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ABSTRACT

Biofilms harbor both active and inactive cells and it is a challenge to characterize
the spatial and population heterogeneity of specific activities within a biofilm. Spatial
patterns of DNA replication and protein synthetic activity were imaged by techniques
developed using staphylococcal systems. The first technique measures DNA synthetic
activity by pulse-labeling with the thymidine analog 5-bromo-2-deoxyuridine (BrdU)
followed by immunofluorescent detection of brominated DNA. The second technique
makes use of an inducible green fluorescent protein construct that can be used to detect
the capacity for de novo protein synthesis. These techniques were applied to biofilms
grown in three different reactor systems. In all cases, measurements revealed that even in
simple single-species biofilms, complex spatial distributions of anabolic activity occur.
In a colony biofilm system, two distinct regions of DNA synthetic activity were
observed, one close to the nutrient interface and another adjacent to the air interface. A
similar pattern was measured by GFP induction. The dimensions of DNA synthetic
activity ranged from 25 to 31 um and the average protein synthetic activity ranged from
36 to 38 um at the air interface. When pure oxygen was introduced, a wider zone of
active DNA replication (45 um) and GFP synthesis (59 um) was measured at the gas
interface. Oxygen penetration calculated (26pum) corresponds with the zones of
respiratory activity (19 to 38 um), DNA synthetic activity and protein synthetic activity
measured at the air interface. The dimensions of DNA synthetic activity and protein
synthesis activity at the nutrient interface ranged from 13 um to 19 um. The addition of
glucose to the media increased the zone of protein synthesis at the nutrient interface to 33
pum. Stratified patterns of activity were also observed in biofilms developed in two
continuous flow reactors. While biofilms harbor regions of active anabolism, the
techniques also demonstrate that these biofilms contain regions of complete inactivity.
Such inactive zones may contribute to the special ecology of biofilms and tolerance to
antimicrobial agents. The techniques, particularly BrdU labeling, are generic and may
find application to many microbial biofilm systems.



INTRODUCTION

Biofilms

Biofilms are dense aggregates of microorganisms that attach and colonize biotic
and abiotic surfaces and can be composed of single or multi-species microbes. The
biofilm life cycle includes attachment, colonization, growth, and detachment. Bacteria
initiate biofilm growth in response to specific environmental cues, such as nutrient
availability (Rice et al., 2005). Bacterial cells undergo a transition from free-floating cells
to surface attached cells in response to a nutrient-rich medium. The biofilms continue to
colonize the surface until they are nutrient deprived, upon which they detach from the
surface in search of a nutrient source (O’Toole et al., 2000).

Bacterial biofilms are often associated with the excretion of extracellular
polymeric substance (EPS) (Donlan, 2002; Toledo-Arana et al., 2005) , which has slimy,
glue-like properties that protects bacterial cells from host defense mechanisms and
antimicrobials, thus facilitating resistance towards antimicrobials.

The demonstrated resistance of bacterial biofilms to antimicrobials has caused
problems in human health and in numerous industries causing medical and economic
consequences. Biofilms are found everywhere and have significant impacts on medical
implants (Costerton et al., 1999; Stewart and Costerton, 2001), drinking water (Martiny et
al., 2005), food processing (Timke et al., 2005), and even oil recovery systems (Zhu et

al., 2003; Bryant et al., 1991). However, its planktonic counterpart does not demonstrate



similar resistance towards antimicrobial agents. The complete mechanism for biofilm
resistance still remains unclear.

There are several phenomena that are postulated to contribute to biofilm
resistance. One explanation is that antimicrobials do not penetrate biofilms completely.
However, from a study recently done (Rani et al., 2005), antimicrobials the size of
antibiotics and biocides do penetrate biofilms by diffusion rapidly, unless neutralizing
reactions are present.

Another postulate for biofilm tolerance is the presence of an altered
microenvironment region deep within a biofilm which is different from the bulk fluid.
This region may harbor cells that are growing slowly or not at all in the interior of the
biofilm (Xu et al., 2000). Since most antibiotics target macromolecule synthesis
processes, it is plausible that non-growing cells could be less susceptible to killing.
Metabolically inactive bacteria could also be less vulnerable to other types of chemical
and physical challenges. As envisioned in Figure 1.1, a biofilm might contain 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. 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 to mechanisms such as phenotypic

variation.



CELL PHYSIOLOGICAL STATE

= Rapidly growing (aerobic) cells
== Slowly growing cells

== Rapidly growing (anaerobic) cells
«» Dormant cells

Nutrients Oxygen

Figure 1.1. Hypothesized heterogeneity of physiological status in microbial biofilms.
Panel A illustrates a scenario in which microorganisms have colonized an impermeant,
non-nutritive surface (e.g., a catheter, a water pipe). Panel B illustrates a scenario in in
scenario in which microorganisms receive nutrients through the attachment surface (e.g.,
a burn wound, a lettuce leaf). Illustrated by P. Dirckx.

