Production	of	
SAAC	(SD1)

SA1H + 1.444 (0.04) 54.0 (0.012)
SA2H + 1.597 (0.02) 63.3 (0.015)
SA3H + 0.385 (0.03) 20.8 (0.011)
SA4H + 1.499 (0.04) 60.5 (0.012)
SA5H + 1.521 (0.03) 27.6 (0.015)
SA6H - 0.088 (0.01) 2.2 (0.011)
SA7H + 1.030 (0.02) 26.5 (0.012)
SA8H - 0.388 (0.06) Nd2

SA9H - 0.200 (0.02) Nd2

SA10H - 0.145 (0.01) 0.1 (0.010)
SA11H - 0.130 (0.01) Nd2

SA12H - 0.235 (0.01) Nd2

SA13H + 0.632 (0.02) 6.9 (0.013)

1SD: standard deviation of the mean.
2Nd. : Not detected.

Figure 4. Analysis by immunoelectrophoresis in agarose gel for bacterial extracts 
from a strain of an S. aureus biofilm producer (A: wells 1 and 3) and non-produ-
cing strain (B: wells 4 and 6), using a polyclonal serum against whole bacteria 
(lines 2 and 5). The arrow shows the line of immunoprecipitation for the SAAC anti-
gen, which is present only in strains characterised as exopolysaccharide producers 
in agar plates with Congo red.
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Figure 1. micrograph by scanning electron microscopy of a biofilm of S. aureus growing in 
vitro (www.erc.montana.edu).

Figure 2. Determination of the ability to form biofilm by characterising colonial mor-
phology in agar plates with Congo red. Slime positive or biofilm-producing isolates 
form colonies that have rough and irregular outlines in Congo red plates (A), whereas 
slime negative or non-biofilm producing isolates form colonies with shiny, smooth and 
well-defined boundaries (B).

4th
3. Development of  
S. aureus biofilm
Biofilm formation by S. aureus is a well characterised proc-
ess that occurs in two steps. First, bacterial cells adhere to 
a surface specifically or by physicochemical interactions. In 
the former case, specific S. aureus adhesion proteins bind to 
the extracellular matrix factors of the host, such as fibronectin 
binding proteins (FnBPA, FnBPB) (O’Neill et al., 2008), fibrino-
gen binding proteins (ClfA, ClfB) (McDevitt et al., 1994), col-
lagen binding protein (Can) (Patti et al., 1992) or bone sialo-
protein binding protein (BBP) (Tung et al., 2000). In a second 
step, adherent bacterial cells multiply, interact with each other 
and accumulate in layers, embedded by an extracellular matrix 
secreted by the bacterial cell itself (Figure 1). The main constit-
uent of the S. aureus and S. epidermidis extracellular matrix, 
responsible for the intercellular interactions, is the exopolysac-
charide poly-N-acetyl-β -1,6-glucosamine (PNAG), synthesized 
by enzymes encoded in the icaADBC operon (Cramton et al., 
1999). Likewise, some S. aureus proteins have been described 
that can be involved in intercellular interaction and biofilm for-
mation: Bap (Cucarella et al., 2001), protein A (Merino et al., 
2009), SasC (Schroeder et al., 2009) and SasG (Corrigan et 
al., 2007).  

4. Implication of biofilm  
in ruminant mastitis  
caused by S. aureus  

In bovine and ovine mastitis caused by staphylococci, bacterial cells 
attach to the epithelial cells of the mammary gland and grow into 
colonies surrounded by an extracellular matrix, thereby forming the 
biofilm. Because of its size, biofilm is not capable of being phago-
cytised by polymorphonuclear neutrophils or macrophages and, 
moreover, it confers resistance to antibiotics, thereby promoting the 
chronicity of infection.
Various studies demonstrate the presence of the icaADBC operon, 
which encodes the enzymes responsible for the biosynthesis of 
the PNAG exopolysaccharide, the main component of the extracel-
lular matrix of the biofilm, in 94.36% (Cucarella et al., 2004) or 
100% (Vasudevan et al., 2003) of S. aureus isolated from bovine 
mastitis.
Apart from this genetic capacity, a number of studies have also dem-
onstrated the ability of bovine mastitis isolates to form biofilm in 
vitro. In this regard, Vasudevan et al. (2003) found that 91% of iso-
lates of S. aureus from bovine mastitis had the ability to form biofilm 
in vitro by determination of colonial morphology on agar plates with 
Congo red (Figure 2), whereas 69% showed adhesion in a micro-
plate (Figure 3). In another study, Oliveira et al. (2007) characterised 
80.8% of isolates of S. aureus and 75.9% of isolates of S. epider-
midis in bovine mastitis as in vitro producers of biofilm. Dhanawade 
et al. (2010) found that 48.03% of the strains of S. aureus isolated 
from bovine mastitis had the ability to form biofilm in vitro by the 
culture test on agar plates with Congo red.
While the genetic capacity and in vitro biofilm production in  
S. aureus isolates from bovine mastitis seems clear, is there any 
evidence of biofilm production of S. aureus in the mammary 
gland? Watson et al. (1989) observed by electron microscopy 
the production of a polysaccharide extracellular matrix (called 
pseudocapsule by the authors) in S. aureus cells isolated directly 
from the milk of sheep and cows with clinical mastitis. Shortly 
afterwards, Baselga et al. (1993) demonstrated the production 

Table 1. Sensitivity to antibiotics of different bacterial genera 
growing in planktonic form (free or in suspension) or in 
biofilm (Donlan and Costerton, 2002).

Microorganism Antibiotic
Reference	Organism	Antibiotic	

MIC	or	MBC	of
planktonic	phenotype	(µg/ml)

Concentration	effective	
against	biofilm	

phenotype	(µg/ml)
S. aureus 
NCTC 8325-4 Vancomycin 2 (MBC) 20

Pseudomonas 
aeruginosa 
ATCC 27853

Imipenem 1 (MIC) 1024

E. coli 
ATCC 25922 Ampicillin 2 (MIC) 512

P. pseudomallei Ceftazidime 8 (MBC) 800
Streptococcus 
sanguls 804 Doxycycline 0.063 (MIC) 3.15

MIC: Minimum Inhibitory Concentration
MBC: Minimum Bactericidal Concentration
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