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It has long been suspected that microbial biofilms harbor cells in a variety of activity states, but there have
been few direct experimental visualizations of this physiological heterogeneity. Spatial patterns of DNA
replication and protein synthetic activity were imaged and quantified in staphylococcal biofilms using immu-
nofluorescent detection of pulse-labeled DNA and also an inducible green fluorescent protein (GFP) construct.
Stratified patterns of DNA synthetic and protein synthetic activity were observed in all three biofilm systems
to which the techniques were applied. In a colony biofilm system, the dimensions of the zone of anabolism at
the air interface ranged from 16 to 38 �m and corresponded with the depth of oxygen penetration measured
with a microelectrode. A second zone of activity was observed along the nutrient interface of the biofilm. Much
of the biofilm was anabolically inactive. Since dead cells constituted only 10% of the biofilm population, most
of the inactive cells in the biofilm were still viable. Collectively, these results suggest that staphylococcal
biofilms contain cells in at least four distinct states: growing aerobically, growing fermentatively, dead, and
dormant. The variety of activity states represented in a biofilm may contribute to the special ecology and
tolerance to antimicrobial agents of biofilms.

Bacteria or yeast that adhere to implanted medical devices
or damaged tissue can become the focus of persistent infec-
tions (11). These microorganisms encase themselves in an ex-
tracellular polymeric matrix forming a slimy layer known as a
biofilm. Biofilm infections develop gradually and may be slow
to produce overt symptoms. Once established, however, these
infections become chronic. The notorious tolerance of micro-
organisms to killing by antimicrobial agents when in biofilms
contributes to the persistence of these infections (27, 28).
Staphylococci are among the most common pathogens associ-
ated with device-related infections (3, 9).

One hypothesis to explain the antimicrobial tolerance man-
ifested in biofilms is that biofilms harbor cells that are growing
slowly or not at all (8, 32). Since most antibiotics target mac-
romolecule synthesis processes, it is plausible that nongrowing
cells could be less susceptible to killing. Metabolically inactive
bacteria could also be less vulnerable to other types of chem-
ical and physical challenges. A biofilm might contain not only
rapidly growing cells, but also cells that are growing slowly,
cells that have entered a stationary-phase-like state, and cells
that are completely dormant. Some cells might sustain basal
metabolic activity and limited gene expression even though
they are not growing. A biofilm could contain some bacteria
growing aerobically and others growing fermentatively. If this
conjecture is correct, even a single biofilm cell cluster could

comprise a population spanning a spectrum of physiological
states. These different states may be due to local variation in
the availability of nutrients and electron acceptors or mecha-
nisms such as phenotypic variation.

There is some evidence for substrate limitation and slow
growth in staphylococcal biofilms. The average specific growth
rate of bacteria in a biofilm can be calculated by dividing the
overall rate of production of bacteria by the standing popula-
tion of cells in the biofilm. Using this approach, Hodgson et al.
(14) found that Staphylococcus aureus grew with a specific
growth rate of 0.06 h�1 in biofilms, whereas the bacterium
grew with a specific growth rate of 0.7 h�1 in the planktonic
state in the same medium. The community-averaged growth
rate of Staphylococcus epidermidis in colony biofilms was 0.035
h�1, much lower than the maximum specific growth rate of
0.82 h�1 measured in batch culture (39). These results suggest
that the average growth rate in a staphylococcal biofilm may be
only a few percent of the growth rate exhibited in conventional
suspended-culture conditions. DNA microarray comparisons
of transcriptional patterns in biofilms and planktonic cells re-
veal a general down-regulation of transcription, translation,
and aerobic energy production (36) and up-regulation of
anaerobic metabolism (6, 23).

A limitation of all of the preceding studies is that they reveal
none of the heterogeneity in growth state and activity that is
probably present in the biofilm population. These studies pro-
vide only whole-population averages. Consider that a biofilm in
which the average specific growth rate is half the growth rate of
planktonic cells might actually consist of a population of cells
in which half are growing rapidly and half not at all. The
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average does not represent accurately either of the subpopu-
lations. In this article, we report the integrated application of
techniques to map spatial patterns of DNA synthesis, protein
synthesis, and local oxygen concentration that enable the visu-
alization and quantification of highly heterogeneous patterns
of respiratory and anabolic activity in S. epidermidis and S.
aureus biofilms.

MATERIALS AND METHODS

Bacteria and media. S. epidermidis strain RP62A (ATCC 35984) and S. aureus
strain RN6390 containing pALC2073::gfpuvr (ALC2085) were grown on tryptic
soy broth (TSB) at 37°C. The green fluorescent protein (GFP) gene contained in
this S. aureus strain was under the control of a tetracycline-inducible promoter
(5). Engineering of gfpuvr is described elsewhere (16). Full-strength TSB was
used to grow shake flask cultures that provided the inoculum for biofilm exper-
iments.

Colony biofilm preparation. Colony biofilms were grown on polycarbonate
membranes resting on agar plates (31). Planktonic cultures of S. epidermidis and
S. aureus were grown overnight in TSB and diluted to an optical density of 0.050
at 600 nm (with a 1-cm path length). Chloramphenicol (10 �g/ml) was added to
the medium used to grow the S. aureus inoculum to ensure retention of the
plasmid. Chloramphenicol was not included in the agar medium used to grow
colony biofilms. One 10-�l drop of diluted planktonic culture was used to inoc-
ulate membranes (25-mm, 0.22-�m pore size; Osmonics, Inc., Minnetonka, MN)
resting on tryptic soy agar (TSA) plates. The membranes were sterilized by UV
exposure (10 min per side) prior to inoculation. The plates were inverted and
incubated at 37°C, and the membranes were transferred to a fresh TSA plate
every 24 h and were grown for 44 h. For the S. epidermidis strain, the biofilms
were transferred to agar medium containing 1 mM 5-bromo-2-deoxyuridine
(BrdU) for an additional 4 h. For the S. aureus strain, the biofilms were trans-
ferred to agar medium containing 1 �g/ml tetracycline for an additional 4 h.

