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The soil saprophyte Bacillus cereus forms biofilms at solid-liquid interfaces. The composition of the extra-
cellular polymeric matrix is not known, but biofilms of other bacteria are encased in polysaccharides, protein,
and also extracellular DNA (eDNA). A Tn917 screen for strains impaired in biofilm formation at a solid-liquid
interface yielded several mutants. Three mutants deficient in the purine biosynthesis genes purA, purC, and
purL were biofilm impaired, but they grew planktonically like the wild type in Luria-Bertani broth. Biofilm
populations had higher purA, purC, and purL transcript ratios than planktonic cultures, as measured by
real-time PCR. Laser scanning confocal microscopy (LSCM) of BacLight-stained samples indicated that there
were nucleic acids in the cell-associated matrix. This eDNA could be mobilized off the biofilm into an agarose
gel matrix through electrophoresis, and it was a substrate for DNase. Glass surfaces exposed to exponentially
growing populations acquired a DNA-containing conditioning film, as indicated by LSCM. Planktonic expo-
nential-phase cells released DNA into an agarose gel matrix through electrophoresis, while stationary-phase
populations did not do this. DNase treatment of planktonic exponential-phase populations rendered cells more
susceptible than control populations to the DNA-interacting antibiotic actinomycin D. Exponential-phase purA
cells did not contain detectable eDNA, nor did they convey a DNA-containing conditioning film to the glass
surface. These results indicate that exponential-phase cells of B. cereus ATCC 14579 are decorated with eDNA
and that biofilm formation requires DNA as part of the extracellular polymeric matrix.

Bacteria in natural surroundings are able to grow as matrix-
enclosed multicellular communities called biofilms (17). This
multicellular, polymer-encased mode of growth is now ac-
cepted to be a preferred lifestyle option for prokaryotes. Early
biofilm studies focused on aquatic ecosystems (12), and
Pseudomonas aeruginosa was adopted as the model bacterium
of choice to study biofilm development (13, 14). Subsequently,
biofilms of a range of pathogenic bacteria allochthonous to
aquatic environments have been studied. Like their gram-neg-
ative counterparts, many gram-positive bacteria are also able
to form biofilms (1, 26). The gram-positive soil bacteria Bacil-
lus subtilis and Bacillus cereus form biofilms at both solid-liquid
interfaces (28) and liquid-air interfaces (7, 57), and they are
often termed pellicles. Biofilm populations display a distinct
phenotype, as revealed by proteomic studies (43, 52, 53), and
have also proved to be more impervious to antibiotic treatment
(27, 31). Planktonic cells of B. cereus growing in the presence
of a biofilm display a unique phenotype that is distinct from the
phenotype of true planktonic populations (35). We have
termed planktonic cells that grow in proximity to a biofilm
biofilm and surface-exposed planktonic cells (52).

Extracellular polymeric substances (EPS) produced by a bio-

film community form the microenvironment for cells in the
biofilm (18). The EPS matrix is highly hydrated and has various
roles, including adhesion of the biofilm to surfaces, sequester-
ing of substances from the environment, and protection from
predators (49). EPS is also thought to contribute to the in-
creased antibiotic resistance often reported for bacteria in bio-
films (32). Early studies focused on polysaccharide compo-
nents of EPS. It is now clear that the specific polysaccharide
composition varies between strains and is also determined in
part by growth conditions and the age of the biofilm (18, 50).
Exopolysaccharide biosynthesis in B. subtilis biofilms is en-
coded by a 15-gene operon (epsA to epsO), but the chemical
nature of the polymer is not known (9, 25). The only genes
predicted to encode polysaccharide biosynthesis in B. cereus
ATCC 14579 occur in a 17-gene operon (BC5263 to BC5279)
and produce a putative galactose-containing polymer (22).
In addition to polysaccharides, biofilm EPS may contain
proteins and nucleic acids (18). B. subtilis excretes the pro-
tein TasA, which occurs in the EPS and is required for
biofilm formation (6).

