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Previous studies showed that sub-MIC levels of �-lactam antibiotics stimulate biofilm formation in most methicillin-resistant
Staphylococcus aureus (MRSA) strains. Here, we investigated this process by measuring the effects of sub-MIC amoxicillin on
biofilm formation by the epidemic community-associated MRSA strain USA300. We found that sub-MIC amoxicillin increased
the ability of USA300 cells to attach to surfaces and form biofilms under both static and flow conditions. We also found that
USA300 biofilms cultured in sub-MIC amoxicillin were thicker, contained more pillar and channel structures, and were less po-
rous than biofilms cultured without antibiotic. Biofilm formation in sub-MIC amoxicillin correlated with the production of ex-
tracellular DNA (eDNA). However, eDNA released by amoxicillin-induced cell lysis alone was evidently not sufficient to stimu-
late biofilm. Sub-MIC levels of two other cell wall-active agents with different mechanisms of action—D-cycloserine and
fosfomycin—also stimulated eDNA-dependent biofilm, suggesting that biofilm formation may be a mechanistic adaptation to
cell wall stress. Screening a USA300 mariner transposon library for mutants deficient in biofilm formation in sub-MIC amoxicil-
lin identified numerous known mediators of S. aureus �-lactam resistance and biofilm formation, as well as novel genes not pre-
viously associated with these phenotypes. Our results link cell wall stress and biofilm formation in MRSA and suggest that
eDNA-dependent biofilm formation by strain USA300 in low-dose amoxicillin is an inducible phenotype that can be used to
identify novel genes impacting MRSA �-lactam resistance and biofilm formation.

Methicillin-resistant Staphylococcus aureus (MRSA) causes
numerous infections ranging from mild cellulitis to life-

threatening sepsis (1). Although many MRSA infections are health
care associated, the increasing incidence of community-acquired
MRSA infections represents a growing public health concern (2).
Antibiotic resistance and biofilm formation are two virulence fac-
tors that contribute to MRSA pathogenesis in both health care and
community settings (3). Methicillin resistance is mediated by
mecA, a gene that encodes a novel cell wall transpeptidase with low
affinity for most �-lactam antibiotics (4). Biofilm formation is
mediated by extracellular polymeric substances (EPS), including
proteinaceous adhesins, such as fibronectin binding proteins A
and B (5, 6); extracellular DNA (eDNA) (7); and polysaccharides,
such as poly-N-acetyl-D-glucosamine (PNAG), also known as
polysaccharide intercellular adhesin (PIA) (3, 7–9). Methicillin
resistance limits treatment options for MRSA, and biofilm forma-
tion confers additional antibiotic resistance that limits treatment
efficacy.

Several observations suggest a link between MRSA methicillin
resistance and biofilm formation. First, most MRSA strains form
biofilms that contain eDNA and proteinaceous adhesins in their
matrices, whereas methicillin-sensitive S. aureus (MSSA) strains,
which lack mecA, usually form biofilms that contain polysaccha-
rides in their matrices (10–13). In addition, deletion of mecA in
MRSA strains results in decreased biofilm even in the absence of
�-lactam antibiotics (10, 14). Also, MRSA strains are more likely
to form biofilm than MSSA strains in the absence of glucose,
whereas both groups form biofilms in the presence of glucose (15).
Finally, sub-MIC levels of �-lactam antibiotics have been shown
to induce eDNA release and biofilm formation in MRSA strains,
but not in MSSA strains (16). The latter process may have rele-

vance in hospitals and on farms, where bacteria may be exposed to
low levels of antibiotics.

The aim of the present study was to investigate the mechanism
of MRSA biofilm formation in the presence of sub-MIC levels of
�-lactam antibiotics. Our approach was to measure the effects of
low-dose amoxicillin, a clinically relevant antibiotic, on cells and
biofilms of the MRSA strain LAC, a well-characterized epidemic
community-associated USA300 isolate (16, 17). We cultured bio-
films in static and dynamic biofilm reactors, analyzed mutant
strains deficient in the production of known biofilm effectors,
grew biofilms in EPS-degrading enzymes to study the composi-
tion of the biofilm matrix, and used physical and microscopy
methods to analyze structural properties of the biofilms. We also
investigated the ability of low doses of non-�-lactam cell wall-
active agents to stimulate biofilm. Finally, we identified mutants
deficient in biofilm induction by screening the Nebraska Trans-
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poson Mutant Library (NTML) for mutants that formed de-
creased biofilm in the presence of sub-MIC amoxicillin. The
NTML is a collection of approximately 2,000 mutant derivatives
of strain USA300 in which individual genes have been disrupted
by insertion of the mariner-based transposon bursa aurealis (18,
19). Our findings suggest that eDNA-dependent biofilm forma-
tion by USA300 in low-dose amoxicillin is an inducible mechanis-
tic adaptation to cell wall stress and that this phenotype will be
useful for identifying novel genes that impact biofilm formation,
the cell wall stress response, and the bactericidal activity of �-lac-
tam antibiotics against MRSA.

MATERIALS AND METHODS
Bacterial strains, media, and growth conditions. The bacterial strains
used in this study are listed in Tables 1 and 2. Unless otherwise indicated,
bacteria were cultured in tryptic soy broth (Becton Dickinson and Co.)
supplemented with 6 g/liter yeast extract and 8 g/liter glucose. Solid media
were further supplemented with 1.2% agar. Antibiotics (amoxicillin, fos-
fomycin, D-cycloserine, kanamycin, and erythromycin) were purchased
from Sigma and added to broth or solid media at the indicated concen-
trations. Bacterial inocula were prepared in fresh broth from 24-h-old
agar colonies, as previously described (7). The inocula were diluted to 105

to 106 CFU/ml unless otherwise indicated. All cultures were incubated at
37°C.

Static biofilm assay. Aliquots of inocula (180 �l each) were trans-
ferred to the wells of a 96-well microtiter plate (Corning, no. 3599) con-
taining 20 �l of antibiotic dissolved in water at a concentration equal to 10
times the desired final concentration. Control wells were filled with 180 �l
of inoculum and 20 �l of water, or 180 of sterile broth and 20 �l of water.
The plates were incubated for 18 h. Growth was quantitated by measuring
the absorbance of the wells at 450 nm. The amount of biofilm biomass in
each well was quantitated by rinsing the wells with water and staining for
1 min with 200 �l of Gram’s crystal violet. The wells were then rinsed with
water and dried. Bound crystal violet was dissolved in 200 �l of 33% acetic
acid and quantitated by measuring the absorbance of the wells at 595 or
620 nm.