Colony biofilms were subjected to various nutrient and oxygen conditions
during the introduction of BrdU. For anaerobic growth experiments, agar plates
were transferred into an anaerobic incubation pouch with a sealing bar (BBL
GasPak Pouch, Becton, Dickinson and Company, Sparks, MD) in an anaerobic
glove box (Coy Laboratory Products, Inc., Ann Arbor, MI). In some experiments,
TSA was supplemented with glucose at 2.5 g/liter. To supply additional oxygen,
agar plates were placed in a bag that was inflated with pure oxygen and sealed.

Planktonic culture preparation. Planktonic batch cultures of S. epidermidis
were grown overnight at 37°C in baffled flasks in TSB. BrdU (1 mM) was added
to fresh medium inoculated with a 50-fold dilution of overnight culture after 1.5 h
of growth for exponential-phase experiments and after 7 h of growth for station-
ary-phase experiments. For a killed control experiment, an overnight culture was
autoclaved for 20 min prior to the introduction of BrdU. Planktonic cultures
were grown for a total of 11 h prior to filtration onto a polycarbonate membrane
using a filtration unit.

Capillary biofilm system. Biofilms were grown in glass capillary tubes
(Friedrich and Dimmock, Millville, NJ) under continuous flow conditions (22,
33). The glass tubes had square cross sections which allowed direct microscopic
observation of the biofilm through the tube walls. The capillary tubes had a
nominal inside dimension of 0.9 mm and were approximately 10 cm long. Cap-
illaries were inoculated with 2 ml of overnight cultures of S. epidermidis or S.
aureus, and flow was stopped for 4 h. Chloramphenicol (10 �g/ml) was added to
the medium used to grow the S. aureus inoculum. No antibiotic was included in
the medium used to grow the capillary biofilm. After 4 h of static incubation, the
flow of medium (1/10-strength TSB) was initiated at a flow rate of 120 ml/h by
gravity feed. The medium carboy and the capillary were placed in separate 37°C
incubators stacked on top of each other. Biofilms were allowed to develop for
20 h prior to the introduction of medium containing 1 mM BrdU for an addi-
tional 4 h or 1 �g/ml tetracycline for an additional 7 h. For microscopic obser-
vation, capillary biofilm was placed in a holder (Biosurface Technologies, Boze-
man, MT) that could be mounted onto the microscope stage.

Drip-flow biofilm system. Drip-flow biofilm reactors were used to cultivate
biofilms (15, 34). Stainless steel coupons (7.8 cm by 1.2 cm) were inclined at a 10°
angle within the reactor, which was incubated at 37°C. After inoculation with an
overnight culture of S. epidermidis or S. aureus, the reactor was allowed to stand
for 24 h. Chloramphenicol (10 �g/ml) was added to the medium used to grow the
S. aureus inoculum. No antibiotic was included in the medium used to grow the
S. aureus drip-flow biofilm. After this time, the flow was initiated and the medium
(1/10-strength TSB) dripped onto the coupons from a height of approximately 1

cm. For the S. epidermidis strain, the reactor was fed for 20 h at a flow rate of 10
ml/h before switching to medium containing 1 mM BrdU for an additional 4 h.
For the S. aureus strain, the reactor was fed for 44 h at a flow rate of 10 ml/h
before switching to medium containing 1 �g/ml tetracycline for an additional 4 h.

Cryoembedding and cryosectioning. Colony biofilm, drip-flow biofilm, and
planktonic culture samples were cryoembedded with Tissue-Tek O.C.T. com-
pound (VWR Scientific Products, West Chester, PA) as described previously (31,
32). Membrane-supported biofilms were placed on a 7.8- by 1.2-cm stainless steel
coupon, and the colonies were covered with the embedding medium. The coupon
was placed on dry ice, and the medium was allowed to freeze. Colonies along
with the membranes were removed from the coupon, and the edges of the
membranes were trimmed. The colonies with the embedded side down were
placed on the dry ice, and the embedding medium was used to cover the exposed
membranes, which was then allowed to freeze. Embedded colonies were sec-
tioned into 5-�m-thick cross sections using a Leica CM 1850 cryostat. The colony
cross sections were placed on Superfrost Plus microscope slides (Fisher Scien-
tific).

DNA synthetic activity. The BrdU technique described in this paper was a
modification of a published protocol (12). S. epidermidis colony cross sections
were fixed for 5 min using a solution containing 80% ethanol in water. This
fixation process was to stop metabolic activity and fix the sections onto the slides.

A solution of 50 mg/liter lysozyme was introduced for 5 min to permeabilize
the cell envelope. Subsequently, 4 N hydrochloric acid was introduced for 10 min
to denature DNA, as this protocol only recognizes single-stranded DNA. A
blocking solution of 2% skim milk and 0.3% Tween 80 in Tris-buffered saline was
introduced for 5 min to limit nonspecific binding of antibody.

A 20-fold dilution factor of anti-BrdU, mouse immunoglobulin G1, monoclo-
nal PRB-1, and Alexa Fluor 488 conjugate (anti-BrdU, Alexa Fluor 488 conju-
gate) was introduced for 1 h, which illuminated regions of active replication in
green fluorescence. Slides were covered to protect from photobleaching the
antibody. Sections were probed with the antibody for 1 h. Sections were coun-
terstained with 5 mg/liter rhodamine B for 5 min (Eastman Organic Chemicals,
Rochester, NY) to reveal in red fluorescence the extent of the biomass indepen-
dent of its activity. Sections were stained by placing 20-�l drops in succession
along the cross section. After each step, slides were rinsed twice with phosphate-
buffered saline (PBS) with excess solution blotted from the slide. Slides were
fixed and stained at room temperature.

