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Antibiotic-induced biofilm formation
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ABSTRACT
Surface-attached colonies of bacteria known as biofilms play a major role in the pathogenesis of
device-related infections. Biofilm colonies are notorious for their resistance to suprainhibitory
concentrations of antibiotics. Numerous studies have shown that subminimal inhibitory concentrations
of some antibiotics can act as agonists of bacterial biofilm formation in vitro, a process that may have
clinical relevance. This article reviews studies demonstrating that low-dose antibiotics induce bacterial
biofilm formation. These studies have provided important information about the regulation of biofilm
formation and the signaling pathways involved in global gene regulation in response to cell stressors.
It is still unclear whether antibiotic-induced biofilm formation contributes to the inconsistent success
of antimicrobial therapy for device infections.
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INTRODUCTION
Matrix-encased bacterial biofilms that form on implanted
medical devices often lead to life-threatening systemic
infections and device failure. Biofilms are resistant to killing
by antibiotics at concentrations that are 10-1000 times
greater than concentrations needed to kill free-living or
“planktonic” cells (1). This high level of biofilm resistance
makes most device-related infections difficult or impossible
to eradicate using conventional antimicrobial chemotherapy.
Factors that contribute to biofilm-mediated antimicrobial
resistance include inefficient diffusion or sequestering of
the agent within the biofilm matrix (1, 2), the slow growth
rate of biofilm cells (3), the presence of “persister” cells or
antibiotic-resistant small-colony variants (4, 5), and other
unknown phenotypic differences (6).
Numerous studies have shown that subminimal inhibitory
(sub-MIC) concentrations of some antibiotics, although
not able to kill bacteria, can inhibit biofilm formation. A
good example is the macrolide antibiotic azithromycin,
which efficiently inhibits Pseudomonas aeruginosa biofilm

formation at concentrations as low as 1/128 of the MIC (7,
8). P. aeruginosa forms biofilms in the lungs of cystic fibrosis
patients and contributes to progressive lung damage and
respiratory failure (9). Although most P. aeruginosa clinical
isolates are resistant to azithromycin (MIC >64 µg/ml), lowdose azithromycin therapy has been shown to improve
lung function in cystic fibrosis patients (10, 11). Sub-MIC
levels of azithromycin have been shown to inhibit quorumsensing and production of the mucoid biofilm matrix
polysaccharide alginate, both of which are required for P.
aeruginosa biofilm formation (7, 12-14). Thus, part of the
clinical effect of low-dose azithromycin chemotherapy
may be due to its ability to inhibit P. aeruginosa biofilm
formation.
In contrast to the effects of sub-MIC macrolides on
P. aeruginosa biofilm formation, numerous studies
have shown that some antibiotics, when present at
concentrations below the MIC, can significantly induce
biofilm formation in a variety of bacterial species in vitro.
This process may have clinical relevance because bacteria
are exposed to sub-MIC concentrations of antibiotics
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at the beginning and end of a dosing regimen, between
doses, or continuously during low-dose therapy (15). In
addition, cells buried deep within a biofilm colony may be
exposed to sub-MIC concentrations of antibiotics because
of diffusion gradients (2). The widespread use of antibiotics
as growth promoters in agriculture may further exposure of
bacteria to low levels of the drugs (16).
This article reviews studies showing that subminimal
inhibitory concentrations of antibiotics induce bacterial
biofilm formation in vitro. The term “sub-MIC” will be
used to refer to concentration of antibiotics below the
MIC (<1 MIC). Many authors use the term “subinhibitory
concentration” when referring to sub-MIC concentrations
of antibiotics. However, this term is not accurate because
it specifically refers to concentrations of antibiotics that do
not affect the growth of the organism being tested (17).

OVERVIEW OF THE LITERATURE
The observation that sub-MIC concentrations of
antibiotics can interfere with some bacterial functions
was first reported in 1940 by Arthur Gardner, a Professor
of Bacteriology under Howard Florey at Oxford University
(18). Gardner showed that Clostridium perfringens formed
elongated, unsegmented filaments in the presence of subMIC penicillin. Numerous studies subsequently showed
that sub-MIC antibiotics readily alter the ultrastructure
and antigenicity of bacteria, their adherence to epithelial
cells, their synthesis and secretion of enzymes and toxins,
their growth rate both in vitro and in vivo, and even the
induction of prophages (19-23). In addition, sub-MIC
antibiotics have been shown to provoke considerable
transcription activation at low levels (17). Recent studies
using transcriptomic approaches have shown that the
expression of as many as 5% of bacterial promoters may
be affected by sub-MIC antibiotics (24-31).
The first study demonstrating that sub-MIC antibiotics can
induce bacterial biofilm formation in vitro was reported
in 1988 by Gordon Christensen, a pioneer in the field of
staphylococcal biofilms and their relevance to device
infections (32). In this study, one out of three strains of
Staphylococcus epidermidis showed a 65% increase in
biofilm formation in the presence of 1/4 MIC rifampin as
determined by crystal violet staining. None of the strains
showed an increase in biofilm formation in response to 1/4
MIC concentrations of eight other antibiotics, and most
738

showed a decrease. Only a handful of additional articles
on the subject were published until 2005, when a classic
paper by Hoffman et al appeared in the journal Nature
(33). In this study, sub-MIC concentrations of tobramycin
were shown to induce P. aeruginosa biofilm formation
through a mechanism that involves the intracellular second
messenger cyclic dimeric guanosine monophosphate
(c-di-GMP). This study sparked interest in the field and
resulted in the publication of about a dozen additional
articles over the past six years. A complete list of studies
demonstrating that sub-MIC antibiotics induce bacterial
biofilm formation is presented in Table I.

DOSE-RESPONSE RELATIONSHIPS
The results of a typical experiment demonstrating that
sub-MIC concentrations of antibiotics can induce bacterial
biofilm formation are shown in Figure 1. In this experiment,
three strains of Staphylococcus aureus were cultured
in 96-well microtiter plates in the presence of increasing
concentrations of methicillin. Strains 383 and 9897 are
methicillin-resistant S. aureus (MRSA) with a MIC of >16
µg/ml, whereas strain Mu50 is methicillin-sensitive (MSSA)
with a MIC of 8 µg/ml. After 18 hours of incubation at 37°C,
the wells of the microtiter plate were rinsed with water
and the biofilms were stained with crystal violet. Sub-MIC
methicillin caused increased biofilm formation by all three
strains in a dose-dependent manner as evidenced by the
amount of bound crystal violet dye. Methicillin-induced
biofilm formation by strain Mu50 was maximal at about
1/2 MIC (4-5 µg/ml). In addition to using the crystal violet
binding assay, induction of biofilm formation by sub-MIC
antibiotics has also been demonstrated using confocal and
scanning electron microscopy (34-37), CFU enumeration
(33, 36, 38), and measurements of exopolysaccharide
production (38-40).
Examples of dose-response curves reported in the
literature are shown in Figure 2. The fundamental nature
of the dose response is biphasic and is characterized by
low-dose stimulation of biofilm formation and high-dose
inhibition. Some antibiotics can act as antagonists of
biofilm formation at low levels, agonists at higher levels,
and antagonists at still higher levels (e.g., Figs. 2F and
O). These U-shaped and multiphasic dose response
relationships, which are characteristic of many chemicals,
drugs, hormones, biological molecules and physical
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TABLE I - Antibiotics that induce bacterial biofilm formation at concentrations below the MIC
Class

Antibiotic

Bacterium

Ref.