Hydrodynamic biofilm assay. To grow biofilms under various condi-
tions of hydrodynamic flow, 17- by 100-mm polystyrene culture tubes

TABLE 1 Bacterial strains, plasmids, and PCR primers

Strains, plasmids,
and primers Characteristics or sequencea

Reference(s)
or sourceb

S. aureus
LAC CA-MRSA (USA300 clone) 15, 16
AH1263 LAC cured of plasmid p03 30
JE2 LAC cured of plasmids p01 and p03 17
AH3051 AH1263 nuc::LtrB nuc2::Erm 67
AH1919 AH1263 mutant deficient in extracellular

protease production (aur, scpA,
splABCDEF, sspAB negative)

29

NE766 JE2 icaC::Erm NARSA
KB8766 JE2 icaC::Km This study
NE619 JE2 fnbB::Erm NARSA
KB8714 JE2 fnbB::Km This study
KB8516 JE2 glcJ::Km This study
SA113 Biofilm-forming laboratory strain 68
KM1001 SA113 glcJ::Erm This study
RN4220 Restriction-deficient strain 69

E. coli
DH5� Used for cloning and plasmid isolation Invitrogen

Plasmids
pJB67 S. aureus expression vector Jeffrey Bose
pJE11 pJB7 carrying glcJ This study

PCR primers
516F GTGCGTAAAGCATTAAATGCAG This study
516R GATGAAATCTCCTGTTGAATC This study
619F AATCATGAGGTGATAAGATG This study
619R CCTCAGCAGACCTTTTGGC This study
766F GATACTTAACTACACGCG This study
766R CCATTGACCTAATAGGAC This study
516C-FNdeI CCCCCATATGAGTCGAAAAAT This study
516C-REcoRI CCCCGAATTCTCATTTCTGTT This study

a Erm, erythromycin resistance; Km, kanamycin resistance; LtrB, markerless gene
deletion. Sequences are shown 5=¡3=; restriction sites are underlined.
b NARSA, Network on Antimicrobial Resistance in Staphylococcus aureus
(http://www.narsa.net).

TABLE 2 Defined S. aureus Nebraska Transposon Mutant Library strains analyzed in this study

Phenotype and strain name Gene no. Gene namea Gene product

Biofilm deficiency
NE460 SAUSA300_0955 atl Autolysin
NE1555 SAUSA300_1148 codY Transcriptional repressor
NE516 SAUSA300_1508 glcJ Conserved hypothetical protein
NE1607 SAUSA300_2025 rsbU �B regulation protein
NE1472 SAUSA300_2023 rsbW Anti-�B factor; serine-protein kinase
NE1193 SAUSA300_0605 sarA Accessory regulator A

Hypersensitivity to amoxicillin
NE810 SAUSA300_1642 cycA (aapA) D-Serine/D-alanine/glycine transporter
NE1022 SAUSA300_0959 fmtA Autolysis and methicillin resistance-related protein
NE1360 SAUSA300_1255 fmtC (mprF) Oxacillin resistance-related protein
NE1868 SAUSA300_0032 mecA Penicillin-binding protein 2=
NE62 SAUSA300_0794 top Toprim domain protein
NE554 SAUSA300_1865 vraR DNA-binding response regulator

Hyperresistance to amoxicillin
NE292 SAUSA300_0539 ilvE Branched-chain amino acid aminotransferase
NE1142 SAUSA300_2264 rpiRC Phosphosugar-binding transcriptional regulator
NE1714 SAUSA300_1590 rsh (relA) ppGpp hydrolase/synthetase
NE914 SAUSA300_1622 tig Trigger factor

a Alternate gene names are in parentheses.
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(no. 1485-2810; USA Scientific) were modified as follows. A 1.5-mm hole
was drilled in the center of the cap of each tube. A 1.5-mm-diameter
polystyrene rod was inserted into the hole so that the rod was suspended in
the center of the tube 1 cm from the bottom. The rod was fastened to the
cap with epoxy cement, and the rod-cap assembly was sterilized with 70%
ethanol. The modified culture tubes were filled with 3 ml of inoculum, or
3 ml of sterile broth as a control, and incubated for 18 h in a gyratory
shaker set to 230 rpm. The tubes were incubated with the cap fully closed
so the position of the rod was fixed in the center of the tube. Biofilms on
the walls of the tube and on the rod were visualized by staining with crystal
violet and quantitated by destaining with acetic acid as described above.

Surface attachment assay. The BioFilm ring test (BioFilm Control, St.
Beauzire, France) was used to quantitate attachment of bacterial cells to
96-well polystyrene microtiter plates. The procedure was carried out as
described by Chavant et al. (20) with some modifications. Microtiter
plates, magnetic beads, a block of 96 magnets in standard microplate
format, contrast solution, a plate reader, and image analysis software were
obtained from BioFilm Control. Briefly, inocula were supplemented di-
rectly with amoxicillin or DNase I at the indicated concentrations, and
then aliquots of the inocula (200 �l each) were transferred to the wells of
the microtiter plate. Control wells were filled with 200 �l of sterile broth.
All the wells were supplemented with 2 �l of magnetic beads (1-�m di-
ameter; no. TON004), and the plate was incubated at 37°C for 3 h. A
volume of 100 �l of contrast solution was pipetted into each well, and the
plate was then placed on the magnetic block for 1 min. Under these con-
ditions, free beads migrate to the center of the well, forming a spot. Bac-
terial cells that attach to the bottom of the well block the migration of the
beads and reduce the intensity of the spot (21). The plate was imaged using
the BioFilm Control plate reader and analyzed with the accompanying
image analysis software. The spot intensity was expressed as a biofilm
index (BFI) value, which was inversely proportional to the number of
attached cells in the well.

Biofilm porosity assay. The porosity of biofilms was quantitated by
measuring the volumetric flow rate of phosphate-buffered saline (PBS)
through biofilms cultured in centrifugal filter devices. The procedure was
carried out as described by Ganeshnarayan et al. (22) with slight modifi-
cations. Briefly, 200-�l aliquots of inoculum supplemented with amoxi-
cillin or DNase I at the indicated concentrations were transferred to the
sample reservoirs of Nanosep MF centrifugal filter devices (0.2-�m pore
size; no. ODM02C33; Pall Corp.). Control devices were filled with 200 �l
of sterile broth. The devices were incubated for 18 h to allow biofilms to
form on the filtration membranes. The broth was aspirated, and the res-
ervoirs were filled with 300 �l of PBS. The devices were subjected to
low-speed centrifugation (4,300 � g) for 30 s, and flowthrough volumes
were measured. The 30-s centrifugation step was repeated five additional
times, and the cumulative flowthrough volumes were remeasured after
each centrifugation step.

