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The formation of biofilm is a universal bacterial survival strategy. Biofilms occur on inert and living support in the
natural environment and in industrial installations. This microenvironment leads to the horizontal transfer of genet-
ic material between bacteria by physical contact.
In order to evaluate the relationship between biofilm-forming capabilities, surface characteristics and plasmid con-
tent we purified from Salmonella a plasmid conferring resistance to cephalosporin and transferred it by electro-
poration to E.coli DH10B originally unable to form biofilm in inert surface. We demonstrated the association between
a plasmid conferring resistance to expanded-spectrum cephalosporin and biofilm formation. We also noted that
this plasmid influences the cell surface properties and cell motility.
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INTRODUCTION

The majority of bacteria living in the natural envi-
ronment are commonly associated with surfaces 
(Costerton et al., 1987). This organization of sur-
face-associated microbial communities forming
microcolonies is surrounded by a matrix of
exopolymers called biofilm (Costerton et al.,
1995). Bacteria growing as a biofilm develop sig-
nificant phenotypical, biochemical and mor-
phological differences from their planktonic
counterparts. In particular the most difficult
properties of biofilm bacteria are their extreme
resistance to treatment with biocides and deter-

gents and their high tolerance of prolonged
antibiotic therapy in human infections (Stewart
and Costerton, 2001). It is now well document-
ed that biofilms may form on a wide variety of
surfaces, including living tissues, in-dwelling
medical devices, industrial areas, potable water
system piping, or natural aquatic systems
(Carpentier and Cerf, 1993).
Bacterial adherence and biofilm formation are
strongly influenced by the nutritional environ-
ment and are dependent on motility structures
such as flagella and pili. These structures con-
tribute to bringing cells together to surfaces. (Wall
and Kaisser, 1999, Faille et al., 2002). Previous
work have shown that exopolysaccharide (EPS)
synthesis is induced upon attachment of bacte-
ria to surfaces (Danese et al., 2000., Davies and
Geesey, 1995, Prigent-Combaret et al., 1999).
Studies on gram-negative and gram-positive
organisms revealed that EPS is required for ini-
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tial attachment to surfaces (McKenny et al., 1998,
Watnick and Kolter, 1999). Bacteria growing as
biofilm produce a repertoire of virulence factors
including lipases, proteases, exoploysaccha-
rides, alkaline phosphatases and type IV pili.
(Beatson et al., 2002). These factors are also impli-
cated in complex virulence phenotypes such as
twitching, swimming and swarming (O’Tool and
Kolter, 1998, Deziel et al., 2001).
The identification and characterization of a gene
required for biofilm development and motility
structures were reported in many organisms
(Bechet and Blondeau, 2003, Rashid et al., 2000,
Zhiying et al., 2004). It has also been reported that
natural conjugative plasmids induce bacterial
biofilm development (Ghigo, 2001). The differ-
ential expression of a large number of genes is
known to occur in the initial steps of biofilm for-
mation. (O’Tool and Kolter, 1998, Pratt and Kolter,
1998). These genes can be carried by plasmids
and can exchange with bacteria to modify their
behaviour to adapt, survive and initiate a biofilm
when environmental conditions change.
Now it is well documented that most pathogenic
bacteria in natural, industrial and medical
habitats grow as recognized biofilm communi-
ties such as salmonella spp that are recognized
as some of the most common pathogens caus-
ing enteritis worldwide which is normally relat-
ed to unhealthy sanitary conditions (Kingsley and
Baumler, 2000).
Many studies have illustrated that the routine use
of antibiotics in medical and agricultural circles
has resulted in widespread antibiotic resistance and
the development of genetic mechanisms efficient
for the dissemination of antibiotic gene cassettes,
especially within and between species of gram neg-
ative organisms (Briggs and Fratamico, 1999).
The present work was undertaken to gather infor-
mation on plasmid carrying cephalosporin
resistance in salmonella and its association with
adhesion and biofilm formation. In fact, in indus-
trial processes or in food contact surfaces, sal-
monella like other bacteria can persist and estab-
lish plasmid transfer to sessile bacteria which can
cause severe problems for clinicians and hygien-
ists. 
This paper reports the phenotypic modification
of transformant generated by electroporation of
E.coli DH10B using a plasmid purified from
Salmonella isolated from food. We show that in

addition to cephalosporin resistance this plasmid
expresses factors favouring the access of E.coli
originally enable to form biofilm in inert surface
to establish biofilm communities. The factors
implicated in the surface characteristics and cell
motility were also investigated.