Aminocoumarin

Novobiocin

S. epidermidis

[38]

Aminoglycoside

Gentamicin
Various
Tobramycin
Tobramycin

P. aeruginosa
E. coli
E. coli
P. aeruginosa

[33, 71]
[35]
[33]
[31, 33]

b-lactam

Ampicillin
Imipenem
Imipenem
Nafcillin
Oxacillin
Various

S. intermedius
P. aeruginosa
A. baumannii
S. lugdunensis
S. aureus
E. coli

[36]
[34]
[78]
[66]
[61]
[35]

Cefalosporin

Cefalexin
Cefalotin
Cefazolin
Cefamandole
Cefotaxime

S. aureus
S. aureus
S. lugdunensis
S. epidermidis
S. typhimurium

[43]
[64]
[66]
[84]
[40]

Chloramphenicol

Chloramphenicol

E. coli

[35]

Fluoroquinolone

Ciprofloxacin
Ciprofloxacin
Moxifloxacin
Various

S. intermedius
P. aeruginosa
S. lugdunensis
E. coli

[36]
[31]
[66]
[35]

Glycylcycline

Tigecycline

S. epidermidis

[38]

Glycopeptide

Vancomycin
Vancomycin
Vancomycin

S. epidermidis
S. aureus
S. lugdunensis

[38, 85, 86]
[61]
[66]

Lipopeptide

Daptomycin

S. lugdunensis

[66]

Macrolide

Azithromycin
Clarithromycin
Clarithromycin
Erythromycin
Various

S. epidermidis
P. aeruginosa
S. epidermidis
S. epidermidis
E. coli

[37]
[76]
[37]
[37]
[35]

Oxazolidone

Linezolid
Linezolid
Linezolid

S. aureus
S. epidermidis
E. coli

[66]
[38, 66]
[35]

Rifamycin

Rifampin
Rifampin
Rifampin

S. epidermidis
S. lugdunensis
E. coli

[32]
[66]
[35]

Streptogramin

Quinupristin-dalfopristin
Quinupristin-dalfopristin

S. epidermidis
S. lugdunensis

[54]
[66]

Sulfonamide

Trimethoprim/sulfamethoxazole

S. lugdunensis

[66]

Tetracycline

Tetracycline
Tetracycline
Tetracycline
Tetracycline
Tetracycline

S. epidermidis
S. intermedius
S. lugdunensis
E. coli
P. aeruginosa

[54]
[36]
[66]
[35]
[31]

© 2011 The Author - ISSN 0391-3988

739

Antibiotic-induced biofilm formation

Fig. 1 - Biofilm formation by Staphylococcus aureus in the presence of sub-MIC concentrations of methicillin. Three different S. aureus
strains (383, 9897 and Mu50) were cultured in the wells of a 96-well polystyrene microtiter plate in the presence of increasing concentrations
of methicillin (0-10 µg/ml). After 18 h, wells were rinsed with water and stained with crystal violet. Strains 383 and 9897 are methicillin-resistant
S. aureus (MRSA; MIC > 16 µg/ml), whereas strain Mu50 is methicillin-sensitive (MIC = 8 µg/ml).

stressors, are sometimes referred to as hormetic responses
(17, 41, 42).
The maximum amplitude of the stimulus response and width
of the stimulatory dose range varies for different antibiotics
and different bacteria. For example, clarithromycin induces
P. aeruginosa biofilm by more than 25-fold (Fig. 2D),
whereas biofilm induction by Streptococcus intermedius
in response to ampicillin and Staphylococcus epidermidis
in response to vancomycin are less than two-fold (Figs.
2E and O). Similarly, E. coli exhibits biofilm induction over
a narrow range of tobramycin concentrations (0.2 to 0.4
× MIC; Fig. 2J), but over a broad range of tetracycline
concentrations (0.1 to 0.8 × MIC; Fig. 2N).
The concentration of antibiotic that induces maximum
biofilm formation also differs for different antibiotics. For
most antibiotics, maximum biofilm induction occurs at
antibiotic concentrations corresponding to ≤1/2 MIC,
but some antibiotics induce maximum biofilm formation
at concentrations >1/2 MIC (Figs. 1C, F, and O). Among
more than 40 studies testing the effects of sub-MIC
antibiotics on biofilm formation, a majority tested antibiotic
concentrations in serial two-fold dilutions starting at 1/2 or
1/4 MIC. This pattern of concentrations was chosen based
on established methods for measuring antibiotic MIC
values. Numerous studies utilized a single concentration
of 1/4 or 1/2 MIC. Many of these studies showed no effect
or an antagonistic effect of the drugs on biofilm formation.
740

However, among those studies that tested concentration
between 1/2 and 1 MIC, a majority (4 out of 5) demonstrated
biofilm induction in this concentration range (33, 36, 38, 43).
Thus, it may be necessary to test a wide range of sub-MIC
antibiotic concentrations to detect biofilm induction, and
not just concentrations at or below 1/2 MIC. For example,
several studies failed to demonstrate biofilm induction by
S. epidermidis in response to ≤1/2 MIC vancomycin (37,
44-48), probably because vancomycin exhibits maximal
biofilm induction at a concentration of 3/4 MIC (38).
Several studies have examined antibiotic-induced biofilm
formation in both antibiotic-sensitive and antibioticresistant strains. As can be seen in Figure 1, sub-MIC
methicillin induces S. aureus biofilm formation in both
MRSA and MSSA strains, although the concentration
at which maximal induction occurs in higher for the
MRSA strains than for the MSSA strain. Elliott et al (49)
also showed that sub-MIC tobramycin induces biofilm
formation in both tobramycin-sensitive and tobramycinresistant P. aeruginosa strains, but maximum induction
always occurs at the same drug concentration (0.2 to 0.3
µg/ml) regardless of the MIC of tobramycin for the strain. In
contrast, Boehm et al (35) found that streptomycin induces
biofilm formation in a streptomycin-sensitive strain but
not in a strain with a point mutation in rpsL (encoding the
S12 protein of the small ribosomal subunit) that confers
resistance to high levels of streptomycin. Thus there is
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Fig. 2 - Dose-response curves. The x-axis indicates the antibiotic concentration (relative to the MIC) and the y-axis indicates the amount of
biofilm formation normalized to the amount of biofilm formation in the absence of antibiotic, which is given a value of 1. The bacterial species
and antibiotic are indicated on each graph. References: A, (78); B, (54); C, (66); D, (76); E, (36); F, (40); G, (37); H, (36); I, (43); J, (33); K, (38); L,
(35); M, (33); N, (35); O, (38).
© 2011 The Author - ISSN 0391-3988
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Fig. 3 - Relationship between basal level of biofilm formation (dark
gray bars) and biofilm inducibility (light gray bars) in six strains of
S. epidermidis. The names of the strains are indicated on the bottom. The x-axis on the left indicates the relative amount of biofilm
formation in the absence of antibiotics for each strain relative to the
amount of biofilm formation exhibited by reference strain RP62A,
which is given a value of 100. The x-axis on the right indicates the
maximum amount of biofilm induction exhibited by each strain in the
presence of 1/4 MIC tigecycline. Redrawn from (38), with permission
of Elsevier Limited.

no clear relationship between antibiotic susceptibility and
biofilm induction.

MECHANISMS OF BIOFILM INDUCTION
Many studies investigating the mechanisms of antibioticinduced biofilm formation have been carried out using the
common device-associated pathogens Staphylococcus
epidermidis, Staphylococcus aureus, Staphylococcus
lugdunensis, Escherichia coli, and Pseudomonas
aeruginosa. Other studied have been carried out on the
nosocomial pathogen Acinetobacter baumannii, the enteric
pathogen Salmonella enterica serovar Typhimurium, and
the oral bacterium Streptococcus intermedius, as outlined
below.

