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The predominant organizational state of bacteria in nature is biofilms. Biofilms have been shown to
increase bacterial resistance to a variety of stresses. We demonstrate for the first time that the anaerobic
gram-positive pathogen Clostridium perfringens forms biofilms. At the same concentration of glucose in the
medium, optimal biofilm formation depended on a functional CcpA protein. While the ratio of biofilm to
planktonic growth was higher in the wild type than in a ccpA mutant strain in middle to late stages of
biofilm development, the bacteria shifted from a predominantly biofilm state to planktonic growth as the
concentration of glucose in the medium increased in a CcpA-independent manner. As is the case in some
gram-negative bacteria, type IV pilus (TFP)-dependent gliding motility was necessary for efficient biofilm
formation, as demonstrated by laser confocal and electron microscopy. However, TFP were not associated
with the bacteria in the biofilm but with the extracellular matrix. Biofilms afforded C. perfringens protec-
tion from environmental stress, including exposure to atmospheric oxygen for 6 h and 24 h and to 10 mM
H,O0, for 5 min. Biofilm cells also showed 5- to 15-fold-increased survival over planktonic cells after
exposure to 20 pg/ml (27 times the MIC) of penicillin G for 6 h and 24 h, respectively. These results
indicate C. perfringens biofilms play an important role in the persistence of the bacteria in response to
environmental stress and that they may be a factor in diseases, such as antibiotic-associated diarrhea and

gas gangrene, that are caused by C. perfringens.

Clostridium perfringens is a gram-positive, anaerobic patho-
gen that causes a number of important diseases in humans,
including gas gangrene and intestinal diseases, as well as a
variety of infections in animals (43). C. perfringens is also one
of the most ubiquitous bacteria in natural environments and
can be found anywhere mammals are present, including virtu-
ally all soils worldwide (26, 35, 47). In order to persist in the
environment, C. perfringens, an obligate anaerobe, must have a
means to deal with environmental stresses, such as oxygen,
desiccation, and bactericidal compounds. Long-term resistance
to these environmental stresses can be achieved by the forma-
tion of endospores. However, endospores exist in a dormant
state, so they cannot adapt quickly to changes in the environ-
ment. Bacteria have evolved the ability to form biofilms, which
provide some of the same protections afforded by endospores
but can more quickly adapt to changes in the environment.
Biofilms, the predominant state of bacteria in nature (13), are
adherent bacterial populations that are encapsulated in a ma-
trix composed of polysaccharides, nucleic acids, and proteins
(7). Biofilms have been shown to provide increased resistance
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to oxidative stress and to antibiotics and other bactericidal
agents (22).

In addition to environmental persistence, biofilms are also a
factor in pathogenesis. The ability to form biofilms is a well-
known trait of a number of pathogens, such as Vibrio cholerae
(587), Escherichia coli (40), and Legionella pneumophila (42).
Biofilms have been shown to be a major factor in the patho-
genesis of Pseudomonas aeruginosa lung infections (12) and
Staphylococcus epidermidis infections involving medical im-
plants (19).

In the last several years, biofilms have been shown to com-
prise an important aspect of microbial persistence in the hu-
man colon (27, 28, 41). C. perfringens, which is a consistent but
not major constituent of the microbiota in the human intestine
(9), causes several intestinal diseases, including acute food-
borne diarrhea, spontaneous non-food-borne diarrhea, and,
most notably, antibiotic-associated diarrhea (AAD) (2, 10, 11).
If the bacterium persists in the intestine in a biofilm or as
endospores, the anticipated resistance to antimicrobials may
explain how the bacterium can cause AAD after disruption of
the normal microbiota by antibiotic treatment.

Regulation of biofilm production in gram-positive bacteria
has been shown to be due to multiple factors, one of which is
the availability of carbohydrates in the medium. A key regula-
tor of the response to carbohydrate limitation is the catabolite
control protein, CcpA (51). CcpA is a global transcriptional
regulator that becomes active for DNA binding after formation
of a complex with the Hpr protein phosphorylated at a serine
residue (51). The phosphorylation of Hpr is controlled by the
activity of a kinase that responds to the intracellular concen-
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TABLE 1. Bacterial strains used in this study