MATERIALS AND METHODS

Bacterial strains and growth conditions
Bacteria used in this study were E.coli DH10B
and Salmonella spp resistant to cephalosporin
which was isolated from a ground meat.
Tim1 was originally an E.coli transformant
obtained by electroporation of E.coli DH10B by
a plasmid conferring resistance to cephalosporin
purified from salmonella.
The bacteria were routinely grown aerobically
at 37°C on Luria Bertani (L B) medium.

Plasmid Extraction
Plasmid preparation was done following the pro-
tocol described by Takahashi and Nagano (1984).

Transformation by electroporation
Approximately 400 ng of plasmid DNA were
mixed with 100 µl of electrocompetent cells pre-
pared by the protocol of Sambrook et al., (1989)
and the mixture was transferred to a 2 mm gap
width electroporation cuvette. After applying a
pulse (Settings: 25 µF; 200 Ω; 2,5 kV on a Bio-
Rad Gene PulserTM; Bio-Rad), 1 ml of room tem-
perature LB medium was added at once, cells
were transferred to a small glass tube and shak-
en for 2 h at 37°C. The cells were then harvest-
ed in a microcentrifuge tube. A total of 900 µl
of supernatant was discarded and the cell pel-
let was resuspended in the residual medium. The
entire mixture was then plated on LB +
Ceftazidime (20 µg /ml) plate. The plates were
incubated for 24 h at 37°C. Controls included cells
pulsed without added plasmid DNA.

Biofilm assays
Biofilm assays were carried out using 96-well
microtiter dishes using the O’Toole et al. (1999)
method. Every experiment was performed in trip-
licate at least three times to confirm the results.
Microtiter dishes were covered with a plastic box
to prevent evaporation.
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Attached cells were visualized after removing the
nonadherant bacteria by recurrent washing,
staining the wells with 1.0% Cristal Violet for 20
min and rinsing the wells three times with water.
Biomass of attached cells (Biofilm) was estimated
by solubilisation of the dye in 2 ml of 95%
ethanol. The absorbance was measured at 600
nm with a microplate reader PR2100 (Sanofi
Diagnostics Pasteur).

Surface characteristics of bacteria cells
Hydrophobic and Lewis acid-base properties of
bacteria were assessed by the partitioning method
previously described by Bellon-Fontaine et al.
(1996). This method is based on comparing micro-
bial cell affinity to a polar solvent and microbial
cell affinity to nonpolar solvent. The polar solvent
can be an electron acceptor or an electron donor,
but both solvents must have similar van Der Waals
surface tension components. The following pairs
of solvents were used: chloroform (electron
acceptor solvent), hexadecane (Apolar solvent) and
ethyl acetate (electron donor solvent) and decane
(Apolar solvent). Due to the surface tension prop-
erties of these solvents, differences between the
results obtained with chloroform and hexadecane
on the one hand, and between ethyl acetate and
decane on the other hand would indicate the elec-
tron donor and the electron acceptor character of
the bacterial surface respectively. The hydropho-
bic (or hydrophilic) character was estimated by
the affinity for apolar solvents.
Experimentally, bacteria were suspended to an
optical density of 0.6 at 600 nm (A0). 2.4 ml of
bacterial suspension was vortexed for 30 s with
0.5 ml of the solvent. The mixture was allowed
to stand for 30 min to ensure complete separa-
tion of the two phases. The optical density at 600
nm of water phase was then measured using a
spectrophotometer. The percentage of cells
present in each solvent was calculated using the
equation: % Affinity = 100 x (1-A/A0) where A0
is the optical density at 600 nm of the bacterial
suspension before mixing and A is the optical
density at 600 nm of the bacteria suspension after
mixing.