Staphylococcus epidermidis
Nearly 20 studies have investigated the effects of sub-MIC
antibiotic on biofilm formation by S. epidermidis. Among
these, seven studies showed enhanced biofilm formation
in the presence of low levels of 11 different antibiotics with
varied modes of action (Tab. I and Figs. 2B, G, K, and O).
In many strains of S. epidermidis, biofilm formation is
742

dependent on production of poly-N-acetylglucosamine
(PNAG), a cell surface polysaccharide that mediates various
biofilm-related functions including intercellular adhesion
(50) and resistance to killing by antimicrobial peptides and
phagocytes (51, 52). PNAG synthesis is dependent on the
proteins encoded by the icaADBC operon (53). Several
studies have measured PNAG production and ica gene
expression in response to sub-MIC antibiotics. Kaplan et
al (38) observed a 2.6-fold increase in the amount of total
hexosamine in the S. epidermidis biofilm matrix when cells
were cultured in 1/4 MIC tigecycline, which is consistent
with an increase in PNAG production. This increase was
accompanied by a significant increase in biofilm CFUs
and crystal violet binding (Fig. 2K). Using a reporter gene
construct that linked the ica promoter to a β-galactosidase
gene, Rachid et al (54) showed that sub-MIC concentrations
of tetracycline, erythromycin and quinpristin-dalfopristin
(1/70 to 1/2 MIC) increased expression of the ica promoter
by 2.5 to 11-fold. Similarly, Wang et al (37) showed that
ica gene expression was increased by 2.8-fold in response
to 1/16 MIC erythromycin as determined by real-time
RT-PCR. Taken together, these findings suggest that
antibiotic-induced biofilm formation in S. epidermidis may
depend on increased PNAG production. The expression
of other biofilm-related genes including atlE (encoding a
major autolysin), fruA (fructose-specific permease), pyrR
(pyrimidine regulatory protein), sarA (global regulator)
and sigB (sigma factor) were also increased by sub-MIC
erythromycin (37).
Several studies examined antibiotic-induced biofilm
formation in multiple strains of S. epidermidis that produce
different amounts of biofilm. Pérez-Giraldo et al (39)
showed that fluoroquinolone-induced biofilm formation by
12 S. epidermidis clinical isolates of unknown ica status
was inversely proportional to the amount of biofilm formed
in the absence of antibiotic. This same patterns was
observed by Kaplan et al (38), who showed that the amount
of biofilm induction caused by 1/4 MIC tigecycline in six icapositive S. epidermidis strain was inversely proportional to
the amount of biofilm formed in the absence of antibiotic
(Fig. 3). These results suggest that expression of the ica
genes may be suppressed in S. epidermidis strains that
produce low amounts of biofilm, and that ica expression
can be induced by sub-MIC antibiotics. In contrast, the
inducibility of biofilm formation in P. aeruginosa by subMIC tobramycin was independent of the magnitude of
biofilm formation in the absence of tobramycin (49).
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Although PNAG is considered an important virulence factor
in S. epidermidis device infections, not all S. epidermidis
strains carry the ica locus. Biofilm formation in these
ica-negative strains may depend on the production of
extracellular DNA (ecDNA) (55, 56), proteinaceous adhesins
(57), or teichoic acids (58, 59). Wang et al (37) showed that
induction of biofilm formation by sub-MIC concentrations
of macrolides was independent of the ica status of the
strain. In their study, 25% of ica-positive strains (3 out of
12) and 50% of ica-negative strains (5 out of 10) exhibited
increased biofilm formation in the presence of macrolides
at 1/4 MIC. Thus, the precise role of PNAG in antibioticinduced S. epidermidis biofilm formation is unclear, and
PNAG-independent mechanisms of induction must exist.
Consistent with this hypothesis, Kaplan et al (38) showed
that biofilm formation by the ica-positive S. epidermidis
reference strain RP62A in response to sub-MIC tigecycline
and vancomycin was dependent on the production of
ecDNA.
The 11 antibiotics that induce S. epidermidis biofilm
formation at sub-MIC levels exhibit varied chemical
structures and modes of action. They include cell wall
biosynthesis inhibitors, translation inhibitors, and DNA
gyrase inhibitors (Tab. I). In addition, other compounds can
induce S. epidermidis biofilm formation when present at
low levels including furanones (60) and sodium chloride
(54). Since S. epidermidis biofilm formation is induced by
diverse compounds with varied modes of action, these
observations suggest that the biofilm induction response,
whether through a PNAG-dependent or PNAG-independent
mechanism, occurs as a result of a global response to cell
stress rather than by the binding of antibiotics to specific
cell receptors. The intracellular signals that mediate the
S. epidermidis biofilm induction response are currently
unknown, and aside from the ica locus, the genes involved
in mediating the response are also unknown.

Staphylococcus aureus
In contrast to S. epidermidis, only a handful of studies have
examined the effects of sub-MIC antibiotics on S. aureus
biofilm formation. In addition to methicillin (Fig. 1), sub-MIC
concentrations of the cell-wall-active antibiotics oxacillin,
cefalexin, cefalotin and vancomycin, and of the translation
inhibitor linezolid, have been shown to induce S. aureus
biofilm formation (Tab. I). Mirani and Jamil (61) found that
sub-MIC concentrations of vancomycin (0.9 × MIC) pro-

moted S. aureus biofilm formation on nylon and silicon surfaces but not on glass surfaces, whereas sub-MIC oxacillin
(1/16 MIC) promoted biofilm formation on glass surfaces
but not on nylon or silicon surfaces. The amount of biofilm
induction was about 3- to 4-fold as determined by using a
crystal violet binding assay.
Very little is known about the mechanism of antibioticinduced biofilm formation in S. aureus. Bisognano et al
(62) showed that expression of the S. aureus fibronectinbinding proteins (FnBPs) was increased in some highly
quinolone-resistant strains when cultured in medium
supplemented with 1/4 MIC ciprofloxacin as determined
by Western blot analysis. It has recently been shown that
FnBPs promote biofilm formation in some S. aureus MRSA
strains (63). Subrt et al (64) showed that sub-MIC concentrations of cefalotin (1/4 MIC) induced S. aureus biofilm
formation but did not affect expression of agr, a quorum
sensing system that modulates S. aureus biofilm formation
and dispersal (65). Sub-MIC cefalotin also induced expression of the S. aureus spa (encoding protein A) and lukE
(leukotoxin E) virulence genes (64). Although PNAG also
plays a role in S. aureus biofilm formation (55), no studies
on the expression of the S. aureus ica genes in response to
sub-MIC antibiotics have been reported.

Staphylococcus lugdunensis
Frank et al (66) measured the effects of sub-MIC
concentrations of 10 structurally diverse antibiotics on
biofilm formation by 15 clinical isolates of S. lugdunensis.
Nine of the ten antibiotics induced biofilm formation by at
least 2-fold in at least one strain when tested at 1/32 to
1/2 MIC (Tab. I and Fig. 2C). The β-lactam nafcillin induced
biofilm formation in 14 out of 15 strains (93%) to levels
that were up to 14-fold greater than drug free controls as
determined by crystal violet staining. None of the other
antibiotics induced biofilm formation in more than 27% of
the isolates. The mechanism of antibiotic-induced biofilm
formation in S. lugdunensis has not been investigated.