C. perfringens

. Relevant characteristics Source
strain
ATCC 13124 Type A strain, type strain, gangrene ATCC
JGS 1495 Type C strain G. Songer
JGS 1721 Type D strain G. Songer
JGS 1987 Type E strain G. Songer
SM101 Type A strain, food poisoning, 58
transformable
SM120 ccpA mutant derivative of SM101 52
SM125 pilC mutant derivative of strain 13, 53
TFP ™, nonmotile
SM126 pilT mutant derivative of strain 13, 53
TFP~, nonmotile
13 Type A strain, gangrene isolate, 29

highly transformable
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Determination of biomass distribution in biofilms. The distribution between
planktonic (free-floating) and sessile (biofilm) cells was determined using pro-
tocols derived from previously published methods (6, 17, 48). The supernatant
from each well of a biofilm culture in a 24-well plate was transferred to three
wells in a 96-well plate. The wells of the 24-well plate were then gently washed
twice with PBS prior to incubation for 30 min at room temperature with 400 .l
of filter-sterilized 1% crystal violet. Excess crystal violet was removed from the
wells, followed by two additional PBS washes. The crystal violet was extracted by
adding 400 pl methanol to each well and incubation for 30 min at room tem-
perature, after which the liquid was transferred to three separate wells in a
second 96-well plate. Background due to nonspecific staining of the 24-well plate
by crystal violet was accounted for by subtracting the values obtained from wells
that contained medium but were not inoculated with bacteria. The ODg, of the
culture supernatants and the As;, of the methanol-extracted dye were then
measured in a Spectrafluor Plus plate reader (Tecan, Salzburg, Austria). The
value of the 45,,/ODgq, ratio was used to represent the ratio of sessile biomass
to planktonic cells (17).

A t of biofilm resistance to oxidative stress and antibiotics. Biofilms

tration of fructose 1-6-bisphosphate, which varies based on the
rate of glucose transport into the cell (55). CcpA has been
shown to be involved in biofilm formation in gram-positive
bacteria, such as Bacillus subtilis and Staphylococcus aureus (45,
48). We have shown in previous work that a CcpA™ strain of C.
perfringens (strain SM120) is deficient in sporulation and has
altered glucose-dependent regulation of several virulence fac-
tors, including capsule synthesis and enterotoxin production, as
well as a defect in the initiation of gliding motility (52; J. J.
Varga and S. B. Melville, unpublished results).

To our knowledge, C. perfringens has never been reported to
form biofilms. Recently, we described type IV pilus (TFP)-
mediated gliding motility in C. perfringens (53), which had not
previously been clearly demonstrated in a gram-positive bac-
terium. TFP are thin filaments consisting of polymers of a
single peptide subunit, PilA. The pilins are polymerized via a
complex of proteins, including PilD (a signal peptidase that
recognizes PilA), PilB (an extension motor), PilC (a membrane
protein), and PilT (a retraction motor) (16, 30, 36). Since TFP
are frequently involved in biofilm formation (23, 38, 50), we
tested C. perfringens for the ability to form biofilms. The role of
TFP in biofilm formation, the contribution of biofilms to stress
resistance, and the roles of carbohydrates and CcpA-depen-
dent catabolite repression in the regulation of biofilm forma-
tion were investigated.

MATERIALS AND METHODS

Growth of bacterial strains. All bacterial strains used in this study are listed in
Table 1. C. perfringens strains were routinely grown in PGY (per liter, 30 g
proteose peptone no. 3, 20 g glucose, 10 g yeast extract, 1 g sodium thioglycolate)
(31), with 15 g/liter of agar for solid medium. When appropriate, the medium was
supplemented with 20 pg/ml of chloramphenicol or 30 wg/ml of erythromycin.
The standard culture conditions were incubation in a Coy anaerobic chamber
(Coy Laboratory Products, Grass Lake, MI) at 37°C.

Biofilm growth. For the generation of biofilms, overnight PGY cultures of C.
perfringens were washed in phosphate-buffered saline (PBS) and resuspended to
an optical density at 600 nm (ODy) of 0.1 as measured with a Genesys 10 UV
spectrophotometer. For visualization by light microscopy, 200-ul cultures were
grown in Lab-Tek II Cell Culture-treated eight-chamber microscope slides (Nal-
gene Nunc International, Rochester, NY) using brain heart infusion (BHI) broth
(Difco, Livonia, MI). For other applications, 400-pl biofilm cultures were grown
in 24-well polystyrene tissue culture plates using T-Soy Broth (TSB) (Difco,
Livonia, MI) supplemented with filter-sterilized carbohydrates. To allow biofilms
to form and to prevent the evaporation of liquid, cultures were incubated anaer-
obically at 30°C for up to 5 days in a sealed container.

of C. perfringens 13 were prepared as described above. TSB was supplemented
with 10 mM lactose to optimize biofilm formation. After 3 days, the sessile and
planktonic populations were quantitated from one set of tissue culture plates.
Initial planktonic cell counts were determined by washing the pooled superna-
tants of three wells in PBS, diluting the samples, and plating them on PGY to
determine the number of CFU. Biofilm cell populations were determined by
adding PBS to the wells of the plate, detaching the cells by thorough scraping
with a sterile pipette tip, pooling the contents of three wells, washing the cells in
PBS, and plating them on PGY for determination of the number of CFU present
in the biofilm.