Motility assays
Swimming: Trypton swim plates (1% trypton,
0.5% NaCl, 0.3% agar) were inoculated with bac-
teria from an overnight culture in LB agar (1.5%

wt/v) plates at 37°C with a sterile toothpick and
incubated for 16 to 24 h at 37°C. Motility was
then assessed qualitatively by examining the cir-
cular turbid zone formed by the bacterial cells
migrating away from the point of inoculation. 
Swarming: media used for assay consisted of
0.5% Difco bacto agar with 8 g/liter Difco nutri-
ent broth, to which 5 g/liter glucose were added.
Swarm plates were dried overnight at room tem-
perature. Cells were point inoculated with a ster-
ile toothpick and the plates incubated at 37°C for
24h.
Twitching: cells were stab inoculated with a
toothpick through a thin LB agar layer (1% agar)
to the bottom of the petri dish. After incubation
for 24 to 48 h at 37°C, a hazy zone of growth
was observed at the interface between the agar
and the polystyrene surface. The ability of bac-
teria to adhere and form biofilm on the poly-
styrene surface was then examined by remov-
ing the agar, washing unattached cells and stain-
ing the attached cells with crystal violet (1% solu-
tion).

Statistical analysis
Differences in adherence, biofilm formation and
surface properties between wild-type E.coli
DH10B and electrotransformant strain Tim1 were
analysed by Student’s t test with Microsoft Excel
software.

RESULTS

Isolation of Tim1 Transformant
Plasmids are among the mobile genetic elements
which participate in the dissemination of antibi-
otic resistance and their transfer leads to a change
in the ecological character of bacterial species
(Ghigo, 2001).
To assess the relationship between plasmid con-
tent of bacteria and biofilm-forming capabilities
we generated transformants of E.coli DH10B, a
classical strain which does not colonize inert sur-
face. After electroporation of E.coli DH10B with
plasmid associated with resistance to
cephalosporin purified from natural Salmonella
we generated adherent transformant which
forms a thick biofilm visible with the naked eye
on the walls of glass test tubes (data not shown).
Among transformants one clone named Tim1
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resistant to cephalosporins exhibits a strong and
rapid adherence on glass.
Figure 1 shows a plasmid profile of Salmonella
and a transformant Tim1. Plasmid bearing
adherence character has a high molecular
weight (Superior to 125 Kb). Previous works have
reported that plasmids of high molecular weight
were implicated in resistance to cephalosporins
(Carattoli et al., 2002, Rankin et al., 2002).

Biofilm formation by Tim1
Escherichia coli DH10B and its transformant
Tim1 were grown in LB broth in polystyrene
wells. After 6 h of growth in static conditions the
planktonic cells were removed by vigorous rins-
ing with water and the extent of biofilm forma-
tion of strains was analyzed macroscopically by
staining with crystal violet. Figure 2 showed that
the wild type strain E.coli DH10B did not form
a detectable biofilm comparatively to its trans-
formant Tim1 which forms the best biofilm on

polystyrene in LB broth. This observation indi-
cates that natural plasmid expressed factors that
induced planktonic E.coli to form a biofilm. This
result is in agreement with Ghigo who reported
that a conjugative plasmid of natural population
of gram negative bacteria are implicated in the
biofilm formation process.

Kinetics of biofilm formation
The dynamics of biofilm formation was measured
for the three strains by culturing them in nonag-
itated microtiter dishes. As shown in figure 3, the
wild type strain did not form a significant biofilm
even after 8 h of incubation. In contrast the Tim1
transformant quickly adhered and formed a dense
biofilm within a few hours. The biofilm formed
by Tim1 then rapidly dispersed, probably fol-
lowing exhaustion of the growth substrate.

Hydrophobicity and Lewis acid-base
properties of cell surface
Hydrophobicity: the two nonpolar solvents hexa-
decane and decane were used to estimate the cell
surface hydrophobicity of Salmonella, E. coli
DH10B and Tim1 transformant. Bacterial affin-
ity to the two nonpolar solvents is presented in
table 1.
The affinity of Salmonella and transformant
strains was high to the two nonpolar solvents.
These results demonstrated that both strains
exhibited a relative hydrophobic property. In con-
trast the affinity of E. coli DH10B to the two sol-
vents was very low. This result shows that this
strain is very hydrophilic.
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FIGURE 1 - Photograph of 0.8% agarose gel elec-
trophoresis with lanes showing (M) mixture of RP4
(54 kb) and pIP 173 (125 kb) plasmids as reference
molecular mass markers; (1) plasmid content of
Salmonella and (2): plasmid content of Tim1, trans-
formant generated by electroporation of E. Coli DH10B
with plasmid purified from Salmonella. The arrow indi-
cates the chromosomal DNA.