Escherichia coli
At least five chemically diverse classes of translation
inhibitors have been shown to induce biofilm formation in
E. coli when present at sub-MIC levels (Tab. I and Figs. 2J,
L, and N). As a result of a series of comprehensive studies
reported by Boehm et al in 2009 (35), a detailed genetic and
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biochemical model of E. coli biofilm induction in response
to translation inhibitors has been proposed. In this model,
a decrease in translational performance of the ribosome
results in upregulation of PgaA and PgaD, two proteins
required for the biosynthesis of PNAG in Gram-negative
bacteria. Information about translation performance
is relayed from the ribosome to the Pga machinery by
means of two intracellular second messengers, bis-(3’5’)-cyclic dimeric guanosine monophosphate (c-di-GMP)
and guanosine-bis 3’,5’(diphosphate) (ppGpp). Ribosomal
stress results in upregulation of YdeH, a diguanylate
cyclase that increases intracellular c-di-GMP levels, and
SpoT, a ppGpp 3’-pyrophosphohydrolase that degrades
intracellular ppGpp. By unknown post-transcriptional
mechanisms, increased c-di-GMP levels cause an
increase in PgaD production, whereas decreased ppGpp
levels cause an increase in PgaA production. Increased
production of PgaA and PgaD results in increased PNAG
production and biofilm formation.
In another study, Sailer et al (67) showed that sub-MIC
concentrations of certain β-lactams, including carbenicillin,
cefotetan, cephaloridine, cephalothin, and ticaricillin,
induced expression of the cps gene, which is required for
the synthesis of colanic acid capsular polysaccharide in E.
coli. Expression of cps was not induced by other β-lactams
(ampicillin, ceftazidime, ceftriaxone, penicillin) indicating
that induction was not due to stresses accompanying
general inhibition of peptidoglycan biosynthesis.
Expression of cps was also not induced by antibiotics that
inhibit protein synthesis (chloramphenicol, erythromycin,
tetracycline) or DNA synthesis (ciprofloxacin, nalidixic
acid, sulfisoxazole), indicating that cps induction was not
caused by stresses accompanying cell death. Because
colanic acid is important for maturation of E. coli biofilm
architecture (68), these findings suggest that β-lactaminduced biofilm formation may also occur via upregulation
of colanic acid production.
Boehm et al (35) measured the effect of more than 200
antimicrobials on E. coli biofilm formation by culturing
biofilms in Biolog phenotype array microtiter plates (69).
These plates contain four concentrations of each of a
variety of test compound pre-aliquotted into the wells of
a standard 96-well microtiter plate. The test compounds
include antibiotics as well as a variety of non-antibiotic
compounds such as chelators, detergents and metal ions.
They found that low concentrations of a wide variety of
compounds induced E. coli biofilm formation, including
744

glycopeptide, cyclic peptide, fluoroquinolone, and
β-lactam antibiotics, p-aminobenzoic acid analogs, and
various membrane-active agents, chelators, salts, and
toxic metal ions. Biofilm induction by E. coli in response to
a broad range of antimicrobials and related compounds is
consistent with the hypothesis that metabolic stress is the
key signal that mediates the response.

Pseudomonas aeruginosa
More than a dozen studies have examined the effect of
sub-MIC antibiotics on P. aeruginosa biofilm formation.
Among these, five studies demonstrated biofilm induction
in response to sub-MIC concentrations of various
aminoglycosides, β-lactams and macrolides (Tab. I and
Figs. 2D and M).
The response of P. aeruginosa to sub-MIC aminoglycosides
has been studied in detail. Hoffman et al (33) found that
sub-MIC concentrations of tobramycin readily induced
P. aeruginosa biofilm formation (Fig. 2M). Interestingly,
several other antibiotics with varied modes of action
including polymyxin B (a membrane-active peptide),
chloramphenicol (a translation inhibitor) and carbenicillin
(a cell wall synthesis inhibitor), had no effect on biofilm
formation. These results suggest that biofilm induction
by P. aeruginosa in response to tobramycin is a specific
response to aminoglycoside antibiotics rather than a nonspecific response to translation inhibition or other cell
stressors. The authors screened a library of transposon
insertion mutants and found three mutants that were
defective in tobramycin-induced biofilm formation. All
three mutants carried transposon insertions in a gene
designated arr, for aminoglycoside response regulator.
The arr gene encodes a c-di-GMP phosphodiesterase that
degrades c-di-GMP and reduces intracellular c-di-GMP
concentrations. The mechanism by which reduced c-diGMP levels induce P. aeruginosa biofilm formation evidently
did not involve the modulation of biofilm-associated cell
surface appendages such as fimbria and pili. These results
contradict those described above for E. coli, in which
increased intracellular c-di-GMP levels promote biofilm
formation. In fact, increased c-di-GMP levels generally
result in an increase in exopolysaccharide and fimbria
production, a decrease in motility, and increased biofilm
formation, whereas decreased levels of c-di-GMP exert
the opposite effects and induce biofilm dispersal in most
bacteria (70). This contradiction may reflect the fact that
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regulation of intracellular c-di-GMP levels is complex,
with many bacteria possessing dozens of diguanylate
cyclases and c-di-GMP phosphodiesterase homologues.
In addition, biofilm formation by P. aeruginosa strains that
lack the arr gene is still inducible by tobramycin (49). Thus,
the biological effect of alterations in diguanylate cyclase
levels is not easy to predict.
A recent study by Marr et al (71) also investigated the
mechanism of aminoglycoside-induced biofilm formation
in P. aeruginosa. These authors screened a mini-Tn5luxCDABE fusion library for mutants that exhibit increased
luminescence when grown in 1/4 MIC gentamicin. They
found that luminescence of 33 of the 9408 lux fusions
was up-regulated in the presence of sub-MIC gentamicin.
Among these, 11 mutants were deficient in gentamicininduced biofilm formation. These included known biofilmrelated genes involved in fimbrial biogenesis, alginate
production, and motility regulation as well as other
genes involved in solute transport, antibiotic resistance,
energy metabolism, transcriptional regulation, and genes
of unknown function. These findings demonstrate that
screening mutant libraries is likely to be useful approach
for elucidating the mechanisms of antibiotic-induced
biofilm formation.
Linares et al (31) showed that sub-MIC concentrations
of tobramycin, ciprofloxacin and tetracycline induced
P. aeruginosa biofilm formation by approximately 2-fold
as determined by crystal violet staining. The antibiotic
concentrations that caused maximum biofilm induction
were at or just above the concentration that caused a
decrease in the growth rate. Using microarray technology,
these authors found that sub-MIC concentrations of
all three antibiotics caused a significant increase or
decrease in the expression of 5% to 7% of 555 genes in a
subgenomic array selected as relevant for the development
of chronic colonization and infection, antibiotic resistance,
transcriptional regulation, and stress response, including
some genes that had previously been shown to play
a role in biofilm formation. Bagge et al (34) also used
microarray technology to study the effects of sub-MIC
concentrations of the β-lactam antibiotic imipenem on P.
aeruginosa biofilm formation. They identified 34 genes that
were induced or repressed in biofilms exposed to 1/2 MIC
imipenem. Among these, five genes involved in alginate
metabolism (algD, algG, algJ, algF and algA) were induced
more than 10-fold by imipenem at 1/2 MIC. Alginate
production and biofilm formation were also increased,

indicating that P. aeruginosa biofilm induction in response
to sub-MIC β-lactams evidently involves upregulation of
alginate biosynthesis.
As mentioned above, sub-MIC concentrations of macrolide
antibiotics have generally been shown to inhibit P.
aeruginosa biofilm formation in vitro (12, 72-75), and longterm administration of low level azithromycin improves the
clinical outcome in cystic fibrosis patients colonized with
P. aeruginosa (10, 11). In one study, however, Garey et al
(76) showed that sub-MIC concentrations of the macrolide
antibiotic clarithromycin induced biofilm formation by up
to 25-fold in 44 P. aeruginosa clinical isolates when tested
at 1/32 to 1/2 MIC (Fig. 2D). One other study found that
clarithromycin at 0.03 to 0.003 × MIC had no effect of P.
aeruginosa biofilm formation (77), although only one strain
of P. aeruginosa was tested in this study. These findings
suggest that clarithromycin and azithromycin may exhibit
different biofilm inducing activities against P. aeruginosa.