To determine the resistance capabilities of planktonic and biofilm cells, the
supernatants from biofilm cultures were washed and resuspended in PBS (for
H,0, and atmospheric-oxygen resistance) or TSB with lactose (for antibiotic
resistance) and transferred to fresh tissue culture plates. The supernatants were
replaced with PBS (for H,0O, and oxygen resistance) or TSB with lactose (for
antibiotic resistance) in the original biofilm culture.

After the stress treatment, the samples were processed as described for the
initial cell counts. Percent survival was calculated by dividing the posttreatment
number of CFU by the initial number of CFU. All samples were pools of three
wells, and the data are presented as the average of a minimum of two indepen-
dent experiments, with error bars representing 1 standard deviation of the mean.

Visualization of biofilms. To obtain images of biofilms formed by C. perfrin-
gens, the bacteria were cultured in eight-chamber Lab-Tek II glass slides. The
cells were grown in BHI broth in each chamber for 24 h at 30°C under anaerobic
conditions. The slides were then removed from the anaerobic chamber, and the
wells were washed two times with PBS to remove unattached cells. PBS contain-
ing the fluorescent BacLight Live/Dead stain mixture (Molecular Probes, Carls-
bad, CA), which contains the nucleic acid stains Syto 9 and propidium iodide, was
added to the wells to allow visualization of individual bacteria by laser confocal
microscopy. A Zeiss LSM 510 laser confocal microscope was used to collect
three-dimensional images of the biofilms. An argon laser set at 488 nm was used
to excite the Syto 9 dye, and a HeNe laser set at 543 nm was used to excite the
propidium iodide stain. Confocal microscopy was performed on biofilms formed
by C. perfringens strain 13 and derivatives lacking TFP, SM125 (pilC mutant), and
SM126 (pilT mutant) (53). After 3 days of growth, biofilms contained in eight-
chamber microscope slides were gently washed twice with PBS prior to being
stained with BacLight Live/Dead stain (Molecular Probes) and visualized with a
Zeiss LSM 510 laser scanning microscope. Enumeration of fluorescently labeled
bacteria in biofilms was done using the CellC software package, which analyzes
digital images to quantitate fluorescent particles (46).

To test for biofilm formation on animal tissues, SM101 cells were incubated
with chopped-meat medium pellets for 3 days and stained with BacLight Live/
Dead and 50 pg/ml calcofluor white dye, which is specific for polysaccharides (3).
At that time, the meat particles were removed from the liquid suspension, and
biofilms were observed on the meat particles using laser confocal microscopy
with a UV laser at 364 nm to excite the calcofluor white dye, an argon laser set
at 488 nm to excite the Syto 9 dye, and a HeNe laser set at 543 nm to excite the
propidium iodide stain.

Field emission scanning electron microscopy (FE-SEM) was performed to
visualize the surfaces of C. perfringens biofilms. C. perfringens strains were grown
for 2 to 4 h in BHI broth, and a 100-ul droplet of the cell culture was added to
a glass coverslip and allowed to incubate anaerobically at 37°C for 12 h to 24 h,
depending on the experiment. Evaporation was prevented by sealing the cover-
slips in a plastic container with water reservoirs. The glass coverslips were then
immersed in 2.5% glutaraldehyde to fix the cells, rinsed two times in distilled
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FIG. 1. Appearances of biofilms formed by wild-type and mutant
strains of C. perfringens on glass and plastic surfaces. The FE-SEM
images show the relatively flat surfaces of biofilms formed by the
wild-type (A), pilT mutant (C), and pilC mutant (E) strains. (A) The
right side of the image shows the surface of the biofilm; in the center,
the biofilm has been torn away, revealing a dense mixture of cells and
matrix material. (C) The biofilm is present on the left side of the
image, and the right side shows the glass surface used as a substrate for
biofilm formation. (E) The entire surface shown is covered by a bio-
film, with a crack in the surface visible on the right side. The material
beneath the crack appears to be less thick and dense than the material
under the surface of the biofilm formed by the wild-type strain shown
in panel A. (B, D, and F) Laser confocal microscopy images of fluo-
rescently labeled (Syto 9 and propidium iodide) wild-type (B), pilT
mutant (D), and pilC mutant (F) bacteria. Representative images of
quadruplicate samples are shown as single x-y sections. The white lines
in each image indicate the locations of the z sections shown at the top
or right edge of the corresponding figure. The thicknessesof the z
sections shown at the edges correspond to the depths of the biofilms.
Using compiled z sections, the thicknesses of the biofilms in panels B,
D, and F were between 30 and 40 pm. Panels A, C, and E, bars = 10
wm; panels B, D, and F, bars = 20 pm.