FIGURE 2 - Biofilm formation in the wells of a poly-
styrene microtiter plate. The wells contained E. coli AL52
(A) a negative control, Salmonella (B), E. coli DH10B
(C), Tim1 (D) and Pseudomonas aeruginosa ATCC 27853
(E) a positive control. After overnight incubation at 30°C,
the wells were rinsed out and stained with crystal vio-
let. The biofilm is concentrated at the interface
between the air and the liquid medium (arrow).



Lewis acid–base properties: the four solvents: chlo-
roform, hexadecane, ethyl acetate and decane
were used to estimate the Lewis acid–base prop-
erties (i.e. electron donor/electron acceptor
character). The results are presented in table 2.
The affinity of all bacteria was higher with chlo-
roform (an electron acceptor solvent) than with
hexadecane (nonpolar solvent) indicating the
electron donor character of these bacteria.
According to table 2, the cells of E. coli DH10B
adhered more to the ethyl acetate (an electron
donor) than to decane (nonpolar solvent) show-

ing that this strain exhibits an electron acceptor
character (acid). In contrast, the affinity of Tim1
transformant and Salmonella was lower with ethyl
acetate than with decane indicating that no elec-
tron acceptor was exhibited by these strains.
The results obtained in this study (Tables 1 and
2) show that the cell surface hydrophobicity and
the Lewis acid-base properties of E. coli DH10B
were modified when the plasmid of Salmonella
was transferred to this strain. This result shows
that the E. coli DH10B became hydrophobic and
the electron donor/ electron acceptor decreased
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FIGURE 3 - Kinetics of biofilm formation. E. coli DH10B (•), Salmonella (s) and Tim1 (n). Strains were culti-
vated in polystyrene plates at 37°C without agitation. At the indicated time intervals samples were harvested
to determine growth (A) and biofilm formation after crystal violet staining (B) as described in material and
methods. (Error bars show standard deviations).

TABLE 1 - The cell surface hydrophobicity of Salmonella, E. coli DH10B and the Transformant Tim1
(Average ± Standard deviation n=3)

Strains % affinity to hexadecane % affinity to decane

Salmonella 41.6 (± 1.9) 59.4 (± 1.5)

E. coli DH10B 3.6 (± 0.4) 4.3 (± 0.7)

Transformant (Tim1) 62.1 (± 1.9) 81.9 (± 2.9)



when the plasmid of Salmonella was transferred
to this strain.

Cell motilities
A comparative study of the behaviour of the three
strains was done. We obtained that swarming
motilities (generated by lateral flagella) charac-
terized by a migration of the bacteria away from
the point of inoculation on agar plates were
observed for the Tim1 transformant and
Salmonella, but the E.coli DH10B remained near
the point of inoculation and did not show a
swarming motility (Figure 4.1). Swimming
motility due to the presence of polar flagella was
also detected for Tim1 transformant and
Salmonella on a swimming plate but this phe-
notype was not observed in E.coli DH10B
(Figure: 4.2). Another phenomenon, twitching
correlated with the presence of functional polar
pili was investigated for the three strains. The
results did not show a difference between
Salmonella, E.coli DH10B and its transformant.
In fact, the zone of spreading growth between

the agar and the bottom of the petri dish which
is typical of twitching motility was very limited
and less prominent than the spreading zone
occurring at the agar surface, even after pro-
longed incubation (Figure 4.3).

DISCUSSION

Biofilm is the prevailing microbial lifestyle of
most bacteria, and is ideally suited to exchange
by conjugation of genetic material of various ori-
gins. Generally the mechanisms involved in the
resistance of biofilm bacteria to antimicrobials
are complex and still not fully understood, but
the problem increases when bacteria have a plas-
mid carrying direct resistance to antibiotics and
able to form biofilms. The aim of this work was
to elucidate the relationship between plasmids
bearing cephalosporin resistance and biofilm for-
mation. 
The rate of conjugation in biofilm is 1000 fold
higher than that determined by classical plating
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TABLE 2 - Lewis acid-base properties of the cell surface (Average ± Standard deviation n=3).