Confocal scanning laser microscopy. Two-milliliter aliquots of inoc-
ula were transferred to 35-mm-diameter glass bottom petri dishes (Mat-
Tek). After incubation for 18 h, the broth was aspirated, the dishes were
rinsed twice with distilled water, and the biofilms were stained using a
LIVE/DEAD BacLight Bacterial Viability kit (Life Technologies) accord-
ing to the instructions supplied with the kit. Biofilms were imaged using
an Olympus FV1000-IX81 inverted confocal microscope equipped with a
60� oil immersion lens. Syto 9 dye was excited by a 488-nm argon laser,
and emitted light was collected at 520 nm. Propidium iodide dye was
excited by a 559-nm argon laser, and emitted light was collected at 619
nm. Random areas near the center of the dish were selected for viewing.
Z-stack images were collected at 1-�m intervals from the base to the top of
the biofilm.

EPS-degrading enzymes. Where indicated, cultures were supple-
mented with 10 �g/ml DNase I (dornase alfa; Genentech), proteinase K
(Sigma), or the PNAG-degrading enzyme dispersin B (7). This was ac-
complished by adding 0.01 volume of a 1-mg/ml enzyme stock solution to
the bacterial inoculum prior to transferring it to the culture vessel.

Isolation and analysis of extracellular DNA. eDNA was isolated from
lawns of bacteria cultured on agar, also known as colony biofilms, using
the method described by Karwacki et al. (23). Briefly, 100-�l aliquots of
inoculum (�108 CFU) were spread onto agar plates supplemented with 0,
0.1, 0.2, 0.3, 0.4, or 0.5 �g/ml amoxicillin (0� to 0.5� MIC), and the
plates were incubated for 24 h. The cell paste from each plate was trans-
ferred to a separate, preweighed 1.5-ml microcentrifuge tube; weighed;
and resuspended in Tris-EDTA (TE) buffer at a concentration of 1 mg/ml.
The tube was mixed by vortex agitation for 10 min, and the cells were
pelleted by centrifugation. The supernatant was sterilized by passage
through a 0.2-�m-pore-size filter. A 20-�l volume of cell extract was
analyzed by agarose gel electrophoresis. eDNA was visualized by staining
with ethidium bromide.

Mutant library screen. The Nebraska Transposon Mutant Library
was obtained from the Network on Antimicrobial Resistance in Staphylo-
coccus aureus (NARSA) (http://www.narsa.net). The library was supplied
in five 384-well microtiter plates. A volume of 5 �l of each mutant strain
was transferred from the well of the 384-well master plate to the well of a
96-well microtiter plate containing 200 �l of fresh broth. The 96-well
microtiter plate was incubated at 37°C for 16 h. A 5-�l volume of each
culture was then transferred to fresh 96-well microtiter plate wells con-
taining 200 �l of broth supplemented with 0.1, 0.2, or 0.3 �g/ml amoxi-
cillin. The wild-type strain JE2 was used as a positive control, and unin-
oculated broth served as a negative control. Plates were incubated for 20 �
2 h. Growth and biofilm were quantitated as described above. The entire
mutant library screen was performed on two separate occasions. Approx-
imately 60 mutant strains that exhibited A620 values of 	30% that of the
control at one or more amoxicillin concentrations on both occasions were
considered potential biofilm-deficient mutants. Defined bursa aurealis
transposon mutant strains corresponding to each potential mutant were
obtained from NARSA and rescreened in the biofilm induction assay de-
scribed above in 0 to 0.5 �g/ml amoxicillin.

Construction of mutant strains. Defined bursa aurealis transposon
mutant strains NE516 (glcJ), NE619 (fnbB), and NE766 (icaC) were back-
crossed to a fresh JE2 background to eliminate possible secondary-site
mutations. First, the bursa aurealis transposon, including the erythromy-
cin resistance cassette, was replaced with a kanamycin resistance cassette
utilizing the pKAN allelic-exchange plasmid described by Bose et al. (24).
Bacteriophage 
11 was then propagated on the resulting isolate and used
to transduce the mutation into strain JE2 as previously described (25).
Transductants were selected on tryptic soy agar plates containing 75
�g/ml kanamycin and then screened for the presence of the kanamycin
resistance cassette by PCR utilizing primer pairs 516F/516R, 619F/619R,
and 766F/766R (Table 1), which flank the insertion sites of the trans-
posons in NE516, NE619, and NE766, respectively. The reconstructed
mutants were named KB8516, KB8619, and KB8766, corresponding to
NE516, NE619, and NE766, respectively. Strain KM1001 was constructed
by transducing the glcJ::Kan mutation from strain KB8516 to strain SA113
using bacteriophage 
11. Transductants were screened for the presence of
the kanamycin resistance cassette by PCR using primer pair 516F/516R.

Genetic complementation. Genetic complementation of KB8516 and
KM1001 was achieved by cloning the glcJ open reading frame (ORF)
(SAUSA300_1508) into plasmid pJB67, a modified version of plasmid
pCN51 (26) that contains an optimized ribosome binding site (27). First,
the glcJ ORF from strain JE2 was amplified by PCR using primers 516C-
FNdeI and 516C-REcoRI (Table 1). The resulting PCR product (224 bp)
was digested with NdeI and EcoRI and ligated into NdeI/EcoRI sites of
pJB67. The resulting plasmid (pJE11) was transformed into Escherichia
coli DH5�, subjected to DNA sequence analysis to confirm that no errors
occurred during PCR amplification, electroporated into the restriction-
deficient strain RN4220, and then introduced into strains KB8516 and
KM1001 via phage transduction, as described above. All plasmid-harbor-
ing strains were cultured in medium supplemented with 10 �g/ml eryth-
romycin to maintain plasmid selection.
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Reproducibility of results and statistics. All biofilm assays were per-
formed in duplicate to quadruplicate wells that exhibited an average vari-
ation of approximately 7% for growth assays and 18% for biofilm assays.
All assays were performed 2 to 5 times with similarly significant differ-
ences in absorbance values. The significance of differences between mean
absorbance values was measured using a 2-tailed Student’s t test. Corre-
lation between variables was measured using Spearman’s rank correlation
coefficient. Growth curves were compared using an analysis of covariance
(ANCOVA) assay. P values of 	0.05 were considered significant.

RESULTS
Low-dose amoxicillin stimulates USA300 biofilm in a static mi-
crotiter plate assay. Previous studies showed that sub-MIC
amoxicillin induces eDNA-dependent biofilm formation in the
MRSA strain LAC (26, 28), a well-characterized community-asso-
ciated USA300 isolate (15, 16). Strain JE2, the parent strain of the
Nebraska Transposon Mutant Library, is a derivative of strain
LAC that has been cured of two plasmids, p01 and p03 (17). We
first measured the ability of sub-MIC amoxicillin to induce bio-
film in strain JE2. Figure 1A shows that sub-MIC amoxicillin
caused strong biofilm induction, with a peak at approximately 0.2
�g/ml (MIC � 1 �g/ml) after 18 h of growth. This pattern is
similar to the pattern of biofilm induction exhibited by strain LAC
in the presence of low-dose amoxicillin (26), suggesting that the
biofilm induction phenotype in strain LAC is independent of the
presence or absence of extrachromosomal elements. When cul-
tured in 0.2 �g/ml amoxicillin, strain JE2 exhibited a small de-
crease in the growth rate and total biomass compared to cells
cultured in antibiotic-free medium (Fig. 1A, inset).