water, and allowed to dry. Samples were sputter coated under vacuum with a
5-nm-thick layer of gold using a Cressington 208 h rotary sputter coater. The
coverslips and grids were then observed on a Leo 1550 field emission-scanning
electron microscope with a beam acceleration of 1 kV.

Immunofluorescent staining of type IV pili also utilized 3-day-old biofilms
formed in eight-chamber slides. Samples were fixed anaerobically for 15 min in
2.5% paraformaldehyde. The fixative was removed, and the samples were washed
twice with 2% bovine serum albumin (BSA)/PBS. The samples were then incu-
bated with a 1:100 dilution of rabbit polyclonal antibodies against the C. perfrin-
gens strain 13 pilin subunits PilA1 and PilA2 (53) for 1 h at 37°C; washed two
times with BSA/PBS, followed by incubation with goat anti-rabbit antibodies
(diluted 1:50 in BSA/PBS) conjugated to Alexa Fluor 588 (Molecular Probes);
and incubated with the sample for 1 h at 37°C. After two washes with BSA/PBS
to remove unbound antibodies, the samples were visualized on an Olympus IX81
upright fluorescence microscope at X400 magnification, controlled by SlideBook
software (Intelligent Imaging Innovations, Inc.) operating a Hamamatsu OHC1
charge-coupled device camera.

INFECT. IMMUN.

Uncolonized cooked

meat particle

FIG. 2. Laser confocal microscopy image of a C. perfringens biofilm
formed on a cooked meat pellet. The sample was incubated with
BacLight Live/Dead stain and calcofluor white, which binds to poly-
saccharides. The white line delineates the extent of the biofilm formed
on the pellet. The colors visible in the image correspond to the fol-
lowing materials: red, meat pellet; blue, polysaccharides (calcofluor
white stained); green, live bacteria.

RESULTS

Visualization of C. perfringens biofilms. C. perfringens strain
13 cells were tested for biofilm formation after incubation in
BHI broth on glass coverslips, examined for evidence of bio-
film formation using FE-SEM, and incubated in eight-chamber
microscope slides for laser confocal microscopy (Fig. 1A and
B). In FE-SEM images, strain 13 appeared to form a flat
biofilm. Underneath the surface of the biofilm, cells could be
seen encased in a dense matrix material (Fig. 1A). Three-
dimensional laser confocal microscopy images of fluorescently
labeled bacteria revealed that the biofilms were densely packed
with bacteria and 30 to 40 pwm thick (see the z sections at the
edges of Fig. 1B). Despite having been exposed for 2 to 3 h to
aerobic conditions in the confocal microscope, the vast quan-
tity of C. perfringens organisms in the biofilm appeared to be
alive, as judged by green staining with the BacLight Live/Dead
stain (i.e., live cells were green; dead cells would appear red)
(Fig. 1B).

In order to determine if C. perfringens can form a biofilm on
a more natural surface than a tissue culture plate or glass slide,
SM101 cells were incubated with chopped-meat medium pel-
lets for 3 days and stained with the BacLight Live/Dead stain
and calcofluor white dye. A representative image of a biofilm
formed on a meat particle is shown in Fig. 2. The bacterial cells
were present on the meat particle in significant numbers only
in the region in which a biofilm was formed, identifiable as
positive for calcofluor white staining, which represented an
extended carbohydrate polysaccharide matrix. Meat particles
that were not inoculated with bacteria did not show visible
evidence of biofilms (data not shown).