Strains % Affinity with % Affinity with % Affinity with % Affinity with Electron Electron
chloroform hexadecane ethyl acetate decane donor acceptor

Salmonella 75.4 (± 5.8) 41.6 (± 1.9) 38.2 (± 2.1) 59.4 (± 1.5) 34.0 0

E.coli DH10B 80.1 (± 2.1) 3.6 (± 0.4) 27.4 (± 3.0) 4.3 (± 0.7) 76.5 23.1

Transformant (Tim1) 85.0 (± 1.8) 62.1 (± 1.9) 76.7 (± 3.2) 81.9 (± 2.9) 22.9 0

FIGURE 4 - Comparison of motility phenotypes of E. coli DH10B (a), Tim1 (b) and Salmonella (c) 1: Swarming
motility on a 0.5% agar plate; 2: Swimming motility on a tryptone swim plate (0.3% agar); 3: Twitching motil-
ity observed after crystal violet staining of cells that remained attached to the polystyrene surface after remov-
ing the agar layer and washing with water.



techniques (Hausner and Wuertz, 1999).
Previous works have reported a relationship
between biofilm forming capabilities and antibi-
otic resistant phenotypes. Delissalde and
Amabile-Cuevas, (2004) found that strains of
Pseudomonas aeruginosa which produce biofilms
are slightly more resistant to antibiotics. On the
other hand, no relationship was observed
between plasmid resistance and biofilm forma-
tion. Our work shows the direct implication of
plasmid conferring resistance to expanded-
spectrum cephalosporin in bacterial attachment
and biofilm formation. We also investigated the
relationship between this plasmid and the cell
surface structures by studying the cell motilities
and physicochemical properties.
After electroporation experiments, we observed
that the Tim1 transformant exhibits biofilm for-
mation properties in addition to expanded
spectrum cephalosporin resistance. This result
suggests that in addition to antibiotic resistance,
this plasmid also contains gene(s) involved in
biofilm formation.
It has been already reported that resistance to
cephalosporin in enterobacteria was encoded on
large plasmids with a molecular weight ranging
from 20 to 160 kb (Carattoli et al., 2002, Rankin
et al., 2002). It was also demonstrated that plas-
mids from different incompatibility groups led
to a biofilm and that the induction of biofilm for-
mation is not restricted to a specific incompat-
ibility group nor to a specific type of pili (Ghigo,
2001). Our study also reports that a plasmid larg-
er than 125 kb confers resistance to
cephalosporins and bears biofilm properties.
Concerning the surface properties of Salmonella,
E. coli DH10B and transformant Tim1, the results
show that E. coli DH10B carried the hydropho-
bicity and the electron donor/ electron acceptor
character of Salmonella when the plasmid of this
strain was transferred to E. coli DH10B. The
transfer of the Salmonella plasmid to E. coli
DH10B could indicate that these strains could
be closely genetically related. Giovannacci et al.
(2000) demonstrated that three strains of genet-
ically related Listeria monocytogenes exhibited
similar surface properties. (Reid et al. 1999) also
demonstrated a correlation between the genet-
ic and physico-chemical surface characteristics
of strains of Lactobacillus rhamnosus. So, the sim-
ilar surface properties observed for Salmonella