DNA was first shown to occur in the EPS of P. aeruginosa
biofilms, and young biofilms could be dislodged by treatment
with DNase (56). The nucleic acid present in the EPS matrix of
biofilms has been termed extracellular DNA (eDNA) (47, 56).
eDNA is required for the structural integrity of biofilms of P.
aeruginosa, Variovorax paradoxus, and Rhodococcus erythropolis
(47). Biofilms of Haemophilus influenzae and the gammapro-
teobacterium F8 are held together by a distinct filamentous
meshwork of double-stranded DNA (dsDNA) (4, 24). Al-
though the emphasis in eDNA research has been on gram-
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negative bacteria, the gram-positive pathogens Staphylococcus
aureus, Staphylococcus epidermidis, and Streptococcus pneu-
moniae have also been reported to require eDNA to maintain
biofilm integrity (23, 33, 39). However, eDNA has not been
reported to be present in biofilms of Bacillus and other gram-
positive rods previously.

By screening a Tn917 library for biofilm-impaired mutants of
B. cereus ATCC 14579, we found several transposons located
in purA, purC, and purL, which are genes involved in purine
biosynthesis. Despite being biofilm-impaired, the mutants ob-
tained were not growth impaired when they were growing
planktonically in Luria-Bertani (LB) broth. Here we report
that the EPS of B. cereus biofilms contains eDNA and that
biofilm formation is dependent on the presence of purine bio-
synthesis genes.

MATERIALS AND METHODS

Culture conditions. B. cereus ATCC 14579 was cultured in a 250-ml Erlen-
meyer flask containing 100 ml of LB broth (pH 7.0) (Fisher Biotech). The broth
was inoculated to a density of 105 CFU/ml with a washed, calibrated inoculum
from an overnight culture and incubated at either 37 or 28°C with shaking at 200
rpm. Biofilms of B. cereus were allowed to develop either on the walls of
acid-washed glass tubes and glass beakers or on glass wool fibers by adding 2 g
of glass wool per 100 ml broth in a 250-ml Erlenmeyer flask as described
previously (52). The growth of suspended populations was characterized by
periodically determining the optical density at 546 nm. All determinations were
performed with three separate samples.

Transposon mutagenesis. B. cereus ATCC 14579 was transformed with pLTV1
(8) by electroporation as described previously (5), and transposon mutagenesis
was also performed as described previously (11), with the following modifica-
tions. A stationary-phase culture of B. cereus(pLTV1), obtained by culturing the
bacterium overnight at 28°C in LB broth containing tetracycline (50 �g/ml),
erythromycin (1 �g/ml), and chloramphenicol (10 �g/ml), was diluted 1:800 in
prewarmed (43°C) LB broth that contained erythromycin (1 �g/ml) and chlor-
amphenicol (5 �g/ml). Following incubation at 43°C for 24 h with shaking at 200
rpm, the culture was again diluted and incubated as described above. Transposon
mutants were subsequently selected on LB agar containing erythromycin (1
�g/ml) and chloramphenicol (5 �g/ml) and incubated at 37°C.

Identification of biofilm-impaired mutants. A total of 3,500 mutants from five
independent libraries were screened by inoculating bacteria into 200 �l of LB
broth in Durham tubes (25 by 6.5 mm) and incubating the tubes statically at 25°C
for 32 h. The tubes were visually inspected for the presence of biofilm-impaired
mutants, as shown by diminished biofilm growth at the solid-liquid-air interface
compared to the growth of wild-type B. cereus. Selected mutants were cultured in
25-ml glass beakers containing 15 ml of LB broth for 72 h at 25°C without
agitation. The planktonic phase was removed by aspiration, and the biofilms were
removed from the walls of the beakers by repeated rinsing with 15 ml of phos-
phate-buffered saline and were quantified relative to wild-type B. cereus biofilms
by measuring the optical density at 600 nm. Chromosomal DNA flanking trans-
poson insertion points was recovered by plasmid rescue (8). The DNA flanking
Tn917-LTV1 insertions were sequenced with primer 917S (5�-CTCACAATAG
AGAGATGTCACC-3�).