To investigate the composition of the biofilm matrix formed by
strain JE2 in low-dose amoxicillin, we supplemented media with
three different EPS-degrading enzymes: DNase I, proteinase K, or
the PNAG-degrading enzyme dispersin B (Fig. 1A). None of these
enzymes had a major effect on the susceptibility of strain JE2 to
amoxicillin killing (Fig. 1A, left). DNase I and proteinase K caused
nearly complete inhibition of amoxicillin-induced biofilm,
whereas dispersin B caused partial inhibition (Fig. 1A, right). This
pattern of inhibition is similar to the pattern of inhibition exhib-
ited by DNase I, proteinase K, and dispersin B against biofilms of
strain FPR3757, another USA300 clone, when cultured in low-
dose methicillin (16). Figure 1B shows that low-dose amoxicillin
also stimulated biofilm in JE2 mutant strains deficient in the pro-
duction of fibronectin binding protein B (strain KB8619) and
PNAG (strain KB8766). Addition of DNase I to the culture me-
dium caused nearly complete inhibition of amoxicillin-induced
biofilm in both mutant strains (data not shown). These results
suggest that low-dose amoxicillin stimulates predominantly
eDNA- and protein-based biofilms in strain JE2.

Previous studies showed that extracellular nucleases and pro-
teases play a role in S. aureus biofilm formation in vitro (29–31).
To determine whether extracellular nuclease and protease pro-
duction contributes to USA300 biofilm formation in low-dose
amoxicillin, we cultured strain AH3051, a strain with mutations in
extracellular nucleases Nuc1 and Nuc2 (29), and strain AH1919, a
strain with mutations in all 10 genes encoding recognized extra-
cellular proteases (31), in broth supplemented with 0.2 �g/ml
amoxicillin (Fig. 1C). Both strains were constructed in the back-
ground strain AH1263, a derivative of strain LAC that has been
cured of plasmid p03 (32) and that exhibits the same pattern of
biofilm stimulation in low-dose amoxicillin as strains LAC and
JE2 (data not shown). Both mutant strains exhibited biofilm in-

duction in low-dose amoxicillin (Fig. 1C), and addition of DNase
I to the culture medium caused nearly complete inhibition of bio-
film in both mutant strains (data not shown). These findings sug-
gest that absence of endogenous extracellular nuclease and pro-
tease activity does not impact the ability of USA300 to form
biofilm in low-dose amoxicillin.

Low-dose amoxicillin stimulates USA300 biofilm under flow
conditions. Figure 2 shows growth and biofilm formation by
strain JE2 in polystyrene tubes incubated in a gyratory shaker.
Cells cultured in sub-MIC amoxicillin formed more biofilm on
the sides of the tubes (Fig. 2A) and on polystyrene rods suspended
in the tubes (Fig. 2B) than cells cultured in the absence of

FIG 1 Growth and biofilm formation of wild-type and mutant USA300
strains in static 96-well microtiter plates after 18 h. Broth was supplemented
with sub-MIC amoxicillin at the indicated concentrations. (A) Growth and
biofilm of strain JE2 in the presence of 10 �g/ml DNase I, dispersin B, or
proteinase K. (Inset) Growth of strain JE2 from 0 to 18 h in no antibiotic (solid
line) and 0.2 �g/ml amoxicillin (dashed line) in the absence of enzymes.
A(450), absorbance at 450 nm. (B) Growth and biofilm of JE2, isogenic fnbB
(fibronectin binding protein B) mutant strain KB8619, and isogenic icaC
(poly-N-acetyl-D-glucosamine) mutant strain KB8766. (C) Growth and bio-
film of wild-type strain AH1263 and isogenic nuclease- and protease-deficient
mutant strains AH3051 and AH1919. All the values show means for duplicate
wells, and the error bars indicate ranges. Error bars were omitted from panel A
for clarity. *, significantly different from no-antibiotic control (P 	 0.05).
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antibiotic, as visualized by staining with crystal violet. Addition
of DNase I to the medium completely inhibited biofilm formation
on the sides of the tubes (Fig. 2C, center graph) and on the poly-
styrene rods (Fig. 2C, right graph). These findings suggest that
low-dose amoxicillin induces physical changes in USA300 cells
that cause them to attach to surfaces and form biofilms.

Low-dose amoxicillin stimulates USA300 surface attach-
ment. We used the BioFilm ring test (20) to measure the effect of
low-dose amoxicillin on the attachment of JE2 cells to polystyrene
surfaces. In this assay, inocula were supplemented with magnetic
microbeads (1-�m diameter) and incubated in the wells of a 96-
well polystyrene microtiter plate. After 3 h, the wells were magne-
tized using a block of 96 magnets in standard microplate format.
Under these conditions, microbeads migrate to the center of the
well, forming a spot, but bacterial cells attached to the bottom of
the well block the migration of the beads and reduce the intensity
of the spot (21). Figure 3A shows photographs of wells that were
inoculated with sterile broth, JE2 inoculum, or JE2 inoculum sup-
plemented with low-dose amoxicillin and then incubated for 3 h
and magnetized. The spots that formed in wells inoculated with
JE2 in the absence of antibiotic were larger than the spots formed
in wells inoculated with JE2 in the presence of low-dose amoxicil-
lin. Quantification of spot intensity using image analysis software
confirmed that the spot intensity in low-dose amoxicillin was sig-
nificantly less than the spot intensity in the absence of antibiotic

FIG 2 Growth and biofilm formation of MRSA strain JE2 in polystyrene
culture tubes incubated in a gyratory shaker. (A) Biofilm formation on the
walls of tubes visualized by staining with crystal violet. Tube 1, sterile broth
control; tube 2, strain JE2; tube 3, strain JE2 supplemented with 0.2 �g/ml
amoxicillin (AMX). (B) Biofilm formation on polystyrene rods suspended in
the centers of the tubes in panel A during incubation. Rods 1, 2, and 3 were
suspended in tubes 1, 2, and 3, respectively. (C) Quantitation of growth in
tubes (in broth), biofilm on the sides of the tubes, and biofilm on the rod in the
presence or absence of 10 �g/ml DNase I. The graphs show mean absorbance
values from duplicate tubes or rods, and the error bars indicate ranges. *,
significantly different from no-enzyme control (P 	 0.05).