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 population of cells in
the biofilm. Using this approach, Hodgson et al. (1995) found that Staphylococcus
aureus grew with a specific growth rate of 0.06 h™' in biofilms whereas it grew with a
specific growth rate of 0.7 h™' in the planktonic state in the same medium. The
community-averaged growth rate of Staphylococcus epidermidis in colony biofilms was
0.035 h™', much lower than the maximum specific growth rate of 0.82 h™' measured in
batch culture (Zheng and Stewart, 2002). 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 reveal a general down-regulation



of transcription, translation, and aerobic energy production (Yao et al., 2005) and up-
regulation of anaerobic metabolism (Beenken et al., 2004).

A limitation of all of the preceding studies with staphylococci is that they reveal
none of the heterogeneity in growth state and activity that is probably present in the
biofilm population. These studies provide 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 average does not accurately represent either of the subpopulations.
However, spatial patterns of growth activity in bacterial biofilms in other microorganisms
such as Escherichia coli, Pseudomonas aeruginosa, and Klebsiella pneumoniae have
been investigated extensively. Approaches included the induction of alkaline phosphatase
in response to phosphate starvation (Huang et al, 1998; Xu et al., 1998; Xu et al, 2000),
oligonucleotide probing of ribosomal RNA content (Poulsen et al., 1993), green
fluorescent (GFP) expression (Sternberg et al.,1999; Werner et al., 2004), radioisotope
labeling and autoradiography (Stewart et al., 1991; Stewart and Robertson, 1988),
fluorescently labeled monoclonal antibody (Stewart et al., 1997), and nucleic acid
staining based on RNA-DNA content (Wentland et al., 1996). These studies have

demonstrated gradients in biological activities in biofilms.



Gram-Positive Bacteria and Biofilm Infections

Gram positive cocci, such as Staphylococcus epidermidis and Staphylococcus
aureus are common human pathogens that cause a variety of serious infections (S.
epidermidis is an inhabitant of the skin and is considered to be an opportunistic pathogen,
whereas S. aureus colonizes mainly the nasal passages and should always be considered a
potential pathogen. Gram-positive infections are hard to treat with current antibiotic
treatments due to the high-level natural resistance to antimicrobials (O’Toole et al.,
2000). Staphylococci also form thick, highly heterogeneous biofilms within a few days.

For these reasons, S. epidermidis and S. aureus were selected for this research.

Staphylococcus epidermidis and Staphylococcus aureus

S. epidermidis and S. aureus are responsible for biofilm related nocosomial
infections (O’Toole et al., 2000; O’Gara and Humphreys, 2001). They are the most
prevalent organisms responsible for persistent infections following various medical
surgeries including surgical vascular grafts (Costerton et al., 1999), orthopedic devices
(Costerton et al., 1999; Nishimura et al., 2006), and prosthetic-joints (Stewart and
Costerton, 2001; Zimmerli et al., 2006). Biofilm infections develop gradually, and may
be slow to produce overt symptoms. Once established, most staphylococcal infections
result in acute disease due to the varied range of virulence factors that contribute to their
pathogenesis. Excretion of exotoxins and tissue degrading enzymes are among the

significant virulence factors. Bacterial persistence and recurring infections are also



generally observed, especially in patients with indwelling medical devices. Biofilm
infections commonly persist until the infected device is surgically removed from the
body.

The emergence of staphylococcal strains with antibiotic resistance and the
capability of colonizing implanted medical devices have further complicated the
treatment of device-related infections. This has lead to an increase in research in the
development and implementation of therapeutic approaches and efficient infection

control measures (O’Gara and Humphreys, 2001).

Biofilm Ecology

Mature biofilms often have a complex architecture within which gradients in the
concentrations of metabolic substrate and producsts create niches that affect the
constituents and the community structure of a biofilm. Consequently biofilms often
provide a living environment appropriate to diverse types of microorganisms. In regions
where oxygen is available and can diffuse into the biofilm, aerobic populations thrive. At
depths where oxygen is limited or absent, anaerobes predominate. Some microbial
populations consume the metabolic waste products of others, and so they are found in
close proximity with the waste producers. Nutrient limitation in the interior of a biofilm
can induce the bacterial cell to transition from exponential growth to a slow or no-growth
state, which is usually accompanied by an increase in resistance towards antimicrobials.

t is well known that starving bacterial cells can be much less susceptible to a variety of

antimicrobial agents (Mah and O’Toole, 2001).



Confocal Scanning Laser Microscopy

Confocal scanning laser microscopy (CSLM) is powerful imaging tool for
studying biofilms. Images are generated by scanning the laser beam across the specimen
(Herman, 2001). The advantage of utilizing CSLM is that out-of-focus blur is in essence
absent from confocal images, direct non-invasive observation of fully hydrated biofilms
can be performed and the generation of three-dimensional (3D) images is possible
through the collection of serial optical sections from thick specimens (Sheppard and
Shotton, 1997; Wilson, 2002).