After introduction of BrdU for 4 h, glass capillary biofilms were processed with
the same series of reagents detailed above and directly observed by confocal
scanning laser microscopy (CSLM). Experiments were also conducted in which
a capillary biofilm was labeled with BrdU for 4 h, cryoembedded, cryosectioned,
and stained prior to observation by CSLM.

Drip-flow biofilms were labeled with BrdU for 4 h, cryoembedded, cryosec-
tioned, stained, and then examined by CSLM.

Protein synthetic activity. S. aureus colony biofilms were grown for 44 h,
transferred to a TSA plate containing 1 �g/ml tetracycline for 4 h, cryoembed-
ded, and cryosectioned into 5-�m slices using a Leica CM 1850 cryostat.

Glass capillary biofilms were observed with time-lapse CSLM to obtain a time
series of GFP expression during induction with tetracyline.

Drip-flow biofilms were induced with 1 �g/ml tetracycline for 4 h, cryoembed-
ded, cryosectioned, and then examined by CSLM.

Some experiments were performed in which both BrdU and tetracycline were
introduced simultaneously to image DNA and protein synthesis in the same S.
aureus colony. Colony biofilms were grown for 44 h and were then transferred to
a TSA plate containing 10 mM BrdU and 1 �g/ml tetracycline. Images of frozen
sections were first obtained in the green channel for GFP expression. The slides
were then heat treated followed by the fixation and staining protocol to image
DNA synthetic activity. A second set of images was taken to image DNA repli-
cation, which was also obtained in the green channel. Images were realigned and
combined to view the combined activities. Since protein synthesis and DNA
replication were both initially imaged in the green channel, DNA replication
images were false-colored in red.

Oxygen concentration profiles and penetration. Oxygen concentration profiles
in colony biofilms were measured with a dissolved oxygen microelectrode as
described elsewhere (24, 31). Dissolved oxygen microelectrodes are amperomet-
ric devices: oxygen diffuses through a silicone rubber membrane, arrives at a
cathodically polarized working electrode, and is reduced to water. The micro-
electrode uses an Ag/AgCl half-cell as the counterelectrode and gold as the
working electrode. Applying �0.8 V typically satisfies the limiting current con-
dition, and the measured current is proportional to the dissolved oxygen con-
centration in the vicinity of the microelectrode tip. The oxygen microelectrodes
were calibrated in water equilibrated with nitrogen and in air at 37°C.

To measure oxygen profiles, the microelectrode was mounted on a micro-
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manipulator (model M3301L; World Precision Instruments, New Haven, CT)
equipped with a stepper motor (model 18503; Oriel, Stratford, CT) controlled by
an Oriel model 20010 interface. The microelectrode was introduced from the top
of the plate perpendicular to the biofilm. The micromanipulator was interfaced
with a computer, and the microelectrode movement was facilitated by a control-
ler (CTC-283-3; Micro Kinetics) with a positioning precision of 0.1 �m. Custom
software was used to control and coordinate microelectrode movement, data
acquisition, and real-time display of the concentration profile.

The local reaction rate of oxygen was calculated from measured oxygen con-
centration profiles by evaluating the second derivative with a central difference
formula. The width of the respiratory zone was taken as the distance from the
biofilm-air interface to the distal edge of the oxygen reaction rate peak as
measured at the peak half-height.

Plasmid stability. S. aureus biofilm was tested for the stability of the GFP-
bearing plasmid. A biofilm-covered membrane was aseptically removed from the
agar plate and was placed in a test tube containing 9 ml phosphate buffer
solution. The test tube was vortexed for 5 min to remove cells from the polycar-
bonate membrane. The resulting suspension was serially diluted in PBS before
spread plating. Dispersed cells were spread plated on a TSA plate and a TSA
plate supplemented with 10 �g/ml chloramphenicol. Agar plates were inverted
and incubated at 37°C. CFU in both plates were determined, and the experiment
was repeated twice. A sterile toothpick was used to take a single dab from one
CFU from the TSA spread plate and was dabbed onto both the TSA plate and
the TSA plate containing 10 �g/ml chloramphenicol. Agar plates were inverted
and incubated at 37°C. Up to 100 CFU (using a sterile toothpick each time) was
used to conduct the colony screening experiment. CFU in both plates were
compared.

Microscopy and image analysis. CSLM was performed with a Leica TCS NT
confocal scanning laser microscope (33). For imaging in transmission mode,
excitation from a 488-nm laser was used. For imaging DNA synthesis and GFP
expression, a 488-nm laser was used and the emission was collected at 500 to 530
nm (green channel). For imaging rhodamine B, a 568-laser was used and the
emission was collected at 585 to 615 nm (red channel). A �10 dry objective lens
was used for these experiments. Microscope images were analyzed using the
linescan function in MetaMorph image analysis software (Universal Imaging
Corporation, Downingtown, PA). For colony and drip-flow biofilm experiments,
the relative fluorescent intensities were measured for at least three indepen-
dently grown biofilms and for six to eight independent sections across each
biofilm. For each image taken, fluorescent intensities were measured at three
random locations, resulting in a total of between 54 and 72 data points per
condition. Intensity profiles were measured perpendicular to the membrane
supporting the colony biofilm. The dimension of active zones of DNA synthesis
or protein synthesis was taken as the width of a peak at the peak half-height.
Statistical comparisons were made using a two-sided t test assuming unequal
variances. The biofilm thickness was measured as the distance from the mem-
brane to the biofilm-air interface. For the S. aureus capillary biofilm experiment,
a time series was initiated in which an image was collected every 2 min. The time
series ran for 4 to 7 h.