and the transformant Tim1 could be explained
by the fact that these strains are genetically relat-
ed. Many works showed that strains containing
plasmids adhered better than similar strains with-
out plasmids. (Reid et al., 1999, Tewari et al.,
1985). But so far no work has confirmed the spe-
cific correlation between plasmid content and
physicochemical surface characteristics. A pre-
vious study of a collection of Staphylococci iden-
tified two pairs which had pair-wise different
plasmid profiles (Busscher et al., 1994). In that
study, a hierarchical cluster analysis based
upon squared euclidian distances revealed that
a 56 kb plasmid might be involved in the mod-
ulation of cell surface hydrophobicity. In our
work we report the transfer of the plasmid to a
strain which is originally unable to adhere to inert
surface and thereby confirm the specific corre-
lation between plasmid content and cell surface
properties. 
Our results suggest that our plasmid may be
involved in extracellular structures which have
been described in many bacteria as essential for
interaction with inert surfaces and biofilm for-
mation such as type IV pili in Pseudomonas
aeruginosa (O’Tool and Kolter, 1998), thin
aggregative fimbriae (SEF 17) in Salmonella
(Austin et al., 1998), type 1 pili and curli in E.Coli
(Pratt and Kolter, 1998, Prigent et al., 2000), SSP
adhesin in Staphylococcus epidermis (Hellman et
al., 1997, Timmerman et al.,1991 ) and type 3 pili
in Klebsiella pneumoniae (Di Martino et al., 2003).
Our results also indicate that the plasmid stud-
ied contributes to the synthesis of flagella. In fact,
it has been reported in many work that two dif-
ferent types of motility are mediated by flagel-
la. In addition to swimming motility in liquid,
flagella mediated swarming motility on solid sur-
faces or in viscous conditions. Several studies
have reported that those types of motility con-
tribute to bacterial colonization of host cell sur-
faces or abiotic surfaces, and play a significant
role in biofilm formation (Kirov, 2003). Hence
it is reasonable to think that biofilm formation
is a consequence of bacterial motility: surface col-
onization is initiated by the attachment of indi-
vidual cells to a surface (swimming by polar fla-
gella) followed by their surface migration
(twitching and/or swarming), replication to
form microcolonies and quorum sensing regu-
lated differentiation into the mature biofilm.
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O’Toole and Kolter (1989) confirmed the role of
these flagella by reporting that the non biofilm
forming mutant isolated from Pseudomonas
aeruginosa and E.coli were defective in flagellar-
mediated motility.
Several studies in our laboratory are now in
progress cloning and sequencing to character-
ize the region of our plasmid supplying aggrega-
tive properties that stimulate biofilm formation.
The spread of strains with such plasmid may have
serious clinical consequences, since expanded-
spectrum cephalosporins are the antibiotics of
choice for invasive Salmonella infections in chil-
dren. In addition, plasmid transfer shows
increased efficiency in the biofilm population rel-
ative to planktonic population. This may con-
tribute to increased contamination of different
origins in several sectors since bacteria in
biofilm are more resistant to disinfectant than
bacteria living in the planktonic population.
In conclusion, we think that the identified plas-
mid deserves extensive study such as a subcloning
of the gene implicated in adhesion and estab-
lishment of the relationship between this gene
and multiple fimbrial adhesins especially as many
works report a close relationship between viru-
lence and adhesion of Salmonella to intestinal
mucosa.

REFERENCES

AUSTIN, J.W., SANDERS, G., KAY, W.W., AND COLLINSON,
S.K. (1998). Thin aggregative fimbriae enhance
Salmonella enteritidis biofilm formation. FEMS
Microbiology Letters. 162, 295-301.

BEATSON, S.A., WHITCHURCH, C.B., SARGENT, J.L.,
LEVESQUE, R.C., AND MATTICK, J.S. (2002).
Differential regulation of twitching motility and
elastase production by Vfr in Pseudomonas aerug-
inosa. Journal of Bacteriology. 184, 3605-3613.

BECHET, M., AND BLONDEAU, R. (2003). Factors asso-
ciated with the adherence and biofilm formation
by Aeromonas caviae on glass surfaces. Journal of
Applied Microbiology. 94, 1072-1076

BELLON-FONTAINE, M-N., RAULT,J., AND VAN OSS, C.J.
(1996). Microbial Adhesion to solvent: a novel
method to determine the electron-donor/electron-
acceptor or Lewis acid-base properties of micro-
bial cells. Colloids and Surfaces B: Biointerfaces. 7,
47-53.

BRIGGS, C.E., AND FRATAMICO, P.M. (1999). Molecular
characterization of an antibiotic resistance gene clus-

ter of Salmonella typhimirium DT104. Antimicrobial
Agents and Chemotherapy. 43, 846 - 849.

BUSSCHER, H.J., BIALKOWSKA-HOBRZANSKA, H., REID, G.,
VAN DER KUIJL-BOOIJ, M, AND VAN DER MEI, H.C.
(1994). Physicochemical characteristics of two pairs
of coagulase-negative staphylococcal isolates with
different plasmid profiles. Colloids and Surfaces B:
Biointerfaces. 2, 73-82.

CARATTOLI, A., TOSINI, F., GILES, W.P., RUPP, M.E.,
HINRICHS, S.H., ANGULO, F.J., BARRETT T.J., AND FEY,
P.D. (2002). Characterization of plasmids carrying
CMY-2 from expanded-spectrum cephalosporin-
resistant Salmonella strains isolated in the United
States between 1996 and 1998. Antimicrobial agents
and chemotherapy. 46, 1269-1272.