In conventional microscopes, the out-of-focus blur is contributed from the
illumination of the entire object field simultaneously, which excites fluorescence
emissions throughout the whole depth of the sample, rather than just the focal plane
(Wilson, 2002). Much of the light collected by the objective lens to form the image will
come from regions of the sample above and below the selected focal plane, thus reducing
contrast and clarity of the image. This differs greatly from CSLM, as CSLM utilizes
single point illumination at the focal plane which requires scanning in order to build up
an image of the entire specimen. The insertion of a pin-hole aperture in the optical system
results in almost all the light originating from regions above and below the focal plane of
a CSLM being physically rejected from contributing to the observed image, thus
increasing contrast and sharpness of the image (Sheppard and Shotton, 1997).

The CSLM approach is innocuous and non-invasive. Unlike electron microscopes that

require more elaborate cell-processing procedures and in general are limited to thin or



sectioned specimens, direct observation of fully hydrated biofilms can be performed
using CSLM thus retaining the physical properties of the biofilm.

In a thick specimen, parts of the specimen outside the focal plane are blurred in
conventional microscopes. In CSLM, only the part of the specimen within the focal
region is imaged which produces a sharp image. Clearly, the specimen can be sectioned
optically without having to resort to mechanical means. In this way, confocal
microscopes have the ability to obtain an in-focus series of images, which may then be
used to reconstruct the original volume of specimen at high resolution, thus allowing the
generation and analysis of three-dimensional architecture of the specimen (Wilson,
2002).

The maximum usable thickness of samples in conventional light microscopes is
limited to well-flattened cultured cells, which ranges from 2 to 10 um, before the
fluorescence in the specimen away from the region of interest interferes with resolution
of structures in focus (Sheppard and Shotton, 1997; Paddock, 1999). Furthermore, CSLM
provides a slight increase in both lateral and axial resolution with a theoretical maximum
resolution of 0.2 um (Herman, 2001).

The use of the CSLM has extended to a great number of applications in many
areas of current research interest due to high-quality images obtained from easily
prepared samples for conventional light microscopes. Furthermore, the accessibility of
laser light sources, low cost and more user friendly computer image and data processing

systems have increased the popularity of CSLM (Inoué, 1995).



In this research, a confocal epi-fluorescence microscope was used. This
microscope differs slightly from a single-channel confocal microscope, in that it is
equipped with three lasers capable of delivering an appropriate range of excitation
wavelengths. By the use of fluorescence microscopy, one can attach a fluorescence dye
molecule to a specimen are a marker to visualize the fluoresced structure using a specific
excitation light. Different molecules display distinct excitation and emission spectra,
which can be selectively used for the analysis of molecular structures by utilizing filters
to select wavelengths of excitation and emission (Herman, 2001). This allows visualizing
more than one dye at the same time.

Time-lapse confocal imaging was also utilized in this research via collection of

single optical sections at specified time intervals.

5-Bromo-Deoxyuridine (BrdU) Labeling

About 30 years ago, Albert Castro, M.D., produced a polyclonal antibody that
was specific for BrdU and Howard Gratzner, Ph.D. developed the first monoclonal
antibody to BrdU. It is important to note that this useful work was also accomplished by
other fellow investigators. By specific determination of S-phase content and timing in the
cell cycle, one could devise better killing of tumor cells with chemotherapeutic drugs.
The development of detection and quantification of DNA synthesis using BrdU labeling
has facilitated cell cycle studies thus providing a better technique to help treat cancer

(Leif et al., 2004; Dolbeare et al., 1983).
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Today, this assay is being use for various applications. 5-bromodeoxyuridine
(BrdU) labeling has been used extensively in the study of both eukaryotic (Elias et al.,
2002; Oike et al., 2006; Lichtenwalner et al., 2006) and bacterial cells (Pernthaler et al.,
2002; Artusson et al., 2005; Pernthaler and Pernthaler, 2005).

Incorporation of the thymidine analog, BrdU, into DNA during DNA synthesis in
place of the native nucleotide provides a marker for proliferating cells (Kuhn et al.,

1991). Labeled DNA is subsequently illuminated with a fluorescently labeled monoclonal
antibody that specifically recognizes brominated DNA. The rate of incorporation of BrdU
into genomic DNA is unknown and may be different from species to species. It was
reported that thymidine (TdR) was replaced by BrdU at a rate of 25% in Bacillus subtilis
DNA (Pernthaler et al., 2002).

In this research, BrdU labeling of staphylococcal biofilms was developed using
the colony biofilm system (Anderl et al., 2000; Zheng and Stewart, 2002; Walters et al.,
2003). The protocol in this investigation was modified from elsewhere (Dolbeare et al.,

1994).

Green Fluorescent Protein Expression

The green fluorescent protein (GFP) was derived from jellyfish Aequorea
victoria, although other bioluminescent organisms can be found as well. The fluorescence
is produced by sequential activation of aequorin and GFP. Upon binding to calcium,
aequorin emits blue light which consecutively excites GFP to emit green fluorescence.

Because GFP is such a powerful tool, it has been used in numerous applications including
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GFP as a reporter for gene expression, as a marker to study cell lineage during
development, and as a tag to localize proteins in living cells (Gerdes and Kaether, 1996).
In this research, GFP is used as a marker for protein synthetic activity. This method
utilizes a tetracycline-induced promoter to induce GFP expression (Bateman et al, 2001).