TFP are required for efficient biofilm formation. We have
previously described derivatives of strain 13 in which pilC
(strain SM125) and pilT (strain SM126) mutants were shown to
lack both gliding motility and TFP on the surfaces of the
bacteria (53). Strains SM125 and SM126 were examined for
biofilm formation using electron and laser confocal micro-
scopes, as described above for strain 13. The surfaces of bio-
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FIG. 3. Localization of PilA in C. perfringens biofilms. (A) Three-
day-old C. perfringens strain 13 biofilms were incubated with antibodies
to either the C. perfringens PilAl or PilA2 protein and then stained
with Alexa Fluor 594-conjugated goat anti-rabbit antibodies. Images
labeled as PilAl-control and PilA2-control were biofilms incubated
with prebleed sera for PilA1 and PilA2, respectively. (B) High-magni-
fication images showing differential interference contrast (DIC) and
tetramethyl rhodamine isothiocyanate (TRITC) staining in biofilms.
Antibodies directed against PilA proteins did not colocalize with
bacteria.

films made by strains SM125 (Fig. 1C) and SM126 (Fig. 1E)
appeared in the FE-SEM to be flat, similar in appearance to
those of the wild-type strain (Fig. 1B). However, the amounts
of cellular and matrix material beneath the surfaces of the
biofilms, visible at the edges and in cracks in the surfaces of the
biofilms, appeared to be significantly less than that seen with
the wild-type strain (compare Fig. 1A to C and E). This ob-
servation was confirmed by examining laser confocal micros-
copy images, which showed that the pilC and pilT mutants had
five and six times, respectively, fewer bacteria present in the
biofilms they made than in those produced by the wild-type
strain (compare the fluorescent staining in Fig. 1B to D and F).
However, the pilC and pil T mutants still produced biofilms that
were 30 to 40 pm thick, as judged by examination of the z
sections in Fig. 1D and F. We interpret the FE-SEM images
and laser confocal images to indicate that the pilC and pilT
mutants produce biofilms that, when hydrated (as seen in the
laser confocal microscopy experiments), are the same thickness
as those made by the wild-type strain, but the biofilms contain
significantly fewer bacteria and less intercellular matrix mate-
rial than those of the wild-type strain.

Pilin subunits are present but do not colocalize with C.
perfringens in biofilms. Since TFP were needed for efficient
biofilm formation, we performed immunofluorescent staining
of biofilms to determine if the two pilin proteins shown to be
made by C. perfringens, PilAl and PilA2, were present. Biofilms
were incubated with polyclonal antibodies to C. perfringens
strain 13 PilAl and PilA2 pilin subunits (53). Figure 3 shows
representative images displaying the results of the immunoflu-
orescent staining. Significant levels of fluorescence were seen
using both anti-PilA1 and -PilA2 antibodies, while little or no
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FIG. 4. Biofilm formation by multiple C. perfringens toxinotypes.
(A) Biofilm formation in 24-well plates, measured as described in
Materials and Methods. (B) Biofilm (45,)/planktonic-growth (ODg)
ratio. White bars, 0 mM glucose; gray bars, 10 mM glucose; black bars,
100 mM glucose. In panel A, the P values shown represent a statistical
comparison, using Student’s ¢ test, of biofilm formation between 0 mM
and 100 mM glucose concentrations. For types C, D, and E, no statis-
tically significant difference was found at these glucose concentrations.
The error bars represent standard deviations.

fluorescence was visible using the prebleed serum controls.
Higher-magnification images of regions with high cell density
(Fig. 3A, insets) showed that pilin proteins were present, but
the bacteria were too densely packed to determine if the pili
were cell associated. Therefore, we examined images from
lower-cell-density areas of the biofilm and observed that the
majority of PilAl- and PilA2-dependent fluorescence did not
colocalize with the bacteria (Fig. 3B), suggesting pili had been
shed from the bacterial surfaces inside the biofilm.