FIG 3 Physical characteristics of JE2 biofilms cultured in low-dose amoxicil-
lin. (A and B) Surface attachment assay. (A) Microtiter plate wells were inoc-
ulated with sterile broth (Broth control), JE2 inoculum (JE2), or JE2 inoculum
supplemented with 0.2 �g/ml amoxicillin (JE2 � AMX). All the wells also
contained 1-�m-diameter magnetic microbeads. The microtiter plate was in-
cubated for 3 h, placed on a block of 96 magnets for 1 min, and then imaged
using a microplate scanner. Duplicate wells for each condition are shown. (B)
Quantitation of the spot intensity in panel A using BioFilm Control software.
The spot intensity is expressed in BFI units, which are inversely proportional to
the amount of biofilm in the well. *, significantly different (P 	 0.05). (C and
D) Biofilm porosity assay. (C) Rate of fluid flow through JE2 biofilms
(squares), JE2 biofilms cultured in 0.2 �g/ml amoxicillin (triangles), and JE2
biofilms cultured in 0.2 �g/ml amoxicillin plus 10 �g/ml DNase I (diamonds).
Fluid flow was measured using centrifugal filter devices. The solid circles show
the rate of fluid flow through a control device inoculated with sterile broth.
The values show means for duplicate devices. Error bars were omitted for
clarity. *, significantly different from strain JE2 (P 	 0.05); **, significantly
different from strain JE2 plus AMX (P 	 0.05). (D) Rate of fluid flow through
JE2 biofilms cultured in increasing concentrations of amoxicillin. The values
show mean flowthrough volumes and ranges for duplicate centrifugal filter
devices after 90 s of centrifugation. *, significantly different from no-antibiotic
control (P 	 0.05). (E) Confocal scanning laser micrograph of 200-�m2 areas
of JE2 biofilms cultured in glass-bottom dishes in the absence or presence of
0.2 �g/ml amoxicillin. The biofilms were stained with LIVE/DEAD stain.
Green, live cells; red, dead cells and eDNA; yellow, mixture.
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(Fig. 3B). These findings suggest that low-dose amoxicillin in-
creases the ability of JE2 cells to attach to polystyrene.

Low-dose amoxicillin decreases USA300 biofilm porosity.
To measure the relative porosity of biofilms cultured in low-dose
amoxicillin, we grew JE2 biofilms in 0.2-�m-pore-size spin filters
and measured the rate of fluid flow through the biofilms after
low-speed centrifugation (Fig. 3C). Biofilms cultured in 0.2 �g/ml
amoxicillin (triangles) exhibited a significantly lower rate of fluid
flow than biofilms cultured without antibiotic (squares), and
DNase I significantly increased the rate of fluid flow in biofilms
cultured in low-dose amoxicillin (diamonds). In addition, bio-
films cultured in 0.1 to 0.3 �g/ml amoxicillin exhibited signifi-
cantly lower rates of fluid flow, whereas biofilms cultured in 0.4 to
0.5 �g/ml amoxicillin did not (Fig. 3D). There was a significant
negative correlation ( � �0.941) between the flow rates exhib-
ited by biofilms cultured in spin filters (Fig. 3D) and the amount of
biofilm formed in 96-well microtiter plates (Fig. 1A, right) for
amoxicillin concentrations ranging from 0 to 0.5 �g/ml.

USA300 biofilms cultured in low-dose amoxicillin exhibit an
altered morphology. Confocal scanning laser microscopy of JE2
biofilms cultured in glass bottom dishes (Fig. 3E) revealed that
biofilms grown in low-dose amoxicillin were thicker than biofilms
grown in the absence of antibiotic (approximately 75 �m versus
25 �m, respectively). In addition, biofilms grown in low-dose
amoxicillin exhibited more tower- and pillar-shaped structures
than biofilms grown in the absence of antibiotic (Fig. 3E).

eDNA is necessary but not sufficient to induce USA300 bio-
film. The maximum amount of biofilm stimulation in strain JE2
occurs at 0.2 �g/ml amoxicillin (Fig. 1A, right). To determine
whether the amount of biofilm stimulation correlates with the
amount of eDNA released, we isolated eDNA from JE2 colony
biofilms cultured in increasing concentrations of amoxicillin (Fig.
4). We also isolated eDNA from colony biofilms of a JE2 mutant
strain deficient in the production of Atl autolysin protein (strain
NE460). This mutant strain produces significantly less biofilm in
sub-MIC amoxicillin than the parental strain, JE2 (see below).
Strain JE2 produced more eDNA at 0.2 �g/ml amoxicillin than
strain NE460, demonstrating that eDNA release correlates with

biofilm. However, both strains produced abundant eDNA at
0.4 to 0.5 �g/ml amoxicillin, although neither strain produced
biofilm at these amoxicillin concentrations. These results dem-
onstrate that biofilm stimulation correlates with eDNA release
but that eDNA release alone is not sufficient for biofilm forma-
tion.

Low doses of D-cycloserine and fosfomycin also stimulate
eDNA-dependent biofilm in strain USA300. We tested whether
low doses of D-cycloserine and fosfomycin, two cell wall-active
agents with mechanisms of action different from that of �-lactam
antibiotics, could also stimulate JE2 biofilm (Fig. 5). Both agents
strongly stimulated JE2 biofilm with a peak of stimulation at ap-
proximately 0.1� MIC (Fig. 5A). Biofilm stimulation by both
agents was inhibited by DNase I (Fig. 5B).

Isolation of biofilm induction mutants. To identify mutants
deficient in the biofilm induction phenotype, we cultured 1,920
NTML mutant strains in low-dose amoxicillin (0.1 to 0.3 �g/ml)
and screened for mutants that formed decreased biofilm com-
pared to the parental strain, JE2. Among 60 candidate mutant
strains identified in the initial screen, 16 were confirmed to be
deficient in biofilm formation in sub-MIC amoxicillin when
tested in the biofilm induction assay in 0 to 0.5 �g/ml amoxicillin

FIG 4 Low-dose amoxicillin induces eDNA release in JE2 and in a JE2 auto-
lysin mutant (strain NE460; JE2 �atl). Extracellular DNA was isolated from
colony biofilms cultured on increasing concentrations of amoxicillin and an-
alyzed by agarose gel electrophoresis. The sizes of molecular size markers (lane
M) are indicated on the left.