Acinetobacter baumannii
Nucleo et al (78) showed that imipenem induced biofilm
formation in one out of three clinical strains of A.
baumannii. The amount of biofilm induction was 3-fold
when the antibiotic was present at 1/16 to 1/4 MIC (Fig.
2A). Low levels of FeSO4 also stimulated biofilm formation
in the imipenem-inducible strain, and both imipenem- and
FeSO4-induced biofilm formation occurred in the presence
of cellulase, suggesting that induction is not dependent
on increased cellulose production. Imipenem at 1/4 MIC
was shown to induce expression of genes encoding
a ferrichrome-iron receptor and a TonB-dependent
siderophore receptor as determined by real-time RTPCR, and cells exposed to sub-MIC imipenem contained
increased levels of the corresponding proteins in their
membranes as determined by SDS-PAGE and MALDITOF analysis. The mechanism by which imipenem induces
expression of these A. baumannii iron uptake genes and
proteins is unknown. The role played by iron uptake in
biofilm induction is also unknown, but it evidently does not
involve the upregulation of adhesive pili (78).

Salmonella enterica serovar Typhimurium
Majtán et al (40) measured the effects of sub-MIC
concentrations of gentamicin, ciprofloxacin and cefotaxime
on biofilm formation by five human clinical isolates of Salm.
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Typhimurium. They found that cefotaxime induced biofilm
formation by about 2-fold in three strains when present
at 1/2 MIC (Fig. 2F). Sub-MIC cefotaxime also caused a
significant increase in exopolysaccharide production in
two of the inducible strains as determined by chemical
analysis of extracted exopolysaccharides. One potential
limitation of this study was that fact that only the five
highest biofilm-producing strains (from among 75 clinical
isolates) were selected for analysis in the biofilm induction
assay. As described above for S. epidermidis, strains that
produce high levels of biofilm in the absence of antibiotics
may not exhibit biofilm induction in the presence of subMIC antibiotics.

deep within the biofilm colony exposes them to sub-MIC
antibiotics due to diffusion gradients. So far, there is little
evidence to support this hypothesis. Elliott et al (49) found
that approximately half of P. aeruginosa strains isolated
from cystic fibrosis patients exhibited biofilm induction
upon treatment with sub-MIC tobramycin, indicating
that the inducible phenotype is common among clinical
isolates. However, more studies are needed to determine
whether there is a relationship between biofilm inducibility
and response to therapy.

Streptococcus intermedius

It has been suggested that biofilm formation upon
exposure to sub-MIC antibiotics may represent an
inducible mechanism of antibiotic resistance (33, 49).
According to this hypothesis, biofilm formation may have
evolved, for example, as a strategy to counter antibiotic
production by soil bacteria (33). This hypothesis is based
on the assumption that the primary function of antibiotics
in nature is to inhibit the growth of competitors. One of the
most interesting ideas to emerge over the past few years is
the notion that antibiotics are not only bacterial weapons
for fighting competitors, but also signaling molecules that
may regulate the homeostasis of microbial communities
(17, 31, 81-83). Antibiotics constitute only a small portion of
the millions of organic compounds produced by microbes.
They have received the most attention only because of their
therapeutic utility. It is possible that at the low concentrations
likely to be found in the environment, the majority of these
compounds play important roles in the modulation of
metabolic function in natural microbial communities. Since
sub-MIC antibiotics provoke considerable transcription
activation, these observations suggest that antibiotics
and antibiotic-resistance genes may have evolved not
as weapons and defense systems, but possibly as
interspecific signaling molecules analogous to other low
molecular weight compounds such as peptides, quorum
sensing signals, rhamnolipids, halogenated furanones,
alkaloids, fatty acids and surfactants that have been
shown to modulate bacterial physiology (84). Supporting
this hypothesis, phylogenetic analyses have shown that
antibiotic resistance genes such as β-lactamases probably
originated millions of years before the modern antibiotic
era, and diverse genes encoding β-lactamases have been
identified in metagenomic analyses of microbiota from

Ahmed et al (36) found that sub-MIC concentrations of
ampicillin, ciprofloxacin, and tetracycline all induced
biofilm formation in a wild-type strain of S. intermedius.
The amount of biofilm induction was less than 2-fold when
antibiotics were present at 1/14 to 1/2 MIC (Figs. 2E and H).
Biofilm induction did not occur in an isogenic luxS mutant
strain exposed to sub-MIC antibiotics. The luxS gene
encodes an enzyme (LuxS) responsible for the synthesis
of autoinducer-2 (AI-2), a furanosyl borate diester that
functions as an intra- and interspecific quorum-sensing
signal in numerous Gram-positive and Gram-negative
bacteria (79). LuxS is required for biofilm formation by
S. intermedius (80), which suggests that the mechanism
of antibiotic-induced biofilm formation in S. intermedius
involves the AI-2/LuxS pathway. Induction of biofilm
formation in staphylococci by sub-MIC concentrations of
furanone is mediated by an increase in PNAG production
that is also dependent on LuxS (60).

CLINICAL RELEVANCE
It is tempting to speculate that induction of biofilm formation
by sub-MIC antibiotics contributes to the inconsistent
success of antimicrobial therapy for biofilm-related
device infections and other biofilm-related infections.
As mentioned above, some bacterial cells are likely to
be exposed to sub-MIC antibiotics during the course of
antimicrobial chemotherapy, either because of varying
gradients of systemic antibiotic concentrations over the
course of the dosing regimen, or because their location
746
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remote habitats such as Alaskan soil where antibiotic
concentrations are normally below detection limits and
certainly not in the MIC range for most environmental
bacteria (82).

CONCLUSIONS

therapy will help establish the clinical relevance of this
phenomenon. A better understanding of this process may
help guide antibiotic therapy and lead to the development
of novel cotherapeutic agents that would suppress the
biofilm induction response.

ACKNOWLEDGEMENTS

Numerous studies have demonstrated that subMIC concentrations of a variety of chemically distinct
antibiotics with different modes of action can significantly
induce biofilm formation in phylogenetically diverse Gramnegative and Gram-positive bacteria in vitro. These studies
have already identified two novel genes involved in c-diGMP-mediated regulation of biofilm formation, E. coli
ydeH (encoding diguanylate cyclase) and P. aeruginosa
arr (encoding c-di-GMP phosphodiesterase). The results
of these studies have also helped substantiate a role for
the intracellular signals c-di-GMP and ppGpp and for AI-2/
LuxS quorum-sensing in biofilm formation in a variety
of bacteria. Evidently there is no single mechanism of
antibiotic-induced biofilm formation, but a global response
to cell stress seems to play a role in many bacteria. It
appears that screening mutant libraries for mutants
deficient in biofilm induction will be a valuable tool for
elucidating the mechanisms of antibiotic-induced biofilm
formation. More studies on antibiotic-induced biofilm
formation are warranted. Clinical studies that identify a
relationship between biofilm inducibility and response to

The author thanks Irina Sadovskaya, Saïd Jabbouri, Pierre
Hardouin, and Thierry Grard of the Université du Littoral-Côte
d’Opale, Boulogne-sur-mer, France, for helpful support.

Financial Support: Preparation of this article was supported in part
by grants from the U.S. Department of State Fulbright Commission
and the Nord-Pas de Calais Regional Council (France).
Conflict of Interest Statement: The author declares that he has no
conflict of interest in relation to this scientific work.

Address for correspondence:
Professor Jeffrey B. Kaplan
University of Medicine and Dentistry of New Jersey
Medical Science Building, Room C-636
185 S. Orange Ave
Newark, NJ 07103, USA
e-mail: kaplanjb@umdnj.edu

REFERENCES
1.

2.

3.