Quantitation of transcripts. Biofilms of B. cereus wild-type and mutant strains
were cultured in 25-ml glass beakers as described above. Total RNA was isolated
from both biofilm and planktonic populations using the EZ RNA reagent (Bio
Basic, Ontario, Canada), treated with RNase-free DNase I (Fermentas, St.
Leon-Rot, Germany), and then reverse transcribed with a Quantitect reverse

transcription kit (Qiagen, Hilden, Germany). Real-time PCR was carried out
with quadruplicate 15-�l reaction mixtures containing 400 nM of each gene-
specific sense and antisense oligonucleotide and a 10-fold dilution of cDNA
(Table 1) using a Lightcycler 1 (Roche Diagnostics, Mannheim, Germany) and
a QuantiTect SYBR green PCR kit (Qiagen). Template denaturation at 95°C for
15 min was followed by 45 cycles of denaturation at 94°C for 15 s, annealing at
60°C (57°C for purA) for 30 s, and extension at 72°C for 20 s. The PCR efficiency
for each reaction was calculated with LinRegPCR (40), and the expression of
each gene relative to that of 16S rRNA was quantified with REST 2005 (38).

Fluorescence and confocal microscopy. Biofilms on glass wool were prepared
for laser scanning confocal microscopy (LSCM) by staining with Syto 9 and
propidium iodide (Live/Dead BacLight stain; catalog no. L7012; Molecular
Probes) or 4�,6�-diamidino-2-phenylindole � 2HCl (DAPI) (10 ng/ml). Bacteria
on glass wool fibers were directly stained on a glass slide by adding a 1/1,000
dilution in 50 �l of stain in phosphate buffer (10 mM, pH 7.0). The Syto 9 stain
conveys green fluorescence to intact cells, while propidium iodide is taken up by
cells with impaired membranes, making them fluoresce in the red spectrum.
LSCM was performed using an Olympus Fluoview FV300 LSCM system inter-
faced with an inverted microscope (Olympus IX70). Three detection channels
were available: blue argon (488 nm), green helium neon (543 nm), and differ-
ential interference contrast.

Assay for extracellular nucleic acid. Planktonic and biofilm populations were
cultured in 100 ml of LB broth in 250-ml Erlenmeyer flasks with shaking at 28°C.
Inoculation of flasks to an optical density at 546 nm of 0.005 with washed,
exponentially growing planktonic populations was staggered to obtain popula-
tions that were different ages at the same time point. Planktonic populations were
harvested from flasks with or without glass wool by centrifugation (12,000 � g, 15
min). Biofilm populations were dislodged from glass wool using glass beads as
described previously (52) and were harvested by centrifugation. The pellets were
washed twice in cold phosphate buffer (100 mM, pH 7.0) and resuspended in
sterile water to an optical density at 546 nm of 5 in order to compensate for
different initial cell densities. Culture supernatants obtained by centrifugation
were filtered through 0.22-�m-pore-size filters (Millipore) to remove all cells,
and each 2-ml sample was concentrated to 20 �l by vacuum centrifugation. Prior
to electrophoresis, resuspended pellets and crude concentrates were treated with
2 U RNase-free DNase and its buffer, 10 U RNase ONE and its buffer (both
obtained from Promega), or 2 �g proteinase K (Sigma) for 1 h at 37°C. Con-
centrated cells and supernatants were loaded into wells of an agarose gel (0.8%
[wt/vol] agarose in Tris-borate-EDTA) and electrophoresed at 60 V for 60 min.
Gels were stained using ethidium bromide and were imaged using a ChemiDoc
XRS (Bio-Rad).

Southern blot analysis. Southern blot analysis was performed using standard
protocols. eDNA of biofilm and exponentially growing planktonic populations
was obtained by electrophoresing washed cell suspensions through a low-melt-
ing-point agarose gel and extracting the DNA using GELase (Epicentre Bio-
technologies). Biofilm and planktonic eDNA and chromosomal DNA were di-
gested with EcoRI, resolved by electrophoresis, and transferred by vacuum
blotting to Hybond-N� (Amersham). Hybridization and detection were per-
formed using standard protocols.