Respirometry. The overall rate of oxygen consumption in colony biofilms was
measured using a Micro-Oxymax closed circuit respirometer (Columbus Instru-
ments, Columbus, OH). Seven colony biofilms in nutrient agar bottles were
attached to the respirometry equipment. A set of controls was performed in
which the nutrient agar bottle did not contain a colony biofilm. Measurements of
the rate of oxygen consumption were obtained at 1.5-h intervals for a total of
48 h. The rate of oxygen consumption arrived at a transient plateau between 15 h
and 20 h, corresponding to the probable onset of mass transfer limitation of
oxygen supply to the biofilm. The average rate of oxygen consumption between
15 h and 20 h was calculated from the replicate samples. Other colony biofilms
were measured to determine their radii and also frozen and sectioned to deter-
mine thickness. The colony area was computed by treating the colony as circular.
The thickness of colonies was determined by measuring the average thickness of
the cross sections microscopically. The mean rate of oxygen consumption be-
tween 15 h and 20 h was divided by the average volume of colony biofilms to
estimate the volumetric oxygen reaction rate.

Statistical analysis. Statistical comparisons were made using a two-sided t test
assuming unequal variances.

RESULTS

Mapping patterns of DNA synthesis in biofilms. BrdU la-
beling has been used extensively in the study of replication and
cell cycle phenomena in eukaryotes (13, 16, 17, 18) and to a

lesser extent in the investigation of bacterial activity (4, 20, 21).
BrdU is a thymidine analog that is incorporated into the DNA
of replicating cells. Cells in which DNA synthesis occurred
during the BrdU pulse can be subsequently illuminated using a
fluorescently tagged antibody that specifically recognizes bro-
minated DNA.

We developed BrdU labeling of staphylococcal biofilms us-
ing the colony biofilm system (1, 31, 39). These are dense
aggregates of bacteria that build up on a filter membrane
resting on a nutrient agar plate. Carbon and nitrogen sources
and other required substrates are delivered to the bottom of
the biofilm from the agar. Oxygen is delivered to the top of the
biofilm via air. After 48 h of development, the mean thickness
(and standard deviation) of S. epidermidis colony biofilms was
153 � 18 �m. Mature colony biofilms were transferred to a
BrdU-amended agar plate for 4 h and then frozen, sectioned,
and probed with the anti-BrdU antibody. Highly stratified pat-
terns of DNA synthetic activity, representative images of which
are shown in Fig. 1, were observed. Colony biofilms not labeled
with BrdU and probed with the antibody exhibited no green
fluorescence (Fig. 1A). When grown in air, two bands of DNA
synthetic activity were evident: one along the air interface of
the biofilm and a thinner region along the membrane interface
(Fig. 1B). Sometimes there was also a trace of activity in a
centrally located stratum. Colony biofilms labeled with BrdU
but not probed with the antibody likewise showed no fluores-
cence (image not shown).

One thing these experiments demonstrate is that the BrdU
was able to diffuse out of the agar, through the membrane, and
permeate throughout the colony biofilm during the 4-h label-
ing pulse. This is evidenced by the incorporation of BrdU into
cells at the opposite edge of the biofilm from which this sub-
strate was delivered.

Several planktonic controls were performed by BrdU label-
ing bacteria in suspension and then filtering the cells onto a
membrane. The membrane was processed for antibody prob-
ing in the same manner that colony biofilms were. A batch
culture of S. epidermidis pulse-labeled with BrdU while in
exponential phase exhibited bright green fluorescence, indicat-
ing extensive DNA synthetic activity (data not shown). A cul-
ture labeled with BrdU in stationary phase exhibited relatively
weak green fluorescence, indicating a much lower level of
DNA synthetic activity (not shown). Bacteria killed by heat
treatment and then labeled with BrdU evidenced no DNA
synthetic activity by the immunofluorescence assay (not
shown).

Spatial patterns of DNA synthesis are highly stratified in
biofilms. Stratified patterns of DNA synthetic activity were
observed in all three of the biofilm systems to which the BrdU
labeling technique was applied. In the colony biofilm system,
the dimensions of the zones of DNA synthetic activity were
quantified by image analysis (Table 1). When grown in air, the
zone of DNA synthetic activity at the air interface averaged 31
�m in width and the zone of DNA synthetic activity at the
membrane interface averaged 16 �m.

Patterns of DNA synthetic activity in S. epidermidis colony
biofilms changed in response to changes in the nutrient and
oxygen conditions. When BrdU labeling was performed in an
anaerobic environment, the band of DNA synthetic activity
along the air interface was eliminated (Fig. 1C). When BrdU
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labeling was performed in a gaseous environment of pure ox-
ygen, the region of DNA synthetic activity at the gas interface
increased in thickness (Fig. 1D). The expansion in the zone of
DNA synthetic activity at the gas interface from 31 �m in air

to 45 �m in pure oxygen, a factor of 1.5, was statistically
significant (P � 0.001). The dimension of the zone of DNA
synthetic activity along the membrane interface did not change
significantly as the gaseous environment was changed from

FIG. 1. Patterns of DNA synthesis in S. epidermidis colony biofilms. Panel A shows an unlabeled (no BrdU) colony biofilm probed with
antibody. Panel B shows a colony biofilm labeled with BrdU under aerobic conditions. Panel C shows a colony biofilm labeled with BrdU under
anaerobic conditions. Panel D shows a colony biofilm labeled with BrdU in an environment of pure oxygen. Green areas are due to BrdU
incorporation into DNA and indicate active replication. Red areas are due to rhodamine B counterstaining that reveals the extent of the biomass
independent of its activity. In each image, the membrane interface of the colony is on the bottom and the air interface is on the top.

TABLE 1. Summary of measured dimensions of zones of active DNA synthesis in S. epidermidis colony biofilms and of active protein
synthesis and DNA synthesis in S. aureus colony biofilms

Condition

Dimensions of zone of synthesis (�m)a

S. epidermidis DNA S. aureus

Gas Membrane
Protein DNA

Gas Membrane Gas Membrane

Air 31 � 14 16 � 11 38 � 9 14 � 5 25 � 8 23 � 13
Oxygen 45 � 13 13 � 7 59 � 9 18 � 6 NM NM
Anaerobic BD 19 � 11 BD 17 � 5 NM NM
Air with glucose NM NM 36 � 8 33 � 10 NM NM

a The mean and standard deviation are reported. BD, below detection limit; NM, not measured.
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anaerobic, to air, to pure oxygen (P � 0.37 and P � 0.10 for
aerobic to anaerobic and aerobic to pure oxygen comparisons,
respectively). When the agar was supplemented with glucose
during the BrdU labeling, variable but generally enlarged re-
gions of DNA synthetic activity were observed. These speci-
mens did not lend themselves to image analysis because the
activity patterns were so irregular.