All sequenced strains of C. perfringens can form biofilms. C.
perfringens strains of biotypes A (ATCC 13124, 13, and
SM101), C, D, and E were assayed for the ability to form
biofilms in various concentrations of glucose. Sessile biomass
(biofilm cells) was measured by staining the biofilm with crystal
violet, extracting the stain with methanol, and measuring the
Aso of the methanol extract. All tested strains demonstrated
the ability to form biofilms after 3 days in the absence of
glucose and in the presence of 10 or 100 mM glucose (Fig. 4A).
The strains varied in the ability to form biofilms in the presence
of increased glucose, with strains ATCC 13124 and SM101
showing significantly higher levels of biofilm formation in the
presence of the highest level (100 mM) of glucose than in the
absence of glucose. Strain 13 showed the opposite effect, with
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FIG. 5. Effects of glucose concentrations on biofilm formation in the wild type and a ccp4 mutant strain of C. perfringens. (A and B) Biofilm
formation by strains SM101 (wild type) (A) and SM120 (ccpA4 mutant) (B). (C and D) Ratio of biofilm/planktonic growth by strains SM101 (wild
type) (C) and SM120 (ccpA4 mutant) (D). In panels A and B, the P values shown represent a statistical comparison, using Student’s ¢ test, of biofilm
formation between 0 mM and 100 mM glucose concentrations. No statistically significant difference was found at these glucose concentrations for
the wild-type strain at day 5 and the ccpA4 mutant strain at day 1. The error bars represent standard deviations.

significantly less biofilm made in the presence of 100 mM
glucose than in the absence of glucose (Fig. 4A), while the
other three strains did not show a statistically significant dif-
ference under these conditions (Fig. 4A).

Microscopic observations of wells containing biofilms indi-
cated that planktonic cells were also present in various
amounts (data not shown). To quantitate how the ratio of cells
shifted from biofilms to planktonic cells in response to differ-
ent levels of glucose, the ratio of biofilm to planktonic cells was
measured (see Materials and Methods). Glucose repressed
biofilm formation relative to planktonic cells in all six strains
(Fig. 4B). The highest ratios of biofilm cells to planktonic cells
were seen in the absence of glucose with strains ATCC 13124
and the type C and type D strains (Fig. 4B). Given that more
biofilm material was produced by strains ATCC 13124 and
SM101 in response to higher glucose levels (Fig. 4A), it ap-
pears that both biofilm and planktonic cells increased with
increasing glucose but that planktonic cells increased to a
greater extent, which would account for the 45,,/ODg,, ratios
for these strains seen in Fig. 4B. For strain 13, in which biofilm
formation was repressed by glucose (Fig. 4A), the number of

planktonic cells increased in high levels of glucose, leading
to the more dramatic shift in this ratio seen with this strain
(Fig. 4B).

Roles of glucose and ccpA in limiting biofilm formation. In
B. subtilis, a mutation in ccpA was shown to alleviate glucose
repression of biofilm formation (48). Since the results of ex-
periments shown in Fig. 4 suggested that glucose has the ability
to stimulate biofilm formation in some strains but also to lower
the amounts of biofilm relative to planktonic cells, we investi-
gated the role of CcpA in catabolite control of biofilm forma-
tion in C. perfringens strain SM101 and a previously described
ccpA mutant derivative of C. perfringens SM101, strain SM120
(52). SM101 and its ccpA mutant derivative were used in these
experiments because the role of CcpA in catabolite regulation
of sporulation, toxin production, and capsule synthesis in this
strain had been previously determined (52). C. perfringens bio-
film formation was determined by testing the effects of adding
increasing concentrations of glucose and measuring biofilm
formation after 1-, 3-, and 5-day periods (Fig. 5). At the higher
concentrations of glucose (25, 50, and 100 mM), the wild-type
strain formed more biofilm mass than the ccp4 mutant strain,



VoL. 76, 2008

except at day 5 (Fig. 5SA and B), indicating that CcpA is im-
portant for maximal biofilm formation. A statistically signifi-
cant difference in biofilm formation at 0 and 100 mM glucose
was seen in the wild-type strain at days 1 and 3 and in the ccpA
mutant strain at days 3 and 5 (Fig. S5A and B). After 5 days at
0 mM glucose, formation of biofilms was highly variable in the
wild-type strain, with some wells containing very small amounts
of biofilm material, which is indicated by the large error bars
for the standard deviation value. We believe this represents the
dissolution of previously formed biofilms in some of the wells.
The ratio of biofilm to planktonic growth was higher in the wild
type than the ccpA mutant strain at days 3 and 5 at lower
glucose concentrations (0 to 25 mM); however, the ratio de-
creased with increasing concentrations of glucose in both
strains (Fig. 5C and D).