The presence of cell-associated DNA was investigated by exposing exponen-
tially growing (2-h-old) planktonic populations to 50 �g/ml of the antibiotic
actinomycin D (Fisher) for 30 min. The culturable counts for treated and un-
treated populations were determined by the droplet plate technique (29), and the
log decline was calculated. Parallel populations were pretreated with 5 U DNase
in 1� buffer for 30 min prior to exposure to actinomycin D.

RESULTS

Screening for biofilm-impaired mutants. We screened a
Tn917-LTV1 library for biofilm-impaired mutants using a

TABLE 1. Primers used for real-time PCR

Gene Amplicon
size (bp) Forward primer Reverse primer

purA 169 CCCAATTGCTGGTGGTGTAAC TCCATACTCGCGACCAACTTC
purC 165 TTTCGCAAGCTGTCGTGTAAG CCAAGATCACGACGGAATACG
purL 162 AAGCACAGTTGTTACGCCAG CATACGATATTACGCGCTGCC
16S rRNA 162 TAGGTGGCAAGCGTTATCCG GCATTTCACCGCTACACATGG
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semiquantitative, glass tube-based assay that differs from the
standard approach (36). Preliminary trials in which biofilms of
wild-type B. cereus were cultured by the standard approach in
polystyrene and polyvinyl chloride 96-well microtiter plates
yielded highly variable quantities of biofilm (data not shown).
The biofilms of the wild type did not appear to adhere well to
the plastic walls, leading to variable loss of biofilm during
removal of the planktonic phase and the subsequent staining
with crystal violet. A recent report of development of biofilms
by strains of B. cereus supports our observations (57). We
therefore decided to use a modified approach in which the
biofilm formed at the solid-liquid-air interface is scored visu-
ally without any sample handling. As this initial screen is semi-
quantitative, mutants of interest were assayed using a 25-ml
glass beaker and quantifying the biofilm biomass formed at the
glass surface by removal of the liquid phase by aspiration,

suspension of the biofilm, and spectrophotometry. A number
of Tn917-LTV1 mutants of B. cereus ATCC 14579 were im-
paired in biofilm development on glass. The mutations of three
biofilm-impaired mutants mapped to genes involved in purine
biosynthesis, purA, purC, and purL encoding adenylosuccinate
synthetase, phosphoribosylaminoimidazole succinocarboxam-
ide synthetase, and phosphoribosylformylglycinamidine syn-
thetase II, respectively (Fig. 1a). All three mutants formed
much thinner biofilms than the wild type formed, as deter-
mined by stereomicroscopy (Fig. 1b to e).

Expression of purine biosynthesis genes in biofilms. Purines
are anabolites that are required for DNA and RNA synthesis
(51), which means that an exogenous supply is needed when
auxotrophs such as the pur mutants are cultured. The purA
mutant grew in LB broth without supplemental nucleotides at
a rate similar to the rate of the wild type and to the same
density as the wild type (Fig. 2a). Supplementation of minimal
medium with the AMP precursor adenosine restored the
growth of the purA mutant to wild-type rates (data not shown).
No information on the nucleotide contents of the LB broth
components (yeast extract or tryptone) is available from the
various suppliers. Yeast extract is an autolysate of Saccharo-
myces cerevisiae and contains ribonucleotides (3, 45), the most
likely source of purines that supply the needs of these auxo-
trophic mutants. Agarose gel electrophoresis of 100-fold-con-
centrated uninoculated LB broth also showed the presence of
nucleic acid molecules smaller than 500 bp (data not shown).
Collectively, these results indicated that the biofilm formation
deficiency of the pur mutants was not due to a planktonic

FIG. 1. Biofilm formation by B. cereus ATCC 14579 and selected
transposon mutants. (a) Biofilm formation was quantified by dislodg-
ing the biomass from the walls of glass beakers following static incu-
bation in LB broth at 25°C for 72 h. The error bars indicate the
standard deviations of the means (P � 0.01, n � 5). WT, wild type. (b
to e) Stereophotomicrographs of biofilms of the wild type (b) and purA
(c), purC (d), and purL (e) mutants on glass slides at the air-liquid
interface. Scale bars � 2 mm.