Biofilms grown in a continuous flow system, the drip-flow
reactor, demonstrated a stratified pattern of DNA synthetic
activity after BrdU pulse-labeling and immunofluorescent de-
tection (Fig. 2A). A single band of bright green fluorescence
averaging 39 �m wide and corresponding to active replication
was observed along the biofilm-fluid interface.

Biofilms grown under continuous flow conditions in glass
capillary tubes were pulse-labeled with BrdU, probed with
antibody, and examined in situ by CSLM. Rings of green flu-
orescence, corresponding to DNA synthetic activity, were ob-
served at the periphery of cell clusters (Fig. 2B). In places

where the biofilm was very thin, all of the biomass was bright
green, indicating intense DNA synthetic activity. In larger cell
clusters, no DNA synthetic activity could be detected in the
cluster interior.

We questioned whether these patterns could be an artifact
of incomplete permeation of the antibody into the biofilm.
Extension of the antibody incubation period to 10 h produced
patterns of activity similar to those seen with a 1-h antibody
incubation. A second control was performed. A BrdU-labeled
capillary biofilm was perfused with a tissue-embedding me-
dium and frozen on dry ice. The glass was chipped away with
a triangular file, and the specimen was sectioned. Frozen sec-
tions were probed with antibody. Though this procedure
perturbs biofilm structure, it yielded stratified patterns quali-
tatively consistent with those shown in Fig. 2B. These controls
show that the zone of DNA synthetic activity observed in
capillary reactor biofilms was not limited by penetration of the
antibody into cell clusters.

FIG. 2. Patterns of DNA synthesis in S. epidermidis drip-flow (A) and capillary (B) biofilms and overlay of DNA synthetic activity and protein
synthetic activity in the same S. aureus colony biofilm (C and D). In panels A and B, green areas are due to BrdU labeling and red areas are due
to rhodamine B counterstain. In panel A, the substratum was on the bottom and the air interface was on the top. Flow was from top to bottom
in panel B. In panel C, green areas are due to GFP expression and red areas are due to BrdU labeling. In panel C, the substratum was on the
bottom, with the air interface on the top. Panel D shows the average fluorescence intensity along a linear transect across the section for the two
signals. The position indicated on the x axis is arbitrary. The intensities indicated on the y axis of panel D are arbitrary as they result from automatic
scaling by the digital image acquisition system.
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Mapping patterns of protein synthesis in biofilms. We vi-
sualized the cellular capacity for de novo protein synthesis
using an S. aureus strain containing a tetracycline-inducible
GFP (5). In the presence of subinhibitory concentrations of

tetracycline, bacterial cells that can synthesize protein make
GFP and can be imaged by fluorescence microscopy. Colony
biofilms formed by this strain, then induced with tetracycline
for 4 h, generated banded patterns of green fluorescence when

FIG. 3. Patterns of protein synthetic activity (green) imaged in S. aureus colony biofilms induced for GFP expression in air (A), in an anaerobic
environment (B), in pure oxygen (C), or in air on medium supplemented with glucose (D) and in a S. aureus drip-flow reactor-grown biofilm (E).
The green fluorescent image is overlaid with a transmitted light image of the section to allow visualization of the extent of the biomass independent
of activity. In panel E, the substratum is on the bottom and the air interface is on the top.
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cross sections were examined (Fig. 3). The mean thickness
(and standard deviation) of 48-h-old S. aureus colony biofilms
was 173 � 22 �m.

This inducible GFP construct is plasmid borne, so it is im-
portant to establish the stability of the plasmid. Dark regions of
a biofilm could be regions in which there is no protein synthesis
occurring, or they could just be regions in which most of the
bacteria have lost the plasmid. To address this issue, colony
biofilms were dispersed and the cell suspension was plated
onto TSA and also onto TSA containing 10 �g/ml chloram-
phenicol. The number of colonies that formed on the antibi-
otic-containing plates was 94% of the number that grew on
TSA plates. One hundred colonies from the TSA plates were
picked and applied as spots onto chloramphenicol-containing
plates. All 100 colonies grew in the presence of chloramphen-
icol, indicating that these bacteria contained the plasmid.
These results show that the plasmid is retained in most or all of
the cells in biofilms.

Bateman et al. (5) previously demonstrated the induction of
GFP in planktonic cultures of S. aureus ALC2085. We per-
formed an experiment to demonstrate that even in a station-
ary-phase culture, this strain was able to express GFP in re-
sponse to tetracycline. An overnight culture was divided into
two flasks, both incubated at 37°C. One flask received tetracy-
cline to give a final concentration of 1 �g ml�1, and the other
flask was unamended. The percentage of cells that expressed
green fluorescence was scored by analysis in a Becton-Dickinson
flow cytometer. The percentage of cells scored as bright green
rose from approximately 2% at time zero to approximately 70%
after 4 h in the tetracycline-amended culture. The uninduced
control showed no change over the same time period.

The inducing agent, tetracycline, was delivered to the colony
biofilm from the membrane interface and was able to induce
expression of the fluorescent protein along the air interface of
a colony biofilm (Fig. 3A). This shows that tetracycline perme-
ated throughout the biofilm.