FIG 5 D-Cycloserine and fosfomycin induce eDNA-dependent biofilm in
MRSA strain JE2. (A) Growth and biofilm of MRSA strain JE2 in 96-well
microtiter plates in the presence of increasing concentrations of D-cycloserine
or fosfomycin. The graphs show mean absorbance values from duplicate wells.
Error bars were omitted for clarity. (B) Effect of 10 �g/ml DNase I on growth
and biofilm of JE2 in the presence of 10 �g/ml D-cycloserine or fosfomycin.
The presence (�) or absence (�) of DNase I in the culture is indicated along
the bottom. The values show relative growth and biofilm in the presence of the
agent compared to growth and biofilm in the no-drug control (absorbance
with drug/absorbance without drug � 100). The error bars show the ranges of
values from duplicate wells. *, significantly different from no-DNase I control
(P 	 0.05).
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FIG 6 Growth and biofilm of 16 defined NTML mutant strains in the presence of increasing concentrations of sub-MIC amoxicillin. The mutant strains
correspond to those listed in Table 2. The name of the inactivated gene in each mutant strain is shown above each set of graphs. The x axes indicate amoxicillin
concentrations (in micrograms per milliliter), and the y axes indicate absorbance (450 nm for growth and 620 nm for biofilm). The values show mean absorbance
values from 2 to 5 assays. Error bars were omitted for clarity. (A) Biofilm-deficient mutants. (B) Amoxicillin-hypersensitive mutants. (C) Amoxicillin-hyperre-
sistant mutants.
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using defined bursa aurealis transposon mutant strains (Table 2
and Fig. 6). The biofilm-deficient mutants were classified into
three groups based on their susceptibility to amoxicillin and bio-
film phenotype. The first group, which comprised atl, codY, rsbU,
rsbW, sarA (staphylococcal accessory regulator), and a novel gene
named glcJ (glucose metabolism; see below), exhibited suscepti-
bility to amoxicillin similar to that exhibited by the wild-type
strain JE2 but exhibited decreased biofilm in low-dose amoxicillin
(Fig. 6A). The second group, which comprised cycA, fmtA, fmtC,
mecA, vraR, and top (Toprim domain protein), exhibited in-
creased susceptibility to amoxicillin killing (hypersensitive) (Fig.
6B). The biofilm induction response in this group of mutants
generally exhibited a decreased amplitude and/or a lower stimu-
latory amoxicillin dose range. The third group, which comprised
ilvE, rsh, rpiRC, and tig, exhibited decreased susceptibility to
amoxicillin killing and a higher stimulatory amoxicillin dose
range (hyperresistant) (Fig. 6C). Several of these genes have
previously been shown to play a role in S. aureus �-lactam re-
sistance (fmtA, fmtC, rsh, and vraR), biofilm formation (codY,
rsbU, and rsbW), or both processes (atl, mecA, and sarA) (4, 10,
16, 33–39). Two genes (ilvE and fmtA) were previously shown
to be induced by cell wall stress (36), and one gene (atl) was
previously shown to be required for induction of biofilm by
sub-MIC methicillin in strain LAC (16). The identification of
numerous known mediators of S. aureus �-lactam resistance
and biofilm formation demonstrates that the inducible biofilm
phenotype exhibited by USA300 in low-dose amoxicillin is
similar to biofilm phenotypes exhibited by other S. aureus
strains under various conditions.

Our mutant library screen also uncovered several novel genes
not previously associated with �-lactam resistance, biofilm for-
mation, or cell wall stress in S. aureus. They included glcJ, which
exhibited decreased biofilm in the presence of sub-MIC amoxicil-
lin (Fig. 6A); cycA and top, which exhibited increased susceptibil-
ity to killing by amoxicillin (Fig. 6B); and ilvE, tig, and rpiRC,
which exhibited decreased susceptibility to amoxicillin killing
(Fig. 6C). Among these, only tig (trigger factor) has previously
been shown to be involved in biofilm in other species of bacteria
(40, 41).

glcJ plays a role in glucose metabolism and general biofilm
formation. The bursa aurealis transposon in mutant strain NE516
inserted into a novel gene (SAUSA300_1508) that we named glcJ.
The glcJ gene is located in a cluster of six genes (SAUSA300_1510
to SAUSA300_1505), which suggests that these genes are transla-
tionally coupled and may constitute an operon (Fig. 7A, top). The
glcJ gene overlaps the upstream ORF (SAUSA300_1509) by 20 bp
and the downstream ORF (SAUSA300_1507) by 4 bp. The glcJ
gene and its flanking ORFs (SAUSA300_1509 to SAUSA300_1507)
are homologous to the glucokinase operon (gluP-yqgQ-glcK) of
Bacillus subtilis (Fig. 7A, bottom), which plays a role in glucose
transport and metabolism (42, 43). The glcJ gene encodes a 67-
amino-acid-residue protein with homologues present only in Ba-
cilli (Fig. 7B).

To confirm that glcJ contributes to amoxicillin-induced bio-
film in strain JE2, we backcrossed the mutation from the defined
bursa aurealis transposon mutant strain NE516 to a clean JE2
background in order to eliminate possible secondary-site muta-
tions. The resulting reconstructed mutant, designated KB8516,

FIG 7 Genetic map and translated amino acid sequence of S. aureus glcJ. (A) Genetic maps of S. aureus glcJ and flanking regions and the homologous B. subtilis
glucokinase operon and flanking regions. The arrows indicate ORFs and the direction of transcription. Solid arrows, glcJ; shaded arrows, genes with homologues
in both species; open arrows, genes unique to S. aureus or B. subtilis. The numbers below the arrows are gene numbers based on the USA300 numbering system
for S. aureus (GenBank accession number NC_007793) and the strain 168 numbering system for B. subtilis (GenBank accession number AL009126). Gene names
and putative functions are shown above the S. aureus map. Putative functions of genes unique to B. subtilis are shown below the B. subtilis map. The dashed lines
demarcate homologous regions. (B) Amino acid alignment of S. aureus GlcJ (Sau) with homologues from B. subtilis (Bsu), Streptococcus suis (Ssu), Gracilibacillus
lacisalsi (Gla), and Salinicoccus carnicancri (Sca). Amino acids present in more than one sequence are shaded. The asterisks indicate amino acids conserved in all
five sequences. Protein lengths are in parentheses. The arrow above the S. aureus sequence indicates the location and direction of the transposon insertion in
mutant strains NE516, KB8516, and KM1001.
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exhibited the same biofilm-deficient phenotype in low-dose amoxi-
cillin as strain NE516 (Fig. 6A and 8A.). A plasmid harboring the
wild-type glcJ gene restored the ability of strain KB8516 to form
biofilm in low-dose amoxicillin (Fig. 8B). The mutant strain
KB8516 exhibited a lower growth rate than strain JE2 in medium
supplemented with 50 mM glucose (Fig. 8C, left), but not in me-
dium lacking glucose (Fig. 8C, right), suggesting that glcJ plays a
role in glucose metabolism. In addition, the glcJ mutant strain
KB8516 was deficient in biofilm formation in sub-MIC D-cyclos-
erine and fosfomycin (Fig. 8D).

To determine whether the glcJ mutant strain KB8516 is specif-
ically impaired in its ability to form biofilm in low-dose amoxicil-
lin, we transduced the glcJ mutation from strain KB8516 to S.
aureus strain SA113, a laboratory strain that forms robust biofilms
in the absence of low-dose antibiotics. The resulting mutant
strain, named KM1001, exhibited significantly less biofilm than
the wild-type strain SA113 in drug-free medium (Fig. 8E), and a
plasmid harboring the wild-type glcJ gene restored the ability of
strain KM1001 to form biofilm in drug-free medium (Fig. 8F).
These results suggest that glcJ is a novel gene involved in glucose
metabolism and general biofilm formation.