C. perfringens biofilms protect cells from environmental
stresses. The abilities of C. perfringens biofilms and planktonic
cells to survive oxidative stress in the form of atmospheric
oxygen and hydrogen peroxide were assayed. Cells of C. per-
fringens strain 13 were subjected to atmospheric oxygen for 6 h
and 24 h or to 10 mM H,O, for 5 min (15). Strain 13 was used
for these experiments because it is a gangrene-causing strain
and antibiotics are used in the treatment of gangrene but not
acute food poisoning caused by strains such as SM101. C.
perfringens is known to be aerotolerant (8), and our results
indicated that the survival rates of planktonic cells in atmo-
spheric oxygen were 30.6% and 9.2% for 6 h and 24 h, respec-
tively (Fig. 6A). However, biofilm cells increased in number to
153% by 6 h, and after 24 h, biofilm survival was 76.6% (Fig.
6A), five and eight times the number seen in planktonic cells.
To measure protection against a more stringent oxidative
stress, cells were exposed to H,O,, in which biofilm cells had a
sevenfold-higher rate of survival than planktonic cells, 10.5%
to 1.5% (Fig. 6A).

C. perfringens is extremely sensitive to penicillin G, a bacte-
ricidal antibiotic that inhibits cell wall synthesis. The MIC for
strain 13, used in this study, is 0.75 pg/ml (37). Exposure to
high levels of penicillin (20 pg/ml) for 6 h failed to kill C.
perfringens cells in a biofilm (i.e., 229% survival), while identi-
cal exposure of planktonic cells to the antibiotic resulted in a
survival rate of 15%, a 15-fold difference (Fig. 6B). After 24 h
of exposure to penicillin, the survival of C. perfringens in a
biofilm dropped to 4% while planktonic survival decreased to
0.8%, a fivefold difference (Fig. 6B).

DISCUSSION

In this report, we have established for the first time that C.
perfringens is capable of forming biofilms. The conditions we
used to induce biofilm formation were static cultures grown
anaerobically for up to 5 days. Under these conditions, C.
perfringens formed a flat biofilm 30 to 40 pwm thick that had
bacteria encased in a dense intercellular matrix (Fig. 1A).
Strains that lacked motility due to mutations in genes encoding
TFP-associated functions showed significantly reduced levels
of bacteria and intercellular matrix material in the biofilms, a
result seen in many gram-negative bacteria but not previously
reported in a gram-positive bacterium. The TFP-dependent
gliding motility exhibited by C. perfringens involves the exten-
sion of filaments of bacteria that are aligned end to end on a
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FIG. 6. Biofilms provide protection against oxidative and antibiotic
stresses. (A) C. perfringens 3-day-old cultures were separated into bio-
film and planktonic fractions and then exposed to various oxidative
stresses, as indicated. (B) C. perfringens 3-day-old cultures were sepa-
rated into biofilm and planktonic fractions and then exposed to 20
pg/ml penicillin G (27 times the MIC [37]) for the times indicated. In
panel A, the P values of differences in survival of biofilm versus plank-
tonic cells were each <0.002, by Student’s ¢ test, under the conditions
described for each experiment. In panel B, differences in survival of
biofilm and planktonic cells at each time were compared using Stu-
dent’s ¢ test. *, P = 0.0156; =%, P = 0.0254. The error bars represent
standard deviations.

semisolid (e.g., agar) or solid surface (53). pilT and pilC mu-
tants are unable to carry out this movement and do not pro-
duce pili on their surfaces (53). Since the pili appear to be a
component of the biofilm matrix themselves (Fig. 3), the lack
of these two functions may be the reason for reduced cell
numbers and biofilm matrix density seen with these mutant
strains.

We have presented evidence that the extracellular matrix is
composed of at least two components, carbohydrates and type
IV pilin proteins (Fig. 2 and 3). Based on studies describing the
biofilm matrix material produced by other gram-positive bac-
teria, it is likely that additional components are present, in-
cluding nucleic acids and proteins other than pilins (24, 34).