CARPENTIER, B., AND CERF, O. (1993). Biofilms and their
consequences with particular reference to hygiene
in the food industry. Journal of Applied Bacteriology.
75, 499-511.

COSTERTON, J.W., CHENG, K.J., GEESY, G.G., LADD, T.I.,
NICKEL, J.C., DASCUPTA, M., AND MARRIE, T.J. (1987).
Bacterial biofilm in nature and disease. Annual
Review of Microbiology. 41, 435-464.

COSTERTON, J.W., LEWANDOWSKI, Z., CALDWELL, D.E.,
KORBER, D.R., AND LAPPIN-SCOTT, H.M. (1995).
Microbial biofilms. Annual Review of Microbiology.
49, 711-745.

DANESE, P.N., PRATT, L.A., AND KOLTER, R. (2000).
Exopolysaccharide production is required for devel-
opment of Escherichia coli k-12 biofilm architec-
ture. Journal of Bacteriology. 182, 3593-3596.

DAVIES, D.G., AND GEESEY, G.G. (1995). Regulation of
the alginate biosynthesis gene algC in
Pseudomonas aeruginosa during biofilm develop-
ment in continuous culture. Applied and
Environmental Microbiology. 61, 860-867.

DELISSALDE, F., AND AMABILE-CUEVAS, C.F. (2004).
Comparison of antibiotic susceptibility and plas-
mid content, between biofilm producing and non-
producing clinical isolates of Pseudomonas aerug-
inosa. International Journal of Antimicrobial
Agents. 24, 405-408.

DEZIEL, E., COMEAU, Y., AND VILLEMUR, R. (2001).
Initiation of biofilm formation by Pseudomonas
aeruginosa 57RP correlates with emergence of hyper-
piliated and highly adherent phenotypic variants
deficient in swimming, swarming and twitching
motilities. Journal of Bacteriology. 183, 1195-1204.

DI MARTINO, P., CAFFERINI, N., JOLY, B., AND DARFEUILLE-
MICHAUD, A. (2003). Klebsiella pneumoniae type 3 pili
facilitate adherence and biofilm formation on abi-
otic surfaces. Research in Microbiology. 154, 9-16.

FAILLE, C., JULIEN, C., FONTAINE, F., BELLON-FONTAINE,
M.N., SLOMIANNY, C.H., AND BENEZECH, T. (2002).
Adhesion of Bacillus spores and Escherichia coli
cells to inert surfaces: Role of surface hydropho-
bicity. Canadian Journal of Microbiology. 48, 728-
738.

26 E.M. Mliji, F. Hamadi, H. Latrache, N. Cohen, A.E. Ghmari, M. Timinouni



GHIGO, J.M. (2001). Natural conjugative plasmids
induce bacterial biofilm development. Nature. 412,
442-445.

GIOVANNACCI, I., ERMEL, G., SALVAT, G., VENDEUVRE, J.L.,
BELLON-FONTAINE, M.N. (2000). Physicochemical
surface properties of five Listeria monocytogenes
strains from a pork-processing environment in rela-
tion to serotypes, genotypes and growth temper-
ature. Journal of Applied Microbiology. 88, 992-1000.

HAUSNER, M., AND WUERTZ, S. (1999). High rates of con-
jugation in bacterial biofilms as determined by
quantitative in situ analysis. Applied and
Environmental Microbiology. 65, 3710-3713.

HELLMANN, C., HUSSAIN, M., PETERS, G., AND GOTZ, F.
(1997). Evidence for autolysin-mediated primary
attachment of Staphylococcus epidermidis to a poly-
styrene surface. Molecular Microbiology. 24, 1013-
1024.

KINGSLEY, R.A., AND BAUMLER, A.J. (2000). Host adap-
tation and the emergence of infectious disease: the
Salmonella paradigm. Molecular Microbiology. 36,
1006-1014.

KIROV, S.M. (2003). Bacteria that express lateral fla-
gella enable dissection of the multifunctional roles
of flagella in pathogenesis. FEMS Microbiology
Letters, 224, 151-159. 

MCKENNEY, D., HUBNER, J., MULLER E., WANG, Y.,
GOLDMANN, D.A., AND PIER, G.B. (1998). The ica
locus of Staphylococcus epidermidis encodes pro-
duction of the capsular polysaccharid/adhesin.
Infection and Immunity. 66, 4711-4720.