DISCUSSION

Previous studies showed that sub-MIC levels of �-lactam antibi-
otics induce biofilm formation in genetically diverse MRSA
strains in vitro (16, 28, 44–46). This process is of interest because it
can provide information about biofilm regulation and the signal-
ing pathways involved in global gene regulation in response to cell
wall stress (16). It may also be relevant in environments where
bacteria are exposed to low levels of antibiotics, such as hospitals
and farms. In the present study, we investigated this process by
measuring the effects of low doses of amoxicillin on cells and
biofilms of MRSA strain LAC. This strain was chosen because it
represents a well-characterized epidemic community-associated
USA300 isolate (17, 18), and it is the parent strain of the Nebraska
Transposon Mutant Library, which is an arrayed collection of
1,920 transposon mutants that is useful for phenotypic screening
and the identification of candidate genes for future research (19).

Using EPS-degrading enzymes, we found that biofilms formed
by strain LAC in sub-MIC amoxicillin contained eDNA and pro-
teinaceous adhesins in their matrices, with PNAG polysaccharide
playing only a minor role in biofilm cohesion (Fig. 1A). These

FIG 8 Biofilm formation by S. aureus strains JE2 and SA113 and their isogenic glcJ mutants, KB8516 and KM1001, respectively, in 96-well microtiter plates. (A)
Biofilm formation by strains JE2 and KB8516 in increasing concentrations of amoxicillin. (B) Biofilm formation by KB8516 harboring plasmid pJB67 (vector
control) or pJE11 (glcJ) in no antibiotic (0) or 0.2 �g/ml amoxicillin. The values show means and ranges for duplicate wells. *, significantly different from the
pJB67 control (P 	 0.05). (C) Growth curves for strains JE2 and KB8516 in static microtiter plates. Bacteria were cultured in 17 g/liter tryptone, 3 g/liter Soytone
(BD Biosciences), 5 g/liter NaCl, 2.5 g/liter K2HPO4 supplemented with 9 g/liter (50 mM) glucose or no glucose. The graphs show mean absorbance values from
3 or 4 wells. (D) Biofilm formation by JE2 and KB8515 in 0 �g/ml or 13 �g/ml D-cycloserine (D-CS) or fosfomycin (FOF). The values show means and ranges
from duplicate wells. *, significantly different from the no-drug control (P 	 0.05). (E) Biofilm formation by S. aureus strains SA113 (wild type) and KM1001
(SA113 �glcJ) in antibiotic-free medium. The biofilm was visualized by staining with crystal violet. Duplicate wells of each strain are shown. (F) Biofilm formation
by strain KM1001 harboring plasmid pJB67 (vector control) or pJE11 (glcJ) in antibiotic-free medium. The values show means and ranges for duplicate wells. *,
significantly different from the pJB67 control (P 	 0.05).

USA300 Biofilm in Low-Dose Amoxicillin

May 2016 Volume 60 Number 5 aac.asm.org 2647Antimicrobial Agents and Chemotherapy

http://aac.asm.org


results are consistent with those of previous studies showing that
most MRSA strains form eDNA- and protein-based biofilms in
the absence of antibiotics (10). Biofilms formed by MRSA strains
FPR3757 (USA300) and 11490 (USA 500) in low-dose methicillin
were also shown to contain primarily eDNA and proteinaceous
adhesins in their matrices (16). We also found that LAC strains
deficient in the production of extracellular nucleases and pro-
teases formed strong biofilms in low-dose amoxicillin (Fig. 1C),
suggesting that the weak biofilm phenotype exhibited by strain
LAC in the absence of antibiotics and the strong biofilm pheno-
type exhibited in the presence of low-dose amoxicillin are not
mediated by up- or downregulation of nuclease and protease ac-
tivity (29–31).

The fact that strain LAC formed biofilms in low-dose amoxi-
cillin under flow conditions (Fig. 2) suggests that biofilm forma-
tion in low-dose amoxicillin is an inducible phenotype resulting
from physical changes in LAC cells that promote intercellular ad-
hesion and surface attachment and not simply an artifact of the
static microtiter plate biofilm assay. This is important because
amoxicillin can cause cell lysis and eDNA release. It is possible that
at certain amoxicillin concentrations in the static biofilm assay,
there is an optimal balance between cell lysis and cell growth.
Under these conditions, the cells may simply become trapped in
an adhesive eDNA matrix that may not be representative of a true
biofilm. The formation of eDNA-dependent biofilm under flow
conditions is inconsistent with this model. In addition, we found
that LAC cells exposed to low-dose amoxicillin became more ad-
herent to surfaces, and LAC biofilms cultured in low-dose amoxi-
cillin were thicker and less porous and contained more three-
dimensional (3D) mushroom- and pillar-like structures with
signs of water channel development than biofilms cultured in the
absence of drug (Fig. 3). Taken together, these data suggest that
the USA300 strain LAC biofilm phenotype can be induced by low-
dose amoxicillin.

The S. aureus major autolysin protein, Atl, is a murein hydro-
lase involved in peptidoglycan turnover and daughter cell separa-
tion (47–49). Atl has also been shown to play a role in eDNA
release and biofilm formation in clinical MRSA strains (13, 50). In
fact, an atl mutant of strain LAC was deficient in biofilm forma-
tion in low-dose methicillin (16). Recent evidence suggests that
the function of AtlA in biofilm formation involves lysis of the cells
and release of genomic DNA into the biofilm matrix during early
biofilm formation (51). To study the role of Atl-mediated eDNA
release in LAC biofilm formation in low-dose amoxicillin, we an-
alyzed eDNA produced by strain LAC, and by an isogenic atl mu-
tant, in the presence of increasing concentrations of sub-MIC
amoxicillin (0 to 0.5� MIC) (Fig. 4). The production of eDNA
increased with increasing concentrations of sub-MIC amoxicillin
in both strains, presumably due to amoxicillin-mediated cell lysis.
In strain LAC, however, eDNA production correlated with biofilm
formation at amoxicillin concentrations ranging from 0 to 0.2
�g/ml, but not at amoxicillin concentrations ranging from 0.3 to
0.5 �g/ml. In addition, the atl mutant strain produced abundant
eDNA, but little biofilm, at amoxicillin concentrations ranging
from 0.3 to 0.5 �g/ml (Fig. 4 and 6). These findings suggest that
eDNA release is necessary but not sufficient for biofilm formation
by strain LAC in sub-MIC amoxicillin and that other adhesins,
such as eDNA binding proteins or eDNA binding polysaccharides,
may also be involved in biofilm cohesion (52).