Mah TF, O’Toole GA. Mechanisms of biofilm resistance to
antimicrobial agents. Trends Microbiol. 2001;9(1):34-39.
Medline doi:10.1016/S0966-842X(00)01913-2
Singh R, Ray P, Das A, Sharma M. Penetration of antibiotics through Staphylococcus aureus and Staphylococcus epidermidis biofilms. J Antimicrob Chemother.
2010;65(9):1955-1958. Medline doi:10.1093/jac/dkq257
Borriello G, Werner E, Roe F, et al. Oxygen limitation contributes to antibiotic tolerance of Pseudomonas aeruginosa in

4.
5.

6.

biofilms. Antimicrob Agents Chemother. 2004;48(7):26592664. Medline doi:10.1128/AAC.48.7.2659-2664.2004
Lewis K. Persister cells. Annu Rev Microbiol. 2010;64:357372. Medline doi:10.1146/annurev.micro.112408.134306
Neut D, van der Mei HC, Bulstra SK, Busscher HJ. The role
of small-colony variants in failure to diagnose and treat biofilm infections in orthopedics. Acta Orthop. 2007;78(3):299308. Medline doi:10.1080/17453670710013843
Fux CA, Costerton JW, Stewart PS, Stoodley P. Survival strategies of infectious biofilms. Trends Microbiol.
2005;13(1):34-40. Medline doi:10.1016/j.tim.2004.11.010

© 2011 The Author - ISSN 0391-3988

747

Antibiotic-induced biofilm formation

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

748

Ichimiya T, Takeoka K, Hiramatsu K, et al. The influence
of azithromycin on the biofilm formation of Pseudomonas
aeruginosa in vitro. Chemotherapy. 1996;42(3):186-191.
Medline doi:10.1159/000239440
Wagner T, Soong G, Sokol S, et al. Effects of azithromycin
on clinical isolates of Pseudomonas aeruginosa from cystic fibrosis patients. Chest. 2005;128(2):912-919. Medline
doi:10.1378/chest.128.2.912
Hoiby N. Antibiotic therapy for chronic infection of pseudomonas in the lung. Annu Rev Med. 1993;44:1-10. Medline doi:10.1146/annurev.me.44.020193.000245
Clement A, Tamalet A, Leroux E, et al. Long term effects
of azithromycin in patients with cystic fibrosis: A double
blind, placebo controlled trial. Thorax. 2006;61(10):895902. Medline doi:10.1136/thx.2005.057950
Saiman L, Marshall BC, Mayer-Hamblett N, et al. Azithromycin in patients with cystic fibrosis chronically infected
with Pseudomonas aeruginosa: a randomized controlled trial. JAMA. 2003;290(13):1749-1756. Medline
doi:10.1001/jama.290.13.1749
Favre-Bonte S, Kohler T, Van Delden C. Biofilm formation
by Pseudomonas aeruginosa: role of the C4-HSL cell-tocell signal and inhibition by azithromycin. J Antimicrob
Chemother. 2003;52(4):598-604. Medline doi:10.1093/jac/
dkg397
Nagino K, Kobayashi H. Influence of macrolides on mucoid alginate biosynthetic enzyme from Pseudomonas aeruginosa. Clin Microbiol Infect. 1997;3(4):432-439. Medline
doi:10.1111/j.1469-0691.1997.tb00279.x
Tateda K, Comte R, Pechere JC, et al. Azithromycin inhibits quorum sensing in Pseudomonas aeruginosa. Antimicrob Agents Chemother. 2001;45(6):1930-1933. Medline
doi:10.1128/AAC.45.6.1930-1933.2001
Odenholt I. Pharmacodynamic effects of subinhibitory antibiotic concentrations. Int J Antimicrob
Agents. 2001;17(1):1-8. Medline doi:10.1016/S09248579(00)00243-0
Smith DL, Harris AD, Johnson JA, et al. Animal antibiotic
use has an early but important impact on the emergence
of antibiotic resistance in human commensal bacteria.
Proc Natl Acad Sci USA. 2002;99(9):6434-6439. Medline
doi:10.1073/pnas.082188899
Davies J, Spiegelman GB, Yim G. The world of subinhibitory antibiotic concentrations. Curr Opin Microbiol.
2006;9(5):445-453. Medline doi:10.1016/j.mib.2006.08.006
Gardner AD. Morphological effects of penicillin on bacteria. Nature. 1940;146:837-838. doi:10.1038/146837b0
Washington JA. The effects and significance of subminimal inhibitory concentrations of antibiotics. Rev Infect Dis.
1979;1(5):781-786. Medline doi:10.1093/clinids/1.5.781
Lorian V. Medical relevance of low concentrations of antibiotics. J Antimicrob Chemother 1993; 31 Suppl D: 137148. doi: 10.1093/jac/31.suppl_D.137
Gerber M, Walch C, Loffler B, et al. Effect of sub-MIC con-

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

centrations of metronidazole, vancomycin, clindamycin
and linezolid on toxin gene transcription and production
in Clostridium difficile. J Med Microbiol. 2008;57pt 6):776783. Medline doi:10.1099/jmm.0.47739-0
Deneve C, Bouttier S, Dupuy B, et al. Effects of subinhibitory concentrations of antibiotics on colonization factor
expression by moxifloxacin-susceptible and moxifloxacinresistant Clostridium difficile strains. Antimicrob Agents
Chemother. 2009;53(12):5155-5162. Medline doi:10.1128/
AAC.00532-09
Stanton TB, Humphrey SB, Sharma VK, Zuerner RL. Collateral effects of antibiotics: carbadox and metronidazole induce VSH-1 and facilitate gene transfer among
Brachyspira hyodysenteriae strains. Appl Environ Microbiol. 2008;74(10):2950-2956. Medline doi:10.1128/
AEM.00189-08
Goh EB, Yim G, Tsui W, et al. Transcriptional modulation of
bacterial gene expression by subinhibitory concentrations
of antibiotics. Proc Natl Acad Sci USA. 2002;99(26):1702517030. Medline doi:10.1073/pnas.252607699
Tsui WH, Yim G, Wang HH, et al. Dual effects of MLS antibiotics: transcriptional modulation and interactions on
the ribosome. Chem Biol. 2004;11(9):1307-1316. Med line
doi:10.1016/j.chembiol.2004.07.010
Yim G, de la Cruz F, Spiegelman GB, Davies J. Transcription modulation of Salmonella enterica serovar Typhimurium promoters by sub-MIC levels of rifampin. J
Bacteriol. 2006;188(122):7988-7991. Medline doi:10.1128/
JB.00791-06
Weir EK, Martin LC, Poppe C, et al. Subinhibitory concentrations of tetracycline affect virulence gene expression in a
multi-resistant Salmonella enterica subsp. enterica serovar
Typhimurium DT104. Microbes Infect. 2008;10(8):901-907.
Medline doi:10.1016/j.micinf.2008.05.005
Cummins J, Reen FJ, Baysse C, et al. Subinhibitory concentrations of the cationic antimicrobial peptide colistin
induce the pseudomonas quinolone signal in Pseudomonas aeruginosa. Microbiology. 2009;155(Pt 9):2826-2837.
Medline doi:10.1099/mic.0.025643-0
Lin JT, Connelly MB, Amolo C, et al. Global transcriptional
response of Bacillus subtilis to treatment with subinhibitory concentrations of antibiotics that inhibit protein synthesis. Antimicrob Agents Chemother. 2005;49(5):1915-1926.
Medline doi:10.1128/AAC.49.5.1915-1926.2005
Ng WL, Kazmierczak KM, Robertson GT, et al. Transcriptional regulation and signature patterns revealed
by microarray analyses of Streptococcus pneumoniae
R6 challenged with sublethal concentrations of translation inhibitors. J Bacteriol. 2003;185(1):359-370. Medline
doi:10.1128/JB.185.1.359-370.2003
Linares JF, Gustafsson I, Baquero F, Martinez JL. Antibiotics as intermicrobial signaling agents instead of weapons. Proc Natl Acad Sci USA. 2006;103(51):19484-19489.
Medline doi:10.1073/pnas.0608949103