Spatial patterns of protein synthesis are highly stratified in
biofilms. Stratified patterns of protein synthetic activity were
observed in colony biofilms and in biofilms formed in the
drip-flow and capillary reactors when the inducible GFP tech-
nique was applied. The dimensions of the zones of protein
synthetic activity in colony biofilms were quantified by image
analysis (Table 1). When grown in air, the zone of protein
synthetic activity at the air interface averaged 38 �m in width
and the zone of protein synthetic activity at the membrane
interface averaged 14 �m.

Patterns of protein synthetic activity in S. aureus colony
biofilms measured by GFP induction changed in response to
changes in the nutrient and oxygen conditions (Table 1). When
tetracycline induction was performed in an anaerobic environ-
ment, the band of protein synthetic activity along the air in-
terface was eliminated while the band of GFP expression along
the membrane interface was preserved (Fig. 3B). When pure
oxygen was introduced into the gas phase during tetracycline
induction, the region of protein synthetic activity at the air
interface increased in thickness, whereas the zone of GFP
expression along the membrane interface was unchanged (Fig.
3C). The green fluorescence along the membrane interface in
panel 3C is faint and cannot be discerned in the transmission
overlay. The expansion in the zone of protein synthetic activity

at the gas interface from 38 �m in air to 59 �m in pure oxygen,
a factor of 1.6, was statistically significant (P � 0.001). When
tetracycline induction was performed on agar supplemented
with glucose, the region of protein synthetic activity at the
membrane interface enlarged to 33 �m, whereas there was no
significant change in the dimension of the zone of GFP expres-
sion at the air interface (Fig. 3D). The expansion in the zone of
protein synthetic activity at the membrane interface from 14
�m in medium lacking glucose to 33 �m in medium with added
glucose was statistically significant (P � 0.001).

S. aureus colony biofilms were simultaneously labeled with
BrdU and induced for GFP expression by adding tetracycline.
A sequential imaging approach was used because the protocol
for preparing specimens for antibody probing destroys GFP
fluorescence. Frozen sections were imaged for GFP fluores-
cence immediately after sectioning and prior to processing for
immunofluorescence. A transmitted light image of the section
was also collected. The slide was removed from the microscope
and processed for antibody probing. This processing includes
treatment with hydrochloric acid, which eliminates all GFP
fluorescence. After probing with antibody, the fluorescence
pattern corresponding to DNA synthetic activity was imaged.
This image was false-colored red to distinguish it from the GFP
signal (Fig. 2C). The two fluorescent images were overlaid
using image analysis software cueing off of structural features
visible in transmitted light images to align them. Stratified
patterns of DNA synthetic activity and protein synthetic activ-
ity were observed, and these patterns coincided closely with
each other (Fig. 2D).

We imaged the transient expression of GFP in S. aureus
bioflms grown in capillary reactors (Fig. 4). After the biofilm
had been grown for 24 h, tetracycline was added to the me-
dium. Fluorescence appeared first at the surfaces of cell clus-
ters adjoining the fluid flow (Fig. 4). GFP fluorescence pro-
gressed inward into the biofilm over time, but did not ever
develop in the center of a large cell cluster in the course of the
7-h experiment (Fig. 4). A movie of this experiment can be
viewed at http://www.erc.montana.edu/Res-Lib99-SW/Movies
/Database/MD_DisplayScript.asp. Image analysis of the green
fluorescent intensity at several different locations in the biofilm
demonstrates the large variation from spot to spot in the local
rate of protein synthesis (Fig. 4B). The movie seems to indicate
a slow downstream flow of some of the biomass.

Biofilms grown in the drip-flow reactor were induced with
tetracycline; these also exhibited a stratified pattern of protein
synthetic activity (Fig. 3E). A single band of bright green flu-
orescence, averaging 41 �m in width, was observed at the air
interface of the biofilm.

If tetracycline affected cells in aerobic and anaerobic states
differently, this could influence the observed patterns of pro-
tein synthesis. We measured the MIC of tetracycline against
the S. aureus strain containing the inducible GFP under both
aerobic and anaerobic conditions. The bacterium was more
sensitive to tetracycline under anaerobic conditions (MIC, 0.4
�g/ml) than it was under aerobic conditions (MIC, 2 �g/ml). It
is possible then that anaerobic expression of GFP was inhibited
by the applied tetracycline (1 �g/ml), whereas expression
would not be expected to be affected in aerobic zones. The
observation of GFP expression in a colony biofilm induced
under anaerobic conditions (Fig. 3B) and in a band along the
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anoxic nutrient interface of colony biofilms (e.g., Fig. 3D)
argues against this possibility. Tetracycline may have inhibited
overall growth in anaerobic regions, but it still permitted suf-
ficient protein synthesis to enable GFP to be visualized.

Oxygen is locally depleted in biofilms. Local oxygen concen-
trations within staphylococcal colony biofilms were measured
with microelectrodes (Fig. 5). Oxygen penetrated approxi-
mately 50 �m into biofilms formed by either S. epidermidis
(Fig. 5A) or S. aureus (Fig. 5B). These measurements show
that the lower two-thirds of these colony biofilms was anoxic.
The dimension of the zone of respiration can be determined
from these profiles by computing the local second derivative of

FIG. 4. Time series of GFP expression in S. aureus biofilm during
tetracycline induction in a capillary reactor biofilm. The numeric label
in the lower left corner of a panel is the time, in hours, after the first
appearance of tetracycline in the flow cell. Green areas are due to GFP
expression. A movie of this sequence can be viewed at http://www
.erc.montana.edu/Res-Lib99-SW/Movies/Database/MD_DisplayScript
.asp. Panel A shows a transmission image of the same region. Flow was
from top to bottom. Panel B quantifies the variable dynamics of GFP
expression during induction in S. aureus biofilm. Each numbered curve
corresponds to a different spot in the biofilm as indicated by the boxes
in panel A. The pixel intensity in the area indicated by the box was
averaged at each time point.