Our results demonstrate that sub-MIC levels of two non-�-

lactam cell wall-active antibiotics, D-cycloserine and fosfomycin,
also induced eDNA-dependent biofilm formation in strain LAC
(Fig. 5). D-Cycloserine and fosfomycin inhibit different steps in
the intracellular pathway leading to the biosynthesis of lipid II, the
bacterial cell wall precursor (53). In addition, sublethal doses of
the glycopeptide antibiotic vancomycin have previously been
shown to induce eDNA-dependent biofilm in several vancomy-
cin-susceptible and vancomycin-resistant MRSA strains (44, 54–
56). Vancomycin binds to the terminal D-Ala-D-Ala residues of
NAG/NAM peptides, thereby blocking proper cell wall assembly
(54). Taken together, these findings suggest that biofilm forma-
tion may be a general response to cell wall stress. In one study,
however, sublethal doses of several non-cell wall-active antibiot-
ics, including linezolid, daptomycin, tigecycline, trimethoprim-
sulfamethoxazole, and rifampin, failed to induce biofilm in strain
LAC (28), which suggests that biofilm formation may not be a
response to all cell stressors.

A screen of the Nebraska Transposon Mutant Library identi-
fied 16 mutants deficient in biofilm formation in low-dose amoxi-
cillin (Table 2 and Fig. 6). Three of these genes encode well-stud-
ied mediators of S. aureus biofilm formation and �-lactam
resistance: atl (discussed above), sarA, and mecA. Mutations in
sarA decrease S. aureus biofilm and increase antibiotic susceptibil-
ity both in vitro and in vivo (31, 57), whereas mutations in mecA,
which encodes penicillin binding protein 2a, impede resistance to
�-lactam antibiotics (58). Several other genes identified in our
screen have also been associated with biofilm formation (codY),
�-lactam resistance (fmtC and vraR), or both processes (rsbU,
rsbW, fmtA, and rsh) (4, 10, 16, 33–39). In addition, two genes
(ilvE and fmtA) were previously shown to be induced by cell wall
stress (36), and four genes (sarA, atl, codY, and rsbU) were specif-
ically shown to limit biofilm in strain USA300 (38). The identifi-
cation of numerous known mediators of S. aureus �-lactam resis-
tance and biofilm formation validate the Nebraska Transposon
Mutant Library screen and highlight the complex and highly in-
teractive circuits that regulate these processes.

Genome-wide transcriptional profiling of S. aureus in response
to challenge by a variety of cell wall-active antibiotics has revealed
a cell wall stress stimulon consisting of 17 genes that exhibit al-
tered expression in response to these agents (36, 59, 60). Several of
the genes encode enzymes involved in cell wall metabolism, and
their induction may constitute a bacterial response that protects
and repairs the damaged cell wall. Only two of the genes that we
identified in our screen for biofilm induction mutants (atl and
fmtA) are members of the cell wall stress stimulon. In addition, the
cell wall stress stimulon has been shown to be regulated by the
vraSR two-component system (36), yet the vraR mutant charac-
terized in our screen exhibited a level of biofilm induction similar
to that exhibited by the wild-type strain, albeit at a lower stimula-
tory-dose range (Fig. 6B). Taken together, these findings suggest
that the cell wall stress-induced biofilm phenotype may be regu-
lated by a pathway different than that regulating the cell wall stress
stimulon. However, it is difficult to directly compare the results of
previous studies on the cell wall stress stimulon with those of the
present study because previous studies tested antibiotics at con-
centrations greater than or equal to the MIC (36, 59, 60), whereas
the antibiotic concentrations that induced biofilm in the present
study were less than the MIC. Previous studies also showed that
�-lactam-induced biofilm in strain USA300 is not affected by mu-
tations in the agr quorum-sensing system (16). Other potential
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regulators of amoxicillin-induced biofilm that were identified in
our screen include CodY, a stationary-phase regulatory protein
that targets more than 200 S. aureus genes (61); rpiRC and rsh,
which may regulate biofilm formation by affecting the biosynthe-
sis of the alarmone (p)ppGpp (62); and SAUSA300_0794, a
putative topoisomerase that may play a role in the transcription
of stress response genes (63). More experiments are needed to
identify the regulators of amoxicillin-induced biofilm in strain
USA300.

Besides the vraR mutant, five other mutants (cycA, fmtA, fmtC,
mecA, and top) exhibited increased susceptibility to amoxicillin
killing and a concomitant decreased biofilm induction amplitude
and/or a lower stimulatory amoxicillin dose range compared to
those exhibited by the wild-type strain LAC (Fig. 6B). Conversely,
a higher stimulatory amoxicillin dose range was characteristic of
all four mutants that exhibited decreased susceptibility to amoxi-
cillin killing (ilvE, rpiRC, rsh, and tig) (Fig. 6C). These findings are
consistent with those of Ng et al. (28), who showed that the meth-
icillin concentration that induced maximum biofilm formation in
39 different MRSA clinical isolates was inversely proportional to
the susceptibility of each strain to methicillin. These observations
help further validate the biofilm induction phenotype and the
Nebraska Transposon Mutant Library screen.

Our results identified the novel gene glcJ as a potential effector
of S. aureus biofilm formation. Homologues of glcJ are present in
the genomes of most Bacilli, but not in the genomes of other
classes of Firmicutes (Mollicutes and Clostridia) or other Bacteria.
In most Bacilli, the glcJ homologue is translationally coupled to
glucokinase (glcK). In S. pneumoniae, glcK is located 3 kb up-
stream from the glcJ homologue. In addition, gluP, which encodes
a glucose exporter (43), is translationally coupled to glcJ in S. au-
reus and B. subtilis (Fig. 7). The three-dimensional structure of the
B. subtilis GlcJ homologue, YqgQ, comprises three �-helical bun-
dles with inferred single-stranded nucleic acid binding activity
based on sequence and structural homology (64). The role of glcJ
is unknown, but its proximity to gluP and glcK suggests that it may
play a role in glucose metabolism. Consistent with this hypothesis,
a glcJ mutant of strain LAC exhibited a doubling time in medium
supplemented with glucose, but not in medium lacking glucose
(Fig. 8C), longer than the doubling time exhibited by the wild-
type strain. Previous studies showed that glucose stimulates
MRSA cell death (65) and biofilm formation (12, 66).

In summary, our results link cell wall stress and biofilm forma-
tion in MRSA. Our assay provides a simple model for studying an
antibiotic-induced biofilm phenotype and a screen to identify
novel effectors of drug resistance and biofilm formation in MRSA.
Since cell wall synthesis and biofilm formation are both viable
targets for new antimicrobial drugs, understanding cell wall
stress-induced biofilm could facilitate target discovery and the
identification of novel cell wall-active agents that enhance the ac-
tivity of currently used antimicrobial drugs. More experiments are
needed to determine whether sub-MIC levels of antibiotics en-
hance biofilm formation in clinical settings or contribute to the
evolution of antibiotic-resistant bacteria in agricultural settings.
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