© 2011 The Author - ISSN 0391-3988

Kaplan

32. Schadow KH, Simpson WA, Christensen GD. Characteristics of adherence to plastic tissue culture plates of
coagulase-negative staphylococci exposed to subinhibitory concentrations of antimicrobial agents. J Infect Dis.
1988;157(1):71-77. Medline doi:10.1093/infdis/157.1.71
33. Hoffman LR, D’Argenio DA, MacCoss MJ, et al. Aminoglycoside antibiotics induce bacterial biofilm formation.
Nature. 2005;436(7054):1171-1175. Medline doi:10.1038/
nature03912
34. Bagge N, Schuster M, Hentzer M, et al. Pseudomonas aeruginosa biofilms exposed to imipenem exhibit
changes in global gene expression and beta-lactamase and alginate production. Antimicrob Agents Chemother. 2004;48(4):1175-1187. Medline doi:10.1128/
AAC.48.4.1175-1187.2004
35. Boehm A, Steiner S, Zaehringer F, et al. Second messenger signalling governs Escherichia coli biofilm induction
upon ribosomal stress. Mol Microbiol. 2009;72(6):15001516. Medline doi:10.1111/j.1365-2958.2009.06739.x
36. Ahmed NA, Petersen FC, Scheie AA. AI-2/LuxS is involved
in increased biofilm formation by Streptococcus intermedius in the presence of antibiotics. Antimicrob Agents
Chemother. 2009;53(10):4258-4263. Medline doi:10.1128/
AAC.00546-09
37. Wang Q, Sun FJ, Liu Y, et al. Enhancement of biofilm formation by subinhibitory concentrations of macrolides in
icaADBC-positive and -negative clinical isolates of Staphylococcus epidermidis. Antimicrob Agents Chemother.
2010;54(6):2707-2711. Medline doi:10.1128/AAC.0156509
38. Kaplan JB, Jabbouri S, Sadovskaya I. Extracellular DNAdependent biofilm formation by Staphylococcus epidermidis RP62A in response to subminimal inhibitory concentrations of antibiotics. Res Microbiol. 2011;162(5):525-541.
39. Perez-Giraldo C, Rodriguez-Benito A, Moran FJ, et al. Invitro slime production by Staphylococcus epidermidis in
presence of subinhibitory concentrations of ciprofloxacin, ofloxacin and sparfloxacin. J Antimicrob Chemother.
1994;33(4):845-848. Medline doi:10.1093/jac/33.4.845
40. Majtan J, Majtanova L, Xu M, Majtan V. In vitro effect of
subinhibitory concentrations of antibiotics on biofilm
formation by clinical strains of Salmonella enterica serovar Typhimurium isolated in Slovakia. J Appl Microbiol.
2008;104(5):1294-1301.
Medline
doi:10.1111/j.13652672.2007.03653.x
41. Calabrese EJ, Baldwin LA. Hormesis: U-shaped dose responses and their centrality in toxicology. Trends Pharmacol Sci. 2001;22(6):285-291. Medline doi:10.1016/S01656147(00)01719-3
42. Kendig EL, Le HH, Belcher SM. Defining hormesis:
evaluation of a complex concentration response phenomenon. Int J Toxicol. 2010;29(3):235-246. Medline
doi:10.1177/1091581810363012
43. Haddadin RN, Saleh S, Al-Adham IS, et al. The effect of

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

subminimal inhibitory concentrations of antibiotics on virulence factors expressed by Staphylococcus aureus biofilms. J Appl Microbiol. 2010;108(4):1281-1291. Medline
doi:10.1111/j.1365-2672.2009.04529.x
Carsenti-Etesse H, Durant J, Entenza J, et al. Effects of
subinhibitory concentrations of vancomycin and teicoplanin on adherence of staphylococci to tissue culture
plates. Antimicrob Agents Chemother. 1993;37(4):921923.
Cerca N, Martins S, Pier GB, et al. The relationship between inhibition of bacterial adhesion to a solid surface by
sub-MICs of antibiotics and subsequent development of
a biofilm. Res Microbiol. 2005;156(5-6):650-655. Medline
doi:10.1016/j.resmic.2005.02.004
Polonio RE, Mermel LA, Paquette GE, Sperry JF. Eradication of biofilm-forming Staphylococcus epidermidis
(RP62A) by a combination of sodium salicylate and vancomycin. Antimicrob Agents Chemother. 2001;45(11):32623266. Medline doi:10.1128/AAC.45.11.3262-3266.2001
Suman E, Jose S, D’Souza J, Kotian S. Does vancomycin inhibit biofilm production by coagulase-negative
staphylococci? J Hosp Infect. 2009;73(1):86-87. Medline
doi:10.1016/j.jhin.2009.06.001
Rupp ME, Hamer KE. Effect of subinhibitory concentrations of vancomycin, cefazolin, ofloxacin, L-ofloxacin
and D-ofloxacin on adherence to intravascular catheters
and biofilm formation by Staphylococcus epidermidis.
J Antimicrob Chemother. 1998;41(2):155-161. Medline
doi:10.1093/jac/41.2.155
Elliott D, Burns JL, Hoffman LR. Exploratory study of
the prevalence and clinical significance of tobramycinmediated biofilm induction in Pseudomonas aeruginosa
isolates from cystic fibrosis patients. Antimicrob Agents
Chemother. 2010;54(7):3024-3026. Medline doi:10.1128/
AAC.00102-10
Mack D, Nedelmann M, Krokotsch A, et al. Characterization of transposon mutants of biofilm-producing Staphylococcus epidermidis impaired in the accumulative phase of
biofilm production: genetic identification of a hexosaminecontaining polysaccharide intercellular adhesin. Infect Immun. 1994;62(8):3244-3253.
Vuong C, Kocianova S, Voyich JM, et al. A crucial role
for exopolysaccharide modification in bacterial biofilm
formation, immune evasion, and virulence. J Biol Chem.
2004;279(52):54881-54886. Medline doi:10.1074/jbc.
M411374200
Vuong C, Voyich JM, Fischer ER, et al. Polysaccharide intercellular adhesin (PIA) protects Staphylococcus epidermidis against major components of the human innate immune system. Cell Microbiol. 2004;6(3):269-275. Medline
doi:10.1046/j.1462-5822.2004.00367.x
Gerke C, Kraft A, Sussmuth R, et al. Characterization of the N-acetylglucosaminyltransferase activity involved in the biosynthesis of the Staphylococcus epi-