Chloramphenicol was added to the S. aureus inoculum to ensure retention of the plasmid.

Tetracycline and Chloramphenicol

Tetracycline and chloramphenicol are ‘broad spectrum’ antibiotics effective
against a wide range of gram-positive and gram-negative bacteria. Both tetracycline and
chloramphenicol are categorized in the group of bacteriostatic, in which it reversibly
inhibits the growth of bacteria. Tetracycline blocks bacterial protein synthesis
(translation) by reversibly binding to the 30S ribosome and inhibit binding of aminoacyl-
t-RNA to the acceptor site on the 70S ribosome (Chopra and Roberts, 2001).
Chloramphenicol binds to the 50S ribosome and inhibits peptidyl transferase activity.
Some of the bacterial infections that can be treated by using tetracycline are pneumonia,
severe acne, and urinary tract infections. Tetracycline is also a common alternative drug
for patients who are allergic to penicillin. Chloramphenicol however is effective against

typhoid fever and meningitis.

Plasmids with Inducible Promoters

The reporter gene gfpu,r was cloned downstream of the xyl/tetO (tetracycline
inducible) promoter. Restriction enzymes were used to cleave the tetR (encoding tetR

repressor) and xyl/tetO promoter from pWH353 was inserted into S. aureus-E. coli shuttle
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vector (pKS236). Correct insertion into the recombinant plasmid was confirmed by
restriction mapping and sequencing. The plasmid pALC2073 was produced from pSK236
containing the tetR gene and the xyl/tetO promoter that were cleaved from pWH353 and
cloned into the Pstl and Smal sites. The gene, gfpur, was cloned into the ECORI site
downstream from the inducible promoter in pALC2073 to produce pALC2084. The strain
ALC2085 contains RN6390 containing pALC2084 (pALC2073::gfpuvr) (Zhang et al.,

2000; Bateman et al., 2001).
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Thesis Goal

The goal of this thesis is to investigate integrated application of techniques to map
spatial patterns of DNA synthesis, protein synthesis, and local oxygen concentration that
enable the visualization and quantification of highly heterogeneous patterns of respiratory

and anabolic activity in S. epidermidis and S. aureus biofilms.
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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 GFP gene contained in this S. aureus strain was under the control of a
tetracycline-inducible promoter (Bateman et al. 7851-57). Full strength TSB (30 g of
broth powder per liter of deionized water) was used to grow shake flask cultures that

provided the inoculum for biofilm experiments.

Biofilm Reactors

Colony Biofilm Preparation

Colony biofilms were grown on polycarbonate membranes resting on agar plates
(Werner et al. 6188-96) as shown in Figure 2.1. 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 png/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-ul drop of diluted planktonic culture was used to inoculate membranes (25-mm,
0.22 um pore size; Osmonics INC, Minnetonka, MN) resting on tryptic soy agar (TSA)
plates at a concentration of 40 g of broth powder per liter of deionized water. The

membranes were sterilized by UV exposure (10 min per side) prior to inoculation. The
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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 ImM BrdU for an additional 4 h.
For the S. aureus strain, the biofilms were transferred to agar medium containing 1 pug/ml
tetracycline for an additional 4 h.

Colony biofilms were subjected to various nutrient and oxygen conditions during
the introduction of BrdU or tetracycline. For anaerobic growth experiments, agar plates
were transferred into an anaerobic incubation pouch with a sealing bar (BBLTM
GasPakTM 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/L.. To supply additional oxygen, agar plates were

placed in a bag that was inflated with pure oxygen and sealed.
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Petri dish

Membrane

Figure 2.1. Colony biofilm growth setup.

Planktonic Culture Preparation

Planktonic batch cultures of S. epidermidis were grown overnight at 37°C in
baffled flasks in TSB. BrdU (ImM) was added to fresh medium inoculated with 50-fold
dilution of overnight culture after 1.5 h of growth for exponential phase experiments and
after 7 h of growth for stationary phase experiments. For a killed control experiment, an
overnight culture was autoclaved for 20 minutes 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,
New Jersey) under continuous flow conditions (Werner et al. 6188-96); Rani et al., 2005)

as shown in Figure 2.2. The glass tubes had square cross sections which allowed direct
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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. Capillaries
were inoculated with 2 ml of overnight cultures of S. epidermidis or S. aureus, and flow
was stopped for 4 h. Chloramphenicol (10 pg/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 capillary biofilm. After 4 h static incubation, the flow of medium (1/10th strength
TSB) was initiated at a flow rate between 120 and 180 mL/h by gravity feed. This flow
rate corresponds to a Reynolds number of 37 to 56 based on the hydraulic radius of the
clean tube. 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 1mM BrdU for an additional 4 h or 1 pg/ml
tetracycline for an additional 7 h. For microscopic observation, capillary biofilm was
placed in a holder (Biosurface Technologies, Bozeman, MT) that could be mounted onto

the microscope stage.
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Figure 2.2. Capillary biofilm growth setup.