FIG. 2. (a) Growth of the wild-type and purA mutant strains in LB
broth at 28°C. (b) Box plot indicating the ratio of the pur gene tran-
scripts in a biofilm to the pur gene transcripts in planktonic populations
quantified by real-time PCR using the 16S rRNA gene as an endoge-
nous control. WT, wild type. 16S, 16S rRNA gene.
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growth deficiency caused by a purine requirement. The exog-
enous nucleotide source in LB broth was apparently sufficient
for planktonic growth but was not sufficient to support biofilm
development. The three pur genes were all upregulated ap-
proximately 1.5-fold in the biofilm compared with planktonic
populations, indicating that there was an elevated requirement
for purines in biofilm-associated cells (Fig. 2b). The purine
biosynthesis genes were therefore expressed in the presence of
the exogenous nucleotide source present in LB broth, prompt-
ing us to investigate the distribution and possible sources of
nucleic acids in biofilms of B. cereus.

eDNA surrounding surface-associated cells. Biofilms of B.
cereus on glass wool were stained with the nucleic acid stains
Syto 9 and propidium iodide (BacLight). LSCM indicated that
there was a mixture of green and red cells on the glass wool
(Fig. 3a). Red cells are widely believed to be dead due to
perfusion of propidium iodide across nonpolarized cell mem-
branes of nonrespiring cells. When viewed in single-channel
mode, the same cells that appeared to be red also appeared to
be green in the green channel, indicating that there were green

centers surrounded by intense red fluorescence (Fig. 3c and d).
This indicated that nucleic acid was associated with the cell
exterior, where propidium iodide had free access. Suspensions
of biofilm cells placed in the wells of an agarose gel released
ethidium bromide-fluorescing material with low electro-
phoretic mobility (Fig. 4a, lane Bf). Treatment of biofilm pop-
ulations with DNase prior to electrophoresis eliminated ap-
pearance of this band and resulted in a substance with much
greater electrophoretic mobility. The complete removal of this
substance following DNase and RNase treatment indicated
that DNA complexed with RNA was present (Fig. 4a, lanes D
and D�R). Protease treatment indicated that some amount of
protein contributed to the observed complex. Stationary-phase
planktonic populations released a small amount of DNA, both
from cells as determined by electrophoresis (Fig. 4a and b) and
into the culture supernatant (data not shown). The apparent
release of nucleic acid from biofilm cells was therefore not
likely release from the cytosol through gating of the cell mem-
brane in the electrical field; instead, the origin of the nucleic
acid was extracellular.

FIG. 3. LSCM of a 24-h BacLight-stained B. cereus biofilm cultured
on glass wool at 28°C for 24 h. (a and b) Some sections of the biofilm
contained cells that appeared to be both red and green (a), while the
majority of the cells appeared to be red and to be surrounded by a less
dense red area (propidium iodide fluorescence) (b). (c and d) Cells
that appeared to be red (c) did contain green-fluorescing centers (Syto
9) when they were viewed in separate channels (d). Images for green
and red channels set at identical detection values are shown separately,
and images of x-z cross sections are shown below the large images. (e
and f) The purA mutant cells formed very sparse biofilms and did not
have an apparent red exterior.