O’TOOL, G.A., AND KOLTER, R. (1998). Flagellar and
twitching motility are necessary for Pseudomonas
aeruginosa biofilm development. Molecular
Microbiology. 30, 295-304.

O’TOOL, G.A., PRATT, L.A., WATNICK, P.I., NEWMAN, D.K.,
WEAVER, V.B., AND KOLTER, R. (1999). Genetic
approaches to study of biofilms. Methods in
Enzymology. 310, 91-109.

PRATT, L.A., AND KOLTER, R. ( 1998). Genetic analysis
of Escherichia coli biofilm formation : Roles of fla-
gella, motility, chemotaxis and type 1 pili.
Molecular Microbiology. 30, 285-293.

PRIGENT-COMBARET, C., PRENSIER, G., LE THI, T.T., VIDAL,
O., LEJEUNE, P., AND DOREL, C. (2000).
Developmental pathway for biofilm formation in
curli producing Escherichia coli strains : Role of
flagella , curli and colanic acid. Environmental
Microbiology. 2, 450-464. 

PRIGENT-COMBARET, C., VIDAL, O., DOREL, C., AND

LEJEUNE, P. (1999). Abiotic surface sensing and
biofilm-dependent regulation of gene expression

in Escherichia coli. Journal of Bacteriology. 181,
5993-6002 .

RASHID, M.H, RUMBAUGH, K., PASSDOR, L., DAVIES, D.G.,
HAMOOD, A.N., IGLEWSKI, B.H., AND KORNBERG, A.
(2000). Polyphosphate Kinase is essential for
biofilm development, quorum sensing, and viru-
lence of Pseudomonas aeruginosa. Proceedings of
the National Academy of Sciences of the United
States of America. 97, 9636-9641.

RANKIN, S.C., ACETO, H., CASSIDY, J., HOLT, J., YOUNG,
S., LOVE, B., TEWARI, D., MUNRO, D.S., AND

BENSON, C.E. (2002). Molecular characterization
of cephalosporin-resistant Salmonella enterica
serotype Newport isolates from animals in
Pennsylvania. Journal of Clinical Microbiology. 40,
4679-4684.

REID, G., BIALKOWSKA-HOBRZANSKA, H., VAN DER MEI,
H., AND BUSSCHER, H. (1999). Correlation between
genetic, physico-chemical surface characteristics
and adhesion of four strains of lactobacillus.
Colloids and Surfaces B: Biointerfaces. 13, 75-81.

SAMBROOK, J., FRITSCH, E.F., AND MANIATIS, T. (1989).
Molecular cloning: a laboratory manual, 2nd ed.
Cold Spring Harbor Laboratory, Cold Spring
Harbor, N.Y.

STEWART, P.S., AND COSTERTON, J.W. (2001). Antibiotic
resistance of bacteria in biofilms. The Lancet. 358,
135-138.

TAKAHASHI, S., AND NAGANO, Y. (1984). Rapid procedure
for isolation of plasmid DNA and application to
epidemiological analysis. Journal of Clinical
Microbiology. 20, 608-613.

TEWARI, R., SMITH, D.C. AND RUWBURY, R.J. (1985). Effet
of ColV plasmids on the hydrophobicity of
Escherichia coli. FEMS Microbiology Letters. 29,
245-249.

TIMMERMAN, C.P., FLEER, A., BESNIER, J.M, DE GRAAF,
L., CREMERS, F., AND VERHOEF, J. (1991).
Charaterization of a proteinaccous adhesin of
Staphylococcus epidermidis which mediates attach-
ment to polystyrene. Infection and Immunity. 59,
4187-4192.

WALL, D., AND KAISSER, D. (1999). Type IV pili and cell
motility. Molecular Microbiology. 32, 1-10.

WATNICK, P.I., AND KOLTER, R. (1999). Steps in the devel-
opment of a Vibrio cholerae EI Tor biofilm.
Molecular Microbiology. 34, 586-595.

ZHIYING, S., HAIJIN, X., XINGQI, S., YAN, Y., HONGMING,
Y., XIUMING, Z., YANLING, B., CAICHANG, G., PER, E.J.S.,
AND MINGQIANG, Q. (2004). Identification of two new
genes involved in twitching motility in Pseudomonas
aeruginosa. Microbiology. 150, 2653-2661.

Plasmidic resistance of antibiotic and biofilm formation 27