Drip-flow Biofilm System

Drip-flow biofilm reactors were used to cultivate biofilms (Xu et al. 4035-39)) as
shown in Figure 2.3. Stainless steel coupons (7.8 cm x 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 pg/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 (1/10th 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
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to medium containing 1mM 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 pg/ml tetracycline for an additional 4 h.

Influent Drip Flow Reactor

Septum

Effluent

Figure 2.3. Drip flow biofilm growth setup.
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Cryoembedding and Cryosectioning

Colony biofilm, drip-flow biofilm, and planktonic culture samples were
cryoembedded with Tissue-Tek O.C.T. compound (VWR Scientific Products, West
Chester, PA) as described previously (Wentland et al. 316-21); Werner et al., 2004).
Membrane-supported biofilms were placed on a 7.8 cm x 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 sectioned into 5-um thick cross sections using a Leica CM 1850 cryostat.
The colony cross sections were placed on Superfrost Plus microscope slides (Fisher

Scientific).

DNA Synthetic Activity

The BrdU technique described in this paper was a modification of a published
protocol (Methods in Cell Biology 297-316). 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/L lysozyme was introduced for 5 min to permeabilize the cell

envelope. Subsequently, 4N hydrochloric acid was introduced for 10 min to denature
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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 (TBS) was introduced for 5 min to
limit non-specific binding of antibody.

A 20-fold dilution factor of anti-bromodeoxyuridine, mouse IgG1, monoclonal
PRB-1, Alexa Fluor® 488 conjugate (anti-BrdU, Alexa Fluor® 488 conjugate) was
introduced which illuminated regions of active replication in green fluorescence. Slides
were covered to protect from photo-bleaching the antibody. Sections were probed with
the antibody for one hour. Sections were counterstained with 5 mg/L thodamine B for 5
min (Eastman Organic Chemicals, Rochester, New York) to reveal the extent of the
biomass independent of its activity in red fluorescence. Sections were stained by placing
20 pl drops in succession along the cross section. After each step, slides were rinsed
twice with phosphate buffer solution (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 with 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 with CSLM.

Drip flow biofilms were grown for 24 h prior to labeling with BrdU for 4 h,

cryoembedded, cryosectioned, stained, and then examined by CSLM.
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Protein Synthetic Activity

S. aureus colony biofilms were grown for 44 h, transferred to a TSA plate
containing 1 pg/ml tetracycline for 4 h, cryoembedded, and cryosectioned into 5 pm
slices using a Leica CM 1850 cryostat.

After 20 h of growth, S. aureus capillary biofilms were exposed to 1 pg/ml
tetracycline for 4 h, and were directly observed with time lapse CSLM to obtain a time
series of GFP expression during induction with tetracyline.

Drip flow biofilms were grown for 44 h prior to the introduction of 1 pg/ml
tetracycline for 4 h, cryoembedded, cryosectioned, and then examined by CSLM.

Some experiments were performed where 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 which were then transferred to a TSA plate
containing 10 mM BrdU and 1 pg/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. These
steps abolished fluorescence due to GFP. A second set of images was taken to image
DNA replication, which was also obtained in the green channel. Images were re-aligned
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.
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Several S. aureus controls were performed by inducing colony biofilms after 44 h
of growth with tetracycline for an additional 4 h. The membrane was 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 polycarbonate membrane. A
10-pl drop of dispersed cells was placed on a microscope slide and scanned for GFP
expression as described below. A second control was performed. Colony biofilms were
allowed to develop for 44 h then 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 polycarbonate membrane then induced with tetracycline for 4 h. A
10-pl drop of dispersed cells was placed on a microscope slide and both slides were
directly observed using fluorescence microscopy. Images were obtained in two channels
(transmission and green channel) and were color combined in order to visualize single
cells with and without green fluorescence, whereby cells exhibiting protein synthesis are
expressed in green fluorescence. Image thresholding methods were not used in this
experiment. Cells with and without GFP expression on both slides were counted and

compared.

Oxvygen Penetration

Oxygen concentration profiles in colony biofilms were measured with a dissolved
oxygen microelectrode as described elsewhere (Werner et al., 2004) and diagrammed in
Figure 2.4. The dissolved oxygen microelectrode was based on the principle of the

common amperometric ‘Clark-type’ oxygen sensor. The electrode is composed of four
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main parts; an outer casing, a working electrode (cathode), a counter electrode (anode)
which is also known as the reference electrode, and an oxygen-permeable silicone
membrane. Oxygen diffuses through the membrane to the region between the membrane
and the cathode. This reaction consumes electrons, produces a current in the circuit, and
consumes oxygen surrounding the close proximity of the electrode. The current from the
cathode is proportional to the surface area of the electrode and the rate with which the
oxygen molecules arrive at the cathode, which is in turn proportional to the concentration
of oxygen in the bulk external solution.