FIG. 5. Oxygen concentration profiles in S. epidermidis (A) and S.
aureus (B) colony biofilms. Zero on the x axis corresponds to the
biofilm-air interface. Negative positions are in air, and positive dis-
tances are in the biofilm. Representative measurements from two
different colonies are plotted in each panel.
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the oxygen concentration profile. This quantity represents the
curvature of the oxygen concentration data and is proportional
to the local reaction rate of oxygen. Though derived from the
raw microelectrode data by this mathematical analysis, the
result is properly regarded as an experimental observation;
the calculation requires no adjustable parameters. The dimen-
sions of the zones of respiratory activity measured in this way
were 31 � 7 �m in S. epidermidis colony biofilms and 38 � 9
�m in S. aureus colony biofilms.

A comment on the eyeball reading of a penetration depth
from oxygen concentration profiles, as done above from Fig. 5,
may be helpful here. This is a subjective determination and
should probably not be regarded as a quantitative measure-
ment. The depth of oxygen concentration that one comes up
with (we say “approximately 50 �m”) all depends on exactly
what low value of oxygen concentration is selected for the
penetration endpoint. We prefer the dimension of the zone of
respiratory activity derived from concentration profiles be-
cause this measurement involves no subjective set point.

No significant quantity of oxygen is delivered to the biofilm
from the plates. This is evident from the oxygen concentration
profiles, which show a monotone decreasing concentration
with increasing depth. If oxygen were diffusing into the biofilm
from the agar, there would be an increase in oxygen concen-
tration in close proximity to the agar. This is not seen. The
reason for the lack of oxygen delivery from the plates is prob-
ably the long diffusion path length from air-exposed agar to the
underside of the colony biofilm.

The penetration of oxygen into a biofilm is governed by a
reaction-diffusion interaction. As oxygen diffuses into the bio-
film, it is consumed by respiring bacteria. The relative rates of
oxygen diffusion and oxygen consumption determine the extent
of its penetration. The depth of oxygen penetration is accessi-
ble theoretically through the following equation: a � (2DeSo/
ko)1/2, where a is the penetration depth of the reacting solute,
De is the effective diffusion coefficient of the solute in the
biofilm, So is the solute concentration at the biofilm interface,
and ko is the volumetric reaction rate of the solute inside the
biofilm (29).

We have made independent estimates of each of these pa-
rameters to enable an a priori calculation of oxygen penetra-
tion depth. The effective diffusive permeability of oxygen in
biofilm at 37°C was taken as 57% of the diffusion coefficient in
pure water at this temperature, or 1.53 � 10�5 cm2 s�1 (29).
The concentration of dissolved oxygen at the biofilm-air inter-
face was taken as 6.0 mg liter�1, which is the equilibrium
concentration at the barometric pressure in Bozeman, MT.
The volumetric consumption rates of oxygen within the biofilm
were determined by respirometry of colony biofilms to be 27
mg liter�1 s�1 for S. epidermidis and 39 mg liter�1 s�1 for S.
aureus. Given these estimates, the predicted penetration
depths of oxygen are 26 �m in S. epidermidis colony biofilms
and 22 �m in S. aureus colony biofilms.

Most biofilm cells are viable. Bacteria dispersed from a
48-h-old colony biofilm were enumerated for colony formation
by plating and for total cell numbers by direct microscopic
counting of filtered aliquots. The mean viable cell count of
triplicate specimens was 7 � 108 CFU per membrane. The
mean total cell count in the same specimens was 3 � 108 cells
per membrane. Clearly it is not possible for viable cell numbers

to exceed total cell numbers by a factor of 2. This discrepancy
may be due to coalescence of cells on filter membranes during
the last stages of filtration resulting in two cells being counted
as one. This result does suggest, however, that the viability of
bacteria in colony biofilms is high. Bacteria dispersed from
colony biofilms and stained with the commercial viability kit
BacLight were scored microscopically as green (live) or red
(dead). A total of 10.1% of the total population (n � 4,428)
was scored red, indicating that the large majority of bacteria
were viable.

DISCUSSION

Anabolic and respiratory activities in staphylococcal biofilms
are stratified. Regions of anabolic activity are localized at the
interface between the biofilm and a nutrient or oxygen source.
These regions are a few tens of micrometers in dimension. In
the experiments reported here, zones of anabolic activity were
less than about 60 �m wide. These results demonstrate con-
clusively the presence of metabolically active cells in the
biofilm.

The data imply the existence of a substantial population of
inactive cells in the biofilm. In S. epidermidis colony biofilms
grown in air, for example, DNA synthetic activity was detected
in a 31-�m zone at the air interface of the colony and a 16-�m
zone at the membrane interface (Table 1). The average thick-
ness of the biofilm was 153 �m, so one can estimate that an
internal region of 106 �m, or 69% of the total biomass thick-
ness, was dominated by inactive cells. Similarly, in S. aureus
colony biofilms, protein synthetic activity was detected in a
38-�m zone at the air interface of the colony and a 14-�m zone
at the membrane interface (Table 1). The average thickness of
the biofilm in this case was 173 �m, leaving by difference an
inactive centrally located stratum of 121 �m, or 70% of the
total biomass thickness. Most of the bacteria in such inactive
regions are still viable as only 10% of the cells in a colony
biofilm were dead. Even if all of the dead cells were concen-
trated in the inactive internal 70% of the biofilm, the relative
viability in this region would be 86% viable. Viability in the
inactive middle of the biofilm is also suggested by the fact that
additions of glucose or pure oxygen to the system expand the
zone of anabolic activity into regions that were previously in-
active. This shows that at least some of the cells in an inactive
region can be stimulated to become active when nutrients or
oxygen are made available. We conclude that staphylococcal
biofilms are composed of physiologically heterogeneous pop-
ulations that include active and also inactive cells. This result
jibes with the interpretation advanced by Yarwood et al. (37),
who observed complex spatial patterns of GFP expression, and
putative dead cells, in S. aureus biofilms.