© 2011 The Author - ISSN 0391-3988

749

Antibiotic-induced biofilm formation

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

750

dermidis polysaccharide intercellular adhesin. J Biol
Chem. 1998;273(29):18586-18593. Medline doi:10.1074/
jbc.273.29.18586
Rachid S, Ohlsen K, Witte W, et al. Effect of subinhibitory antibiotic concentrations on polysaccharide
intercellular adhesin expression in biofilm-forming
Staphylococcus epidermidis. Antimicrob Agents Chemother. 2000;44(12):3357-3363. Medline doi:10.1128/
AAC.44.12.3357-3363.2000
Izano EA, Amarante MA, Kher WB, Kaplan JB. Differential roles of poly-N-acetylglucosamine surface polysaccharide and extracellular DNA in Staphylococcus
aureus and Staphylococcus epidermidis biofilms. Appl Environ Microbiol. 2008;74(2):470-476. Medline doi:10.1128/
AEM.02073-07
Qin Z, Ou Y, Yang L, et al. Role of autolysin-mediated DNA
release in biofilm formation of Staphylococcus epidermidis. Microbiology. 2007;153(Pt 7):2083-2092. Medline
doi:10.1099/mic.0.2007/006031-0
Hussain M, Herrmann M, von Eiff C, et al. A 140-kilodalton extracellular protein is essential for the accumulation
of Staphylococcus epidermidis strains on surfaces. Infect
Immun. 1997;65(2):519-524.
Sadovskaya I, Vinogradov E, Li J, Jabbouri S. Structural
elucidation of the extracellular and cell-wall teichoic acids of Staphylococcus epidermidis RP62A, a reference
biofilm-positive strain. Carbohydr Res. 2004;339(8):14671473. Medline doi:10.1016/j.carres.2004.03.017
Holland LM, Conlon B, O’Gara JP. Mutation of tagO reveals an essential role for wall teichoic acids in Staphylococcus epidermidis biofilm development. Microbiology. 2011;157(Pt 2):408-418. Medline doi:10.1099/
mic.0.042234-0
Kuehl R, Al-Bataineh S, Gordon O, et al. Furanone at
subinhibitory concentrations enhances staphylococcal
biofilm formation by luxS repression. Antimicrob Agents
Chemother. 2009;53(10):4159-4166. Medline doi:10.1128/
AAC.01704-08
Mirani ZA, Jamil N. Effect of sub-lethal doses of vancomycin and oxacillin on biofilm formation by vancomycin
intermediate resistant Staphylococcus aureus. J Basic
Microbiol. 2011;51(2):191-195. Medline doi:10.1002/
jobm.201000221
Bisognano C, Vaudaux PE, Lew DP, et al. Increased expression of fibronectin-binding proteins by fluoroquinoloneresistant Staphylococcus aureus exposed to subinhibitory levels of ciprofloxacin. Antimicrob Agents Chemother.
1997;41(5):906-913.
O’Neill E, Pozzi C, Houston P, et al. A novel Staphylococcus aureus biofilm phenotype mediated by the fibronectin-binding proteins, FnBPA and FnBPB. J Bacteriol.
2008;190(11):3835-3850. Medline doi:10.1128/JB.00167-08
Subrt N, Mesak LR, Davies J. Modulation of virulence gene
expression by cell wall active antibiotics in Staphylococ-

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

cus aureus. J Antimicrob Chemother. 2011;66(5):979-984.
Medline doi:10.1093/jac/dkr043
Boles BR, Horswill AR. Agr-mediated dispersal of Staphylococcus aureus biofilms. PLoS Pathog. 2008;4(4):e1000052.
Medline doi:10.1371/journal.ppat.1000052
Frank KL, Reichert EJ, Piper KE, Patel R. In vitro effects
of antimicrobial agents on planktonic and biofilm forms
of Staphylococcus lugdunensis clinical isolates. Antimicrob Agents Chemother. 2007;51(3):888-895. Medline
doi:10.1128/AAC.01052-06
Sailer FC, Meberg BM, Young KD. beta-Lactam induction
of colanic acid gene expression in Escherichia coli. FEMS
Microbiol Lett. 2003;226(2):245-249. Medline doi:10.1016/
S0378-1097(03)00616-5
Hanna A, Berg M, Stout V, Razatos A. Role of capsular
colanic acid in adhesion of uropathogenic Escherichia coli.
Appl Environ Microbiol. 2003;69(8):4474-4481. Medline
doi:10.1128/AEM.69.8.4474-4481.2003
Bochner BR, Gadzinski P, Panomitros E. Phenotype microarrays for high-throughput phenotypic testing and assay of
gene function. Genome Res. 2001;11(7):1246-1255. Medline doi:10.1101/gr.186501
Yildiz FH. Cyclic dimeric GMP signaling and regulation of
surface-associated developmental programs. J Bacteriol.
2008;190(3):781-783. Medline doi:10.1128/JB.01852-07
Marr AK, Overhage J, Bains M, Hancock RE. The Lon
protease of Pseudomonas aeruginosa is induced by aminoglycosides and is involved in biofilm formation and
motility. Microbiology. 2007;153(Pt 2):474-482. Medline
doi:10.1099/mic.0.2006/002519-0
Yasuda H, Ajiki Y, Koga T, et al. Interaction between biofilms formed by Pseudomonas aeruginosa and clarithromycin. Antimicrob Agents Chemother. 1993;37(9):17491755.
Gillis RJ, Iglewski BH. Azithromycin retards Pseudomonas aeruginosa biofilm formation. J Clin Microbiol. 2004;42(12):5842-5845. Medline doi:10.1128/
JCM.42.12.5842-5845.2004
Skindersoe ME, Alhede M, Phipps R, et al. Effects of antibiotics on quorum sensing in Pseudomonas aeruginosa.
Antimicrob Agents Chemother. 2008;52(10):3648-3663.
Medline doi:10.1128/AAC.01230-07
Vranes J. Effect of subminimal inhibitory concentrations of
azithromycin on adherence of Pseudomonas aeruginosa
to polystyrene. J Chemother. 2000;12(4):280-285.
Garey KW, Vo QP, Lewis RE, et al. Increased bacterial adherence and biomass in Pseudomonas aeruginosa bacteria exposed to clarithromycin. Diagn Microbiol Infect
Dis. 2009;63(1):81-86. Medline doi:10.1016/j.diagmicrobio.2008.09.007
Wozniak DJ, Keyser R. Effects of subinhibitory concentrations of macrolide antibiotics on Pseudomonas aeruginosa. Chest 2004; 125(2 Suppl): 62S-9S; quiz 69S.
Nucleo E, Steffanoni L, Fugazza G, et al. Growth in glucose-

© 2011 The Author - ISSN 0391-3988

Kaplan

based medium and exposure to subinhibitory concentrations of imipenem induce biofilm formation in a multidrugresistant clinical isolate of Acinetobacter baumannii. BMC
Microbiol. 2009;9:270. Medline doi:10.1186/1471-2180-9270
79. Xavier KB, Bassler BL. LuxS quorum sensing: more than
just a numbers game. Curr Opin Microbiol. 2003;6(2):191197. Medline doi:10.1016/S1369-5274(03)00028-6
80. Ahmed NA, Petersen FC, Scheie AA. Biofilm formation
and autoinducer-2 signaling in Streptococcus intermedius: role of thermal and pH factors. Oral Microbiol Immunol. 2008;23(6):492-497. Medline doi:10.1111/j.1399302X.2008.00460.x
81. Fajardo A, Martinez JL. Antibiotics as signals that trigger specific bacterial responses. Curr Opin Microbiol.
2008;11(2):161-167. Medline doi:10.1016/j.mib.2008.02.006

82. Aminov RI. The role of antibiotics and antibiotic resistance
in nature. Environ Microbiol. 2009;11(12):2970-2988. Medline doi:10.1111/j.1462-2920.2009.01972.x
83. Ratcliff WC, Denison RF. Microbiology. Alternative actions
for antibiotics. Science. 2011;332(6029):547-548. Medline
doi:10.1126/science.1205970
84. Bassler BL, Losick R. Bacterially speaking. Cell.
2006;125(2):237-246. Medline doi:10.1016/j.cell.2006.04.001
85. Dunne WM Jr. Effects of subinhibitory concentrations of
vancomycin or cefamandole on biofilm production by coagulase-negative staphylococci. Antimicrob Agents Chemother. 1990;34(3):390-393.
86. Cargill JS, Upton M. Low concentrations of vancomycin
stimulate biofilm formation in some clinical isolates of Staphylococcus epidermidis. J Clin Pathol. 2009;62(12):11121116. Medline doi:10.1136/jcp.2009.069021

© 2011 The Author - ISSN 0391-3988

751