In this research, Ag/AgCl half-cell was used as the reference electrode and a
noble metal, platinum was used as the working electrode. The apparatus was housed in an
incubator at 37°C. The casing was fabricated from a Pasteur pipette that was tapered
down to an active sensor tip between 10 and 20 um. A buffered electrolyte solution
consisting of 0.3 M K,COs, 0.2 M KHCOs3, and 1 M KCl filled the internal cavity. Two
electrodes occupied the internal cavity as well; a gold-plated tip, glass-encased platinum
cathode at which oxygen diffusing in through the silicone membrane was reduced and a
silver-silver chloride counter electrode, which served as the current return. A potential of
approximately —0.8 volts of direct current was applied between the working electrode and
the counter electrode. The electrode was calibrated in air, and a zero level was obtained
by placing the electrode tip in a beaker of distilled water bubbled with nitrogen gas for
half an hour. Calibration was performed at 37°C. The data was fitted using the calibration
curve to generate oxygen concentration profiles. The local reaction rate of oxygen was

calculated from measured oxygen concentration profiles by evaluating the second
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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.

Quick Connector Pins

Silver/Silver
Chloride
Reference
Electrode

Dissolved
Oxygen
Sensor

0.5 M KCI -z

Platinum
Core with
Gold Bulb
10 um-<_
Xw} 10 um

Silicone
Rubber 10um
Membrane

Figure 2.4. Dissolved oxygen microelectrode.
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Respirometry

Respirometry involves the measurement of changes in the concentration of gases
(e.g. oxygen, carbon dioxide, hydrogen sulfide and methane) in a sample within an
enclosed head space. The system can be used in aerobic systems for oxygen uptake
measurement and in anaerobic systems to measure methane and/ or carbon dioxide
production. The periodic measurements of gas concentration and volume of the head
space allow calculations of incremental and accumulated values of the consumption and
production of gases. Respirometer systems are highly efficient and sensitive with the
capability of detecting the activity of less than 100 cells in a sample. A maximum of 20
samples can be measured simultaneously. Some of the major drawbacks in running a
respirometer system are: it cannot differentiate one microorganism from another; it will
measure the respiration of a population as a whole, samples must be hermetically
enclosed to prevent external inflow or outflow of gas into the reactor; and samples
producing water vapor effects calculations by increasing total gas volume and diluting the
concentrations of gases in the system. Respirometers can be used to measure respiratory
activity of microorganism in batch cultures (flask or agar plate). The caps of flasks and
lids of agar plates were designed so as to that gas passage is possible only through the
tubes connected to the respirometer.

The rate of oxygen consumption in colony biofilms was measured using a Micro-
OxymaxTM ‘Closed Circuit’ Respirometer (Columbus Instrument, Columbus, Ohio).

Seven colony biofilms in nutrient agar bottles were attached to the respirometry
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equipment. A set of control was performed in which the nutrient agar bottle did not
contain a colony biofilm. The rate of oxygen consumption data was obtained at an
interval of 1.5 h for a total of 48 h. Between 15 h and 20 h, colony biofilms grown
independently were measured, frozen, and sectioned to determine the area and thickness
of colony biofilm. The colony area was computed by measuring the average diameter of
the colonies with the assumption that colony biofilms are circular. The thickness of
colonies was determined by sectioning and measuring the average thickness of the cross
sections microscopically. The rate of oxygen consumption between 15 h and 20 h was
averaged and was divided by the average volume of colony biofilms. This value
corresponds to the volumetric reaction rate which was used to predict oxygen penetration

depth. The software MicroOxymax was used to collect data.

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 polycarbonate membrane. The resulting suspension was
serially diluted in PBS before spread plating. Dispersed cells were spread plated on a
TSA plate and TSA plate supplemented with 10 pg/ml chloramphenicol. Agar plates
were inverted and incubated at 37°C. Colony-forming units (CFU) in both plates were

determined and the experiment was repeated twice. A sterile toothpick was used to take a
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single dab from one CFU from the TSA spread plate and dabbed on both TSA plate and
TSA plate containing 10 pg/ml chloramphenicol. Agar plates were inverted and
incubated at 37°C. Up to 100 CFUs (using a sterile toothpick each time) were used to

conduct the colony screening experiment. CFUs in both plates were compared.

Microscopy and Image Analysis

Confocal scanning laser microscopy was performed with a Leica TCS NT
confocal scanning laser microscope (Werner et al. 6188-96). 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 10X 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 independently grown biofilms and for three independent
sections across each biofilm. 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 peak at the peak half-height.
Statistical tests were performed using a two-sided t-test. The biofilm thickness was

measured as the distance from the membrane to the biofilm-air interface. For the S.
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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.

Statistical Analysis

Statistical comparisons were made using a two-sided t-test assuming unequal
variances. In order to utilize the two-sample t- test, the data from two random samples
should be normally distributed (symmetric, bell-shaped distribution) and from
independent observations (values in one sample does not influence the other sample).
Hypothesis tests include two hypotheses: the null hypothesis (HO) and the alternative
hypothesis (H1). The null hypothesis is the initial claim and is often specified using
previous research or general knowledge and is tested against the alternative hypothesis.
The alternative hypothesis is what one assumes to be true or expects to prove true. The t-
test provides two statistics that one can use to perform a test of the difference between
means: a t-value and a p-value. The t-value is used to obtain the p-value and the p-value
is the measure of discrepancy between the hypothesized value for a population and the
observed sample. For a two-tailed test, p-values are the sum of areas in the two tails.