FIG. 4. Biofilms and exponential-phase planktonic cells of B. cereus
contain eDNA. (a) A biofilm population (lane Bf), a planktonic pop-
ulation (lane Pl), and a planktonic stationary-phase population from a
biofilm culture flask (lane PlBf) were placed in wells of a 0.8% agarose
gel, along with biofilm treated with DNase (lane D), with RNase plus
DNase (lane D�R), and with proteinase K (lane P). Lane M contained
HindIII-digested � DNA. (b) Ethidium bromide-stained agarose gel
containing planktonic populations from cultures that were different
ages. Populations were harvested by centrifugation after they were
cultured in LB broth for 2, 3, 4, 5, 6, and 24 h and normalized for cell
density, and cell suspensions were loaded directly into the wells for
electrophoresis. Lane M contained HindIII-digested � DNA as a size
marker.
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eDNA as a conditioning film. Biofilms on glass wool were
mostly surrounded by thin layers fluorescing red with pro-
pidium iodide (Fig. 3b) and blue when they were stained with
DAPI (not shown). Some attached cells appeared to be green
without an associated underlying nucleic acid film. Staining
with the protein-specific stain Sypro Red indicated that protein
was present in the film (not shown). This implied that DNA
and some RNA and protein were components of the EPS.

Glass wool exposed to an exponential planktonic population
for 30 min and subsequently stained with propidium iodide
fluoresced red, indicating that it was coated with nucleic acid
(Fig. 5a and Table 2). Exposure of glass wool to a genomic
DNA extract and separately to cell lysate prepared by ultra-
sonication also led to coating with nucleic acid (Table 2).
Staining of culture-exposed glass wool with the dsDNA stain
Pico Green yielded green fluorescence, supporting the hypoth-
esis that dsDNA was present on the glass surface (not shown).
Pico Green staining of biofilms on glass wool did not reveal the
presence of much biofilm, but free-floating cells and debris
could be observed after staining, possibly due to dislodgement
by dimethyl sulfoxide, the Pico Green solvent. Glass wool ex-
posed to sterile LB broth was not coated with DNA (Fig. 5b
and c), indicating that the nucleic acid in LB broth did not
adhere to the glass surface and therefore was not the source of
the conditioning film. Glass wool exposed to exponential- or
stationary-phase cultures of the purA mutant did not fluoresce
(not shown), indicating that the mutant did not serve as a
source of the DNA attached to the glass. Addition of genomic
DNA extract and cell lysates of the purA mutant did lead to

coating of the glass surface with nucleic acid. The exponentially
growing populations used throughout this study were initiated
by inoculation of washed cells from an exponentially growing
culture, eliminating the possibility that DNA that originated
from previously lysed cells was transferred with the inoculum.
The DNA observed on the glass surface, therefore, originated
from the exponentially growing population and not from the
LB broth or from carryover from a previous culture. Micro-
scopic investigation did not reveal any obviously broken cells.

eDNA is cell associated. The glass-associated DNA ap-
peared to be derived from growing cells. Exposure of washed
planktonic cell suspensions from the early through mid-expo-
nential, transition, and stationary phases to an electric field in
an agarose gel released nucleic acids into the matrix (Fig. 4b).
Exponentially growing wild-type cells harvested after 2 and 3 h
of incubation yielded the largest amounts of nucleic acid, while
cells entering stationary phase yielded very little nucleic acid.
The wells were loaded with similar amounts of biomass, stan-
dardized by spectrophotometric determination, from cultures
inoculated at 1-h intervals to obtain samples for electrophore-
sis at the same time point. Late-stationary-phase populations
released only a very small amount of nucleic acid with high
electrophoretic mobility into the gel, suggesting that a propor-
tion of these cells had lysed by this point (24 h) (Fig. 4b).

In contrast to the wild type, exponentially growing purA
mutant populations did not release any detectable nucleic acid
into the gel matrix (Fig. 6a). Furthermore, LSCM of attached
purA mutant cells did not reveal detectable levels of red fluo-
rescence around the cells (Fig. 3e and f). Very few attached
cells were found, supporting the quantitative data. This appar-
ent lack of nucleic acid release by the mutant supported the
notion that exponential-phase cells exposed to a 60-V field in
Tris-borate-EDTA did not release DNA from their cytosol.
Rather, the origin of the wild-type-derived nucleic acid was
extracellular. Exponentially growing populations lost cultur-
ability after exposure to the DNA-interacting antibiotic acti-
nomycin D (46). DNase treatment did not affect the cultur-
ability of the untreated cells (Fig. 6b). Yet DNase-treated
populations were 10 times more susceptible to actinomycin
than the untreated cells (Fig. 6b). Untreated purA mutant
populations were highly susceptible to actinomycin D, and
DNase treatment did not further increase the susceptibility
(Fig. 6b). This result indicated that the cell-associated DNA in
wild-type cells acted as a layer that protected against the action
of actinomycin D.

The nature of the eDNA of biofilm and exponential-phase

FIG. 5. (a) Glass wool exposed for 30 min to an exponentially
growing B. cereus culture before removal and staining with propidium
iodide, viewed by LSCM. The left panel is a composite x-y image, and
the right panel is a y-z image of the in silico preparation at the position
of the line. (b and c) Glass wool exposed to sterile LB broth for 2 h and
then stained with propidium iodide and viewed by LSCM in the red
channel (b) and by differential interference contrast microscopy (c).

TABLE 2. Detection of nucleic acid on glass wool fibers by
fluorescence microscopy using propidium iodide and DAPI

Treatment

Presence of nucleic acid

LB only B. cereus in
LB broth

purA mutant
in LB broth

2-h culture � � �
24-h culture � � �
Lysed exponential-phase

(2 h) cells
NDa � �

Genomic DNA ND � �

a ND, not determined.
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planktonic populations was investigated by hybridizing this
DNA to chromosomal DNA using Southern blotting. EcoRI-
digested eDNA and chromosomal DNA were electrophoresed,
blotted, and probed with digoxigenin-labeled chromosomal
DNA and biofilm eDNA. Both types of eDNA produced the
same pattern as chromosomal DNA (Fig. 7), indicating that
both biofilm eDNA and planktonic eDNA are similar to chro-
mosomal DNA.

DISCUSSION

Biofilms of several bacterial species, including some gram-
positive cocci, such as S. aureus, S. epidermidis, and S. pneu-
moniae, have previously been shown to contain eDNA (23, 33,
39). Here we report eDNA in biofilms of B. cereus, the first
example of a gram-positive rod whose biofilms contain eDNA.
Growing cultures of B. cereus convey a DNA-containing con-
ditioning film to the glass surface, and the majority of cells in
the biofilm appear to be encased in a DNA-containing matrix.
The microscopic and electrophoretic analyses described here
show that DNA is deposited as a conditioning film on glass in
the presence of exponential-phase populations of B. cereus.
Similarly, the majority of cells in a growing biofilm are encased
in eDNA-containing EPS. The eDNA is therefore more ho-
mogeneously distributed, as it is in biofilms of P. aeruginosa
(55) and S. pneumoniae (33), in contrast to biofilms of H.
influenzae and the gammaproteobacterium F8, where eDNA
occurs as filamentous strands (4, 24).

The origin of the eDNA occurring in the EPS matrix of
biofilms is not clear. Three hypotheses for this origin that are

supported by experimental evidence from P. aeruginosa are
lysis of a subpopulation of the biofilm (2), release through
membrane vesicles from live cells (41, 44), and active secretion
(20). Neisseria gonorrhoeae excretes DNA using a type IV se-
cretion system (16). B. subtilis is reported to excrete DNA
during late log phase (30). Yet DNA appears to be released
through cell lysis in some species, including Acinetobacter cal-
coaceticus (37) and S. pneumoniae (48).

Biofilm eDNA was found to be similar to chromosomal
DNA by Southern blotting. Yet B. cereus biofilm eDNA did
not appear to originate primarily through cell lysis. While Ba-
cillus cells are widely known to lyse during stationary phase in
rich medium, most of the eDNA of planktonic cells was de-
tected during the exponential phase in axenic cultures washed
between transfers. In B. subtilis, transition-phase excretion of
DNA coincides with natural competence (30). It seems un-
likely that the multigene-encoded process of DNA uptake
would have evolved to be dependent on DNA released at
random from other cells. A correlation between DNA release
and competence has been suggested for various bacterial spe-
cies, including S. pneumoniae (48), B. subtilis (30), and N.
gonorrhoeae (42). Planktonic populations of B. subtilis and P.
aeruginosa contain the most eDNA per cell, primarily during
late exponential phase and not during stationary phase (2, 30),
suggesting that lysed cells are not the primary source of eDNA.
Colonies of various strains of P. aeruginosa have been shown to
produce extracellular slime containing DNA (34). Admittedly,
B. cereus is not known to take up DNA through natural com-
petence, nor are there any reported indications in the genome
sequence of a DNA export system. No obviously lysed cells
could be found, and all biofilm cells showed only green fluo-
rescence in the cytosol upon staining with BacLight. Protein
gel electrophoresis of concentrated culture supernatant did not
indicate that there were detectable levels of cytosolic proteins,
arguing against lysis. The bulk of eDNA detected was not
free-floating in the culture broth but was cell associated. The
purA mutant strain, while growing like the wild type in LB
broth, did not show any cell-associated or free DNA in plank-
tonic cultures.

FIG. 6. (a) The purA mutant does not appear to be decorated with
eDNA like the wild type. The presence of eDNA was determined elec-
trophoretically by placing 20-�l portions of washed exponential-phase
suspensions (optical density at 546 nm, 5.0) of wild-type and purA mutant
populations in a 0.8% agarose gel, which was resolved by electrophoresis
at 60 V for 60 min. The marker was HindIII-digested � DNA. (b) Sus-
ceptibility of exponential-phase wild-type and purA mutant populations to
actinomycin D determined with and without prior treatment with DNase.
Mid-exponential-phase planktonic cultures were washed and treated ei-
ther with 5 U/ml RNase-free DNase or with water for 30 min prior to
exposure to 50 �g � ml�1 actinomycin D.

FIG. 7. Southern hybridization of biofilm eDNA (lane Bf), expo-
nential-phase planktonic eDNA (lane Pl), and chromosomal DNA
(lane C). Biofilm and planktonic eDNA were obtained by electro-
phoresis from 24-h biofilm and 2-h planktonic populations, followed by
extraction from the gel. DNA was digested with EcoRI, and all three
extracts were hybridized to digoxigenin-labeled chromosomal DNA (C
probe) or biofilm eDNA (Bf probe).

2866 VILAIN ET AL. APPL. ENVIRON. MICROBIOL.



B. cereus is a soil saprophyte that forms multicellular struc-
tures that appear to be bundles of chains when it is growing
in its natural soil environment (54). Cell surface-associated
eDNA would provide a selective advantage to B. cereus in its
natural environment in the soil. The maintenance of stable
populations of soil bacteria is challenged, inter alia, by a range
of antibacterial agents produced by competing microflora, such
as the actinomycetes (10). The majority of well-known antibi-
otics target prokaryote-specific aspects of transcription, trans-
lation, or cell wall synthesis. Yet certain antibiotics produced
by soil streptomycetes, such as Streptomyces antibioticus (19),
appear to target nucleic acids directly (15). Actinomycin D
binds with the DNA double helix (46), and DNA repair sys-
tems in Escherichia coli reportedly protect cells from the effect
of actinomycin (21), indicating that the genome is a target. Our
data indicate that cell surface-associated eDNA acted as a
protective layer, protecting B. cereus, while DNase-pretreated
cells and purA mutant cells were more susceptible to actino-
mycin D.

In conclusion, the data presented here indicate eDNA as an
integral component of the EPS of the biofilms of B. cereus
ATCC 14579. While they grew like the wild type in planktonic
phase, mutants deficient in the purine biosynthesis genes purA,
purC, and purL were biofilm impaired. DNA in the condition-
ing film was derived from exponentially growing populations
of the wild type, but not the purA mutant, indicating that
adenylosuccinate synthetase activity is required for biofilm for-
mation.
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