We examined the effects of changing glucose levels on bio-
film formation in C. perfringens (Fig. 4 and 5). The levels of
glucose used in this study (0 to 100 mM) span the range found
in the human body, where plasma has 5.07 mM and skeletal
muscle has 4.41 mM glucose (44).
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Published reports on the role of catabolite repression in
biofilm formation show that there is no unifying theme for the
carbohydrate-based regulation of biofilm formation. In Strep-
tococcus gordonii, carbohydrates induce biofilm formation
(18); in Streptococcus mutans, the phosphotransferase system
component EITAB™*" activates biofilm formation in the pres-
ence of glucose (1); and in B. subtilis, CcpA represses biofilm
formation under high glucose levels, but some glucose is re-
quired for biofilm formation (48). In S. aureus, biofilm forma-
tion under static and flow conditions was lost when a mutation
was introduced into the ccpA gene (45). Our results with C.
perfringens and CcpA differ somewhat from those seen with
these gram-positive bacteria. The wild-type strain (SM101)
produced more biofilm material than the ccp4 mutant strain
(SM120) at days 3 and 5, and both strains produced increasing
amounts of biofilm material with increasing glucose concen-
trations at day 3 (Fig. SA and B). CcpA also played a role in
regulating the ratio of biofilm to planktonic cells, since the
wild-type strain had a higher ratio than did the ccpA mutant
strain at lower glucose concentrations, but both strains sup-
pressed biofilm formation in favor of planktonic growth as the
concentration of glucose in the medium increased (Fig. 5C and
D), suggesting this regulation is independent of CcpA. The
highest ratio of biofilm to planktonic cells was seen in the
absence of added glucose (Fig. 5C and D), which suggests
biofilm formation is induced in the absence of exogenous car-
bohydrates, which corresponds to its potential role as a mech-
anism for cells to survive a starvation stress response without
having to make an endospore.

While tolerant of the oxygen in air, C. perfringens has been
previously reported to be sensitive to H,O, (8), which was
corroborated by the low survival rate of C. perfringens SM101
in H,O, (Fig. 6). However, there was a marked increase in
survival after H,O, exposure: 10.5% in biofilms compared with
1.5% in planktonic cultures, which demonstrates one of the
protective effects conferred on cells in the biofilm.

Biofilm formation may play a role in diseases caused by C.
perfringens. C. perfringens is known to cause a form of non-
food-borne enteritis associated with antibiotic use (i.e., AAD)
(4, 5, 56). Biofilms are well known for their ability to confer
antibiotic resistance on the constituent bacteria through a va-
riety of mechanisms (14, 39), and in our work, biofilms appear
to contribute to the resistance of C. perfringens to penicillin G.
Studies by other research groups have shown that biofilms
constitute a major form of existence of the microbiota in the
intestine (27, 28, 41). Together, these results led us to hypoth-
esize that biofilm formation by C. perfringens in the small
intestine can contribute to AAD by aiding in bacterial persis-
tence through antibiotic treatment. However, as the C. perfrin-
gens enterotoxin is the causative effect of the symptoms of
AAD (33) and C. perfringens enterotoxin is expressed only by
sporulating cells (21), for biofilms to play a role in AAD, the
cells must either be sporulating in the biofilm, as has been
observed in B. subtilis (20, 25) and Bacillus cereus (54), or at the
cessation of antibiotic treatment, they must escape the biofilm
and begin sporulating.

C. perfringens type C, D, and E strains are known to colonize
the guts of mammals (47) and to cause economically important
enteric infections in animals, such as cattle, pigs, and sheep
(reviewed in reference 47). We found that representatives of
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type C, D, and E strains were capable of biofilm formation
(Fig. 4). Therefore, biofilm formation may represent a mech-
anism for colonization and persistence in the intestinal tracts
of these animals until a change occurs in the condition of the
animal that results in the onset of disease.

The role that biofilms play in gas gangrene (myonecrosis) is
more difficult to ascertain. Gas gangrene is a quickly spreading
infection involving large numbers of rapidly growing bacteria
(49), characteristics which, at first glance, are not consistent
with biofilm formation. However, when incubated with cooked
meat pellets, C. perfringens readily formed a biofilm on the
surfaces of the pellets (Fig. 2). This result may indicate that C.
perfringens can in fact form biofilms in vivo in a soft tissue
infection after a certain time has elapsed, and this biofilm
would also be resistant to antibiotics (Fig. 6). These findings
underscore the necessity for complete removal by debridement
or amputation of any tissue that is potentially infected with C.
perfringens.

The ability of C. perfringens to form biofilms results in a
multifaceted response by the bacterium to environmental
stresses, including carbohydrate limitation. The bacterium can
also respond to carbohydrate limitation by producing an en-
dospore or initiating TFP-dependent gliding motility (32, 52,
53). All three responses include a different carbohydrate-re-
sponsive profile, where some functions are CcpA dependent
and others are CcpA independent. When exposed to carbohy-
drate limitation, the bacterium must decide which develop-
mental pathway is most likely to enhance its survival. It is likely
that a complex regulatory network that senses factors other
than the carbohydrate level is required for C. perfringens to
manage these three distinct stress responses and to utilize the
most advantageous response for the particular environment
that it encounters.
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