The commonly used value of a-level (level of significance) of 0.05 was selected
for this research, which implies a 95% confidence level. This also means that the chance
of finding an effect that does not really exist is only 5%. If the p-value is less than or
equal to a-level, the null hypothesis (HO) is rejected with 95% confidence and it is
concluded that the population means are not the same, and claim support for the

alternative hypothesis (H1), which indicates the means are statistically significantly
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different (unequal). If the p-value is greater than a-level, one fails to reject HO and can
not claim that the population means are not the same (can not claim support for H1)

(Devore and Peck, 2005). In this research, Minitab 14 statistical software was used.
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RESULTS

Mapping Patterns of DNA Synthesis in Biofilms

S. epidermidis formed well established colony biofilms after 48 h of incubation
and extensive, heterogeneous biofilms in drip flow reactor and glass capillary tubes after
20 h of incubation. These biofilms proved to be appropriate models for the analysis of
DNA synthesis.

BrdU labeling of staphylococcal biofilms using the colony biofilm system was
developed. The colony biofilm system is made up of dense aggregates of bacteria that
develop 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. The geometry of this system
resembles that illustrated in Figure 1.1. After 44 h of development, mature colony
biofilms were transferred to a BrdU labeled plate for 4 h, then frozen, sectioned, and
probed with anti-BrdU antibody. Highly stratified patterns of DNA synthetic activity,
representative images of which are shown in Figure 3.1, were observed. After 48 hr of
development, the mean thickness (and standard deviation) of S. epidermidis colony
biofilms was 153 = 18 um. The colony biofilms that were not labeled with BrdU but were
probed with antibody did not appear to have green fluorescence (Figure 3.1A). Colony
biofilms labeled with BrdU but not probed with the antibody likewise exhibited no
fluorescence (image not shown). Since S. epidermidis is a facultative microorganism, it is

able to metabolize by both respiration and fermentation. When grown in air, two distinct
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bands of DNA synthetic activity were observed close to the nutrient and air interfaces,
respectively (Figure 3.1B). Occasionally there was also a trace of activity in a centrally
located stratum. Slow-growing or non-growing cells were observed in the interior of the
biofilms.

These experiments also demonstrate that BrdU was able to diffuse out of the agar,
through the membrane, and permeate throughout the colony biofilm during the 4 h
labeling period. The evidence is clear by the incorporation of BrdU into cells at the
opposite side of the biofilm from which this substrate was delivered.

Several S. epidermidis planktonic controls were labeled with BrdU for 4 h in
suspension then filtered the cells onto a membrane. The membranes were treated like
colony biofilms where they were processed for antibody probing. One batch of
planktonic controls was labeled with BrdU at exponential phase and was expected to
have higher DNA synthetic activity than a culture that was labeled with BrdU for 4 h at
stationary phase. This was demonstrated with the bright green fluorescent intensity in
exponential phase and relatively weak green fluorescent intensity in stationary phase
(images not shown). When BrdU was added after the planktonic culture was killed by
heat treatment, no DNA synthesis should occur. This was shown with no green
fluorescence exhibited (image not shown). These planktonic experiments were another
set of controls to reinforce the interpretation that green fluorescence indicates active

DNA synthesis.
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Spatial Patterns of DNA Svynthesis are Highly Stratified in Biofilms

Highly stratified patterns of DNA synthetic activity were observed in all three
biofilm reactors where BrdU labeling was utilized. The dimensions of the zones of DNA
synthetic activity were quantified by image analysis (Table 3.1). When colony biofilms
were grown in air, the zone of DNA synthesis at the air interface averaged 31 um and the
zone of DNA synthesis at the nutrient interface averaged 13 um. The difference in the
dimensions of these two zones was statistically significant (P < 0.001).

Patterns of DNA synthetic activity in S. epidermidis colony biofilms by BrdU
labeling changed in response to changes in the nutrient and oxygen conditions. When the
biofilm was subjected to anaerobic conditions during the BrdU labeling, the DNA
synthetic band at the air interface was eliminated and DNA synthesis was only observed
at the nutrient interface (Figure 3.1C). When pure oxygen was introduced during the
BrdU labeling, a thicker DNA synthetic band was observed at the air interface (Figure
3.1D). The expansion in the DNA synthetic band at the air interface increased from 31
pum in air to 46 um in pure oxygen, a factor of 1.5, was statistically significant (P <
0.001). Overall, the dimension of the zone of DNA synthetic band along the nutrient
interface did not change significantly as the gaseous environment was changed from
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 glucose was added to the agar
during the BrdU labeling, variability in patterns was observed, but generally enlarged

regions of DNA synthetic activity were observed, probably due to the presence of non-
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growing or dead cells (image not shown). These specimens did not lend themselves to
image analysis because the activity patterns were so irregular.

Biofilms grown under continuous flow conditions in glass capillary tubes were
labeled with BrdU, probed with anti-BrdU antibody, were examined in situ by confocal
scanning laser microscopy. Green fluorescent rings, corresponding to DNA synthetic
activity, were observed at the surfaces of cell clusters (Figure 3.2A). In places where the
biofilm was very thin, all of the biomass was bright green suggesting intense DNA
synthetic activity. In larger cell clusters, no DNA synthetic activity could be detected in

the interior of the cluster.
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Figure 3.1. 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 on the
top.
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The probability of whether these patterns could be an artifact of incomplete
permeation of the antibody into the biofilm was questioned. The first set of controls was
performed by extending the antibody incubation period from 4 h to10 h in glass capillary
biofilms (image not shown). Similar patterns of DNA synthesis were observed when
compared to patterns of DNA synthesis in biofilms probed with antibody for 1 h. A
second set of controls was performed. A BrdU-labelled capillary biofilm was perfused
with a tissue embedding medium and frozen on dry ice. The glass was chipped away
with a triangular file, and the specimen was sectioned. Frozen sections were probed with
anti-BrdU antibody (image not shown). Though this procedure disturbs biofilm structure,
it yielded stratified patterns qualitatively consistent with those shown in Figure 3.2A.
This suggests that the zone of DNA activity observed in capillary biofilms was not

limited by penetration of antibody into cell clusters.

Biofilms grown in another continuous flow system, the drip flow reactor, and
labeled with BrdU at the end of the growth period also exhibited a stratified pattern of
DNA synthetic activity. A single band of bright green fluorescence was observed at the
air interface which averaged 39 um in width. No activity was observed at the substratum

(Figure 3.2B).
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Figure 3.2. Patterns of DNA synthesis in S. epidermidis capillary (A) and drip flow (B)
biofilms. Green areas are due to BrdU labeling and red areas are due to rhodamine B
counterstain. Flow was from top to bottom in panel A. In panel B, the substratum was
on the bottom and the air interface on the top.

Mapping Patterns of Protein Synthesis in Biofilms

S. aureus formed well established colony biofilms and hearty drip flow biofilms
after 48 h of incubation, and extensive, heterogeneous biofilms in glass capillary tubes
after 20 h of incubation. These biofilms proved to be appropriate models for the analysis
of protein synthesis.

The cellular capacity for de novo protein synthesis using a S. aureus strain
containing a tetracycline-inducible green fluorescent protein (GFP) was visualized
(Bateman et al., 2001). In the presence of sub-inhibitory concentrations of tetracycline,
bacterial cells that can synthesize protein make GFP and thus can be imaged by

fluorescence microscopy. S. aureus colony biofilms induced with tetracycline for 4 h
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appeared to have bands of green fluorescence indicating patterns of protein synthetic
activity when cross sections were examined (Figure 3.3). The mean thickness (and
standard deviation) of 48-h-old S. aureus colony biofilms was 173 £ 22 um.

This inducible GFP construct is plasmid borne, so it is important 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 pg/ml
chloramphenicol. The number of colonies that formed on the antibiotic-containing plates
was 94% of the number that grew on TSA plates. One hundred colonies from the TSA
plates were picked and spotted onto chloramphenicol-containing plates. All 100 colonies
grew in the presence of chloramphenicol, indicating that these bacteria contained the
plasmid. These results show that the plasmid is retained in most or all of the cells in
biofilms.

The inducing agent, tetracycline, was delivered to the colony biofilm from the
membrane interface and was able to induce expression of protein synthesis at the
opposite edge of the biofilm from which this agent was delivered, indicating that
tetracycline was able to permeate throughout the colony biofilm during the 4 h induction
period (Figure 3.3A).

The populations of dead (Xp), active viable (X,), and inactive viable (Xj) cells in
a staphylococcal biofilm were analyzed. Several S. aureus colony biofilms were induced

with tetracycline and then the bacterial cells were dispersed. Other colony biofilms were
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dispersed and then induced with tetracycline. Cells that were dispersed before inducing
with tetracycline had a higher percentage of 57% of total cells with GFP expression (Xa
+ Xj). Cells that were induced with tetracycline and then dispersed had a lower
percentage of 34% of total cells with GFP expression. This indicates that in an intact
biofilm 34% of total cells are viable and active (Xa), 23% of the total cell population is
viable but not producing GFP expression (Xj) in intact biofilms and 43% of the biofilm is
dominated by dead cells (Xp). Xtor represents total cells. This analysis is summarized by

the equations below.

XA + XI
=0.57
XTOT
XA
— =034
XTOT
X
I
=023
TOT
XD
=043
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Spatial Patterns of Protein Synthesis are Highly Stratified in Biofilms

Highly stratified patterns of protein synthetic activity were observed in all three
biofilm reactors when the inducible GFP technique was utilized. The dimensions of the
zones of protein synthetic activity were quantified by image analysis (Table 3.1). When
colony biofilms were grown in air, the zone of protein synthesis at the air interface
averaged 38 um and the zone of DNA synthesis at the nutrient interface averaged 14 um
(Figure 3.3A). The difference in the dimensions of these two zones was statistically
significant (P < 0.001).

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 3.1). When the biofilm was subