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ABSTRACT 

Biofilm formation is an important virulence factor of Staphylococcus epidermidis. However, little is known about the 
mechanisms of staphylococcal biofilm dispersal. In the present study, we investigated biofilm dispersal of the model 
biofilm-forming strain S. epidermidis RP62A under oligotrophic stress conditions. We found that oligotrophic stress led 
to rapid dispersal of pre-formed biofilms and concomitant changes in the composition of the extracellular matrix, in- 
cluding a decrease in poly-N-acetylglucosamine polysaccharide and an increase in proteins. Our results suggest that 
modifications in biofilm integrity caused by compositional changes in the biofilm matrix can induce biofilm dispersal. 
 
Keywords: Staphylococcus epidermidis; Biofilm Composition; Detachment; Nutrient Limitation 

1. Introduction 

Staphylococcus epidermidis is a major cause of indwell- 
ing medical device infections [1]. The persistence of such 
infections is due to the ability of infecting bacteria to 
adhere to the surface of artificial devices and to form 
multilayered cell clusters known as biofilms [2]. Adher- 
ent or sessile bacteria, embedded in a polymeric biofilm 
matrix, are more resistant to conventional antimicrobial 
agents and host defenses than free-living planktonic cells. 
Biofilm cells are capable of persisting in the presence of 
antimicrobials at concentrations that are up to 1000-fold 
higher than those necessary to eradicate a planktonic 
population [3]. Biofilm-associated bacteria are difficult 
to eradicate, and removal of the infected device is often 
required for an efficient treatment of biofilm infection. 

Several studies have investigated the composition of 
the S. epidermidis biofilm matrix, which was found to 
contain poly-β-(1,6)-N-acetylglucosamine (Polysaccha- 
ride Intercellular Adhesin, PIA) polysaccharide, proteins, 
and teichoic acids [4,5]. PIA, which mediates cell-to-cell 
adhesion, is considered to be the major functional com- 
ponent in S. epidermidis biofilms [2,6]. Recent data sug-  

gest that S. epidermidis does not produce enzymes that 
degrade PIA [7,8]. Some S. epidermidis strains are able 
to produce biofilms not containing PIA [9]. However 
these biofilms are less adherent than PIA-dependent 
biofilms (unpublished data). PIA-independent biofilm 
formation was shown to rely on the expression of the 
accumulation-associated protein (AAP) [10]. 

The detachment and dispersal of bacterial cells from 
biofilms is a strategy by which bacteria colonize new 
niches when space and nutrients become limiting for 
growth [11]. Nutrient starvation has been shown to in- 
duce detachment of biofilms produced by Pseudomonas 
aeruginosa [12], P. fluorescens [13], P. putida [14] and 
Aeromonas hydrophila [15]. Glucose depletion can dis- 
perse a Staphylococcus aureus biofilm [16]. Jäger et al. 
[17] showed that S. epidermidis biofilms undergo a 
gradual disintegration over a period of seven-day when 
challenged with low-glucose medium or phosphate buff- 
ered saline. However, none of these studies explain the 
mechanism of starvation-induced biofilm detachment. 

In the present study, we investigated biofilm detach- 
ment and the evolution of the biofilm matrix composition 
under oligotrophic stress conditions in the model strain S. 
epidermidis RP62A. We observed rapid biofilm dispersal 
and significant changes in the relative amounts of PIA *Corresponding author. 
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and proteins in the biofilm matrix under nutrient starve- 
tion conditions, suggesting that compositional changes in 
the biofilm matrix can result in biofilm dispersal. 

2. Material and Methods 

2.1. Bacterial Strains and Media 

S. epidermidis RP62A was kindly provided by Prof. Ge- 
rald Pier (Harvard Medical School, Boston, MA). Bacte- 
ria were stored at –20˚C in 15% (v/v) glycerol. 