The double-banded patterns of anabolic activity in colony
biofilms can be interpreted in the following way. At the mem-
brane interface of the biofilm, no oxygen is available and the
bacteria grow by fermentation. Staphylococci ferment glucose,
fructose, or serine, with lactate and acetate being predominant
metabolic products in each case (25). Once fermentable car-
bon sources have been exhausted, no further growth is possible
except along the air interface of the biofilm, where oxygen is
available. At this location, bacteria grow aerobically on non-
fermentable carbon sources. In the interior stratum of the
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biofilm, where both oxygen and fermentable carbon sources
are absent, bacteria are metabolically inactive. Similar twin
bands of fermentative and aerobic activity have been inferred
previously in the study of Klebsiella pneumoniae colony biofilms
(2, 32, 38). In biofilm systems in which carbon sources and
oxygen are delivered to the same interface, a single band of
anabolic activity is observed. It is possible, however, that this
activity is actually a contiguous layer of aerobic growth at the
biofilm surface and fermentative growth just below the aerobic
layer that are seamlessly adjoined. The data reported here do
not afford a test of this hypothesis because the BrdU labeling
and GFP induction techniques do not discriminate between
aerobic metabolism and anaerobic anabolism.

The use of GFP promoter fusions to genes that are up-
regulated in certain environmental conditions, such as an-
aerobiosis, would be one approach to demonstrating the met-
abolic state of cells more specifically than is possible through
the measures of macromolecular synthesis that we have em-
ployed (30).

While the predominant zones of activity were along the air
and membrane interfaces of colony biofilms, DNA synthetic
activity was occasionally observed in thin strata in the colony
interior. The authors do not have an explanation for this ac-
tivity. This observation suggests that the spatial distribution of
metabolic activity within a biofilm can indeed be complex and
may involve phenomena beyond diffusion limitation of sub-
strates.

Measurements of the dimensions of the zones of DNA syn-
thetic activity, protein synthetic activity, and oxygen respiration
correspond. For example, in S. epidermidis colony biofilms
grown in air, the zones of DNA synthetic activity and active
respiration along the air interface of the biofilm were both 31
�m in width. In S. aureus colony biofilms in which the BrdU
labeling and GFP induction techniques were applied to the
same colony, the patterns of these two anabolic activities were
similar (Fig. 2C and D). Similarly, at the membrane interface,
zones of anabolic activity were consistently approximately 15 to
25 �m in width.

Collectively these results suggest that staphylococcal bio-
films contain cells in at least four distinct states: growing
aerobically, growing fermentatively, dead, and dormant.

There are relatively few experimental visualizations of gen-
eral anabolic activity in biofilms. Besides the investigations of
K. pneumoniae biofilms mentioned above, most studies have
focused on Pseudomonas aeruginosa biofilms. These investiga-
tions have demonstrated oxygen concentration gradients (31,
33, 34), localized protein synthetic activity as mapped by in-
duction of alkaline phosphatase (15, 34, 35) or GFP (7, 31, 33),
and growth rate as revealed by a growth rate-dependent pro-
moter fusion to an unstable GFP (26). Collectively the re-
search on P. aeruginosa biofilms indicates stratified activity
located adjacent to the source of oxygen. A recent study of
Shewanella oneidensis biofilm activity revealed that bacterial
growth was predominantly localized near the biofilm-nutrient
interface, but the expression of an anaerobically-induced gene
was concentrated in interior regions of the biofilm in which
growth was limited (30). This serves as a reminder that the
absence of bulk growth in a particular region of a biofilm does
not imply a complete absence of metabolic activity or gene
expression.

The patterns of respiratory and anabolic activity observed in
staphylococcal biofilms are consistent with a reaction-diffusion
interaction governing the ingress of nutrients and oxygen into
the biofilm. For oxygen in particular, sufficient information is
available to make the analysis quantitative by solving the dif-
ferential equation that describes simultaneous Fickian diffu-
sion and oxygen reaction (19, 29). Oxygen penetration depths
calculated in this way (22 to 26 �m) are in reasonable agree-
ment with the experimentally measured dimensions of zones of
respiratory activity (31 to 38 �m), DNA synthetic activity (25 to
31 �m), and protein synthetic activity (38 �m) measured at the
air interface.

Reaction-diffusion theory predicts that oxygen penetration
depth should increase in proportion to the square root of the
interfacial oxygen concentration. Experiments that substitute
pure oxygen for air, representing an oxygen concentration ratio
of 100/21, are expected to result in an increase in the depth of
oxygen penetration by a factor of (4.76)1/2 or 2.2. We found
factors of 1.5 and 1.6 for the expansion of zones of DNA
synthetic activity and protein synthetic activity, respectively,
comparing biofilm growth in oxygen to growth in air. In an
analogous experimental comparison of active regions in P.
aeruginosa biofilms grown in pure oxygen and ambient air
environments, a factor of 1.6 for the ratio of the width of the
active zones under these two conditions was reported (34).
One reason why experimentally determined factors are smaller
than the theoretical ratio of 2.2 is that the calculated ratio
assumes that the rate of oxygen utilization does not depend on
the oxygen concentration. If in fact the oxygen consumption
rate increases with increased oxygen concentration, this would
tend to yield bands of bacterial activity thinner than calculated.

An immediate practical implication of this work is to the
understanding of antimicrobial tolerance exhibited by micro-
organisms in biofilms. An inactive subpopulation harbored
within a biofilm is a plausible contributing factor to the recal-
citrance of biofilm infections. If inactivity is an important pro-
tective mechanism, then surely there are avenues to interdict-
ing this protection. What nutritive and other cues are needed
to awaken inactive bacteria and render them susceptible to
antimicrobial agents? What specific molecular defenses are
deployed when cells enter an inactive state, and how might
these defenses be subverted? What residual metabolic activity
and gene expression are retained in nongrowing cells? Which
antimicrobial agents are, relatively speaking, effective against
inactive cells (10)? Improved approaches for controlling bio-
film infections may turn on the answers to such questions.
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