S. epidermidis RP62A was cultivated in two different 
media: 1) an oligotrophic carbon-starved medium (OM) 
developed in our laboratory: 50 mL mineral base (2 g·L–1 
glutamic acid, 0.2 g·L–1 MgSO4, 0.01 g·L–1 NaCl, 0.5 
mg·L–1 FeCl2, 1 mg·L–1 MnSO4), 50 mL yeast extract (2 
g·L–1), 62.5 mL acid-hydrolyzed casein (20 g·L–1), 5 mL 
vitamin B1 (thiamine; 0.1 mg·mL–1), and 832.5 mL 
phosphate buffer (100 mM, pH 7); or 2) Tryptic Soy 
broth (TSB; Becton Dickinson, Le Pont de Claix, 
France). 

2.2. Growth and Survival Studies 

Bacteria were grown in TSB, supplemented with 1% 
glucose (w/v) for 18 h at 37˚C with shaking. Cultures 
were then diluted at 1% in fresh TSB or OM medium. 
The cultures were incubated at 37˚C with shaking and the 
absorbance was measured after increasing amounts of 
time in a Heλios β spectrophotometer (Fischer) set to 600 
nm. 

To study bacterial survival, overnight cultures were 
diluted in fresh TSB to an A600 of 1. Ten mL of this sus- 
pension was harvested by centrifugation at 4000 × g. The 
pellet was suspended in 50 mL of fresh medium and in-
cubated at 37˚C with shaking. At 0, 3 and 24 h, 500 μL 
of the cell suspension was removed and then serially di-
luted at 1:10 into 0.9% NaCl (w/v). The 10–5, 10–6, 10–7 
dilutions were spread in duplicate onto Tryptic Soy agar 
plates using 5 mm-diameter glass beads. The plates were 
incubated for 24 h at 37˚C, and CFUs were enumerated 
to calculate the percentage of survival. 

2.3. Biofilm Quantification 

To quantify biofilms, the methods of Christensen et al. 
[18] with some modifications were used. Briefly, an 
overnight planktonic culture was diluted 1:100 into fresh 
TSB medium containing 1% glucose. Wells of polysty- 
rene tissue culture-treated 96-well microtiter plates (Nun- 
clon, Nunc) were filled with 200 μL aliquots of inoculum, 
and the plate was incubated for 24 h at 37˚C with gentle 
shaking for biofilm formation. After this incubation step, 
TSB was replaced with fresh TSB or OM medium. After 
increasing amounts of time, the biofilms were washed 
twice with 200 μL of 0.9% NaCl and dried at 55˚C for 45 

min. The adherent cells were stained with 200 μL of 
0.5% safranin for 10 min and rinsed again with 0.9% 
NaCl. One hundred µL of 0.9% NaCl per well was added, 
and the absorbance was measured using a μQuant micro- 
titer plate reader (Bio-Tek Instruments, Winooski, USA) 
set to 531 nm. For each experiment, background staining 
was corrected by subtracting the A531 value of safranin 
bound to non-inoculated controls. Each experiment was 
performed at least three times. 

2.4. Quantification of PIA and Protein in the 
Biofilm Matrix 

An overnight planktonic culture was diluted 1:100 into 
fresh TSB medium containing 1% glucose. Tissue-cul- 
ture-treated Petri dishes (100-mm-diam; Greiner) were 
filled with 20 mL aliquots of inoculum, and the culture 
was incubated statically for 24 h at 37˚C. 

For quantification of PIA and protein in the biofilm 
matrix TSB was removed and replaced by fresh TBS or 
OM medium. At 0, 3, 6 and 24 h, the supernatant was 
removed, and the biofilm was washed with 5 mL of 0.9% 
NaCl. The biofilm was completely removed from the 
plastic surface by gentle scraping in the presence of 25 
ng/mL of the PIA-degrading enzyme dispersin B [19] in 
5 mL of 0.9% NaCl. The biofilm was then homogenized 
and aliquots of the suspension were used for CFU enu- 
meration. Cells were then removed from the remaining 
suspension by centrifugation (5000 × g, 10 min, 4˚C), 
and the supernatant was assayed for protein using a Bio- 
Rad colorimetric assay, and for aminosugars using a 
Morgan-Elson assay [20], with bovine serum albumin 
and GlcNAc as standards, respectively. 

For studying PIA degradation during an oligotrophic 
stress, biofilm cells were treated immediately in the con- 
trol experiment and in biofilm dispersal experiment after 
3 h of incubation at 37˚C. The biofilm was completely 
removed from the plastic surface by gentle scraping, the 
culture was transferred into a plastic container, and soni- 
cated on ice (IKASONIC sonicator; 50% amplitude, cy- 
cle 0.5, 3 times for 30 s; IKA Labortechnik, Staufen, 
Germany). Cells were removed by centrifugation and the 
supernatant clarified by additional centrifugation (10.000 
g, 10 min, 4˚C). The extract was applied to a Sephadex 
G-50 column (1 × 40 cm), eluted with acetic acid (1%). 
Aliquots of each 2 mL fraction were screened for ami- 
nosugars using a Morgan-Elson assay [20], and the cor- 
responding elution profiles were compared. 

3. Results and Discussion 

3.1. Impact of Oligotrophic Stress on Growth of 
Staphylococcus epidermidis 

Before we could evaluate the effect of oligotrophic con- 
ditions on biofilms, we established the composition of a 
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low-carbon medium which does not induce bacterial 
growth but preserves 100% survival. We considered that 
these conditions resulting in impaired growth rate can be 
defined as an oligotrophic stress. Since S. epidermidis is 
polyauxotrophic, a mineral medium supplemented with 
minimal amount of yeast and casein extract (oligotrophic 
medium, OM) was tested. S. epidermidis RP62A grown 
for 24 h at 37˚C in OM showed only few cellular 
divisions, with maximum growth rate µ = 0.3, compared 
to µ = 1.46 in TSB (data not shown). To ensure that 
bacteria in OM medium were carbon-starved, we added 
glucose (0.5% w/v) at various times during the first 24 h 
of culture. In all cases, the bacterial growth started 
immediately (data not shown). To evaluate bacterial 
survival, we quantified the number of CFUs after 0, 3, 6 
and 24 h in OM at 37˚C. The survival rates remained 
close to 100%. Based on these data, we concluded that 
bacterial cells in OM medium were stressed by nutrient- 
starvation, and we tested this effect on S. epidermidis 
biofilms. 

3.2. Biofilm Detachment by Nutritive Stress 

In order to test the effect of nutritive stress on S. epider- 
midis RP62A biofilms, bacteria were grown in polysty- 
rene 96-well microtiter plates. Once biofilm formed, TSB 
was replaced with fresh TSB or OM medium and cul- 
tures were incubated for 24 h at 373˚C. The evolution of 
biofilm was quantified colorimetrically at different incu- 
bation times. The results of this experiment clearly 
showed that the substitution of the rich medium with the 
oligotrophic one lead to a significant reduction of biofilm 
(Figure 1(a)), especially during the first 3 h of nutrient 
limitation. In the unchanged medium, the amount of 
biofilm remained stable (Figure 1(a)) indicating that the 
observed biofilm reduction was not due to turgor, turbu- 
lence or shock of replacing media. These results suggest 
that the nutritive stress caused by the OM medium in- 
duced the detachment of S. epidermidis RP62A cells 
from the biofilm. 

3.3. Evolution of Biofilm Matrix Composition 
under Conditions of Nutrient Stress 

It is known that biofilm matrix of S. epidermidis RP62A 
contains a significant amount of a poly-β-(1,6)-N-ace- 
tylglucosamine polysaccharide (PIA) and proteins [5,6]. 
We measured the amount of aminosugars and proteins in 
the matrix of S. epidermidis RP62A biofilms subjected or 
not to oligotrophic stress. Biofilms were grown on the 
surfaces of tissue-culture-treated Petri dishes and sub- 
jected to nutritive stress as described above for the 96- 
wells microtiter plates. After increasing amounts of time, 
biofilm cells were detached, the matrix was homogenized 
by treatment with dispersin B, and amino-sugars and 

 
(a) 

 
(b) 

Figure 1. Oligotrophic stress response of 24-h-old S. epi-
dermidis RP62A biofilms. (a) Biofilms were treated with 
fresh TSB (■) or oligotrophic medium (OM) (□) for 3, 6 or 
24 h at 37˚C and then rinsed and stained with safranin; (b) 
Ratio of µg PIA/µg protein per CFU in TSB (■) and oli- 
gotrophic medium (OM) (□). 
 
proteins were quantified by colorimetric methods. 

Since PIA is considered as the major aminosugar con- 
taining component of S. epidermidis RP62A biofilm ma- 
trix under these experimental conditions, and extracellu- 
lar teichoic acid (EC TA) contains much smaller amount 
of GlcNAc [5], we estimated that quantity of amino- 
sugars in biofilm matrix correlates with the quantity of 
PIA. 

Following oligotrophic stress, the amount of amino- 
sugar decreased over time while the amount of protein 
increased. The ratio of aminosugar to protein (Figure 
1(b)) correlated with the amount of biofilm dispersal 
(Figure 1(a)). In the control without nutritive stress the 
amounts of aminosugar and protein increased, thus the 
ratio of aminosugar to protein remained stable over the  
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Figure 2. Elution profiles of extracellular extract of S. epidermidis RP62A before (■) and after (□) an oligotrophic stress. 
Aliquots of each 2 mL fraction were assessed for amino-sugar. 
 
time (Figure 1(b)). 

The observed changes in chemical composition of the 
S. epidermidis biofilm matrix under nutrient-limiting 
conditions are in agreement with previous studies on 
regulation of biofilm formation by S. epidermidis [17]. 
Activity of the alternative sigma factor σB, the key in- 
ductor of genes to adapt to environmental stress, is im- 
portant for PIA-dependent biofilm formation in S. epi- 
dermidis, and σB mutants do not synthesize PIA, which 
results in decreased autoaggregation and biofilm forma- 
tion [21]. It was previously shown that stability of S. 
epidermidis biofilms under glucose-limiting conditions 
depended on the activity of the alternative sigma factor 
σB [17]. Dispersal of the biofilm during nutritive stress, 
therefore, could be related to regulation in the synthesis 
of PIA. 

In an attempt to better understand the molecular 
mechanisms of the observed biofilm dispersal, we tested 
if PIA was degraded during the oligotrophic stress. We 
compared the chromatographic profiles of the extracellu- 
lar extract before and after an oligotrophic stress on a 
Sephadex G-50 gel-filtration column, with the colorimet- 
ric screening of fractions for aminosugars. The two elu- 
tion profiles were similar (Figure 2), indicating that mo- 
lecular weight (MW) distribution of aminosugar-con- 
taining polymers did not change following the oligotro- 
phic stress. 

We therefore concluded that the observed biofilm dis- 
persal during an oligotrophic stress was not due to a spe- 
cific enzymatic degradation of PIA. These data are in 
agreement with previous studies [7,8] showing that the 
dispersal of S. epidermidis biofilm was not due to a 
synthesis of a PIA degrading enzyme. 

4. Conclusion 

In conclusion, our findings provide evidence that a de- 
crease in the amount of aminosugar and increase in the 
amount of protein in the S. epidermidis biofilm matrix 
under nutritive stress conditions can lead to a lower cell- 
to-cell adhesion and thus facilitate a release of bacterial 
cells into the environment. Understanding mechanisms of 

biofilm dispersal could lead to the development of clini- 
cally useful agents that promote biofilm detachment and 
thus contribute to a successful treatment of chronic bio- 
film-related infections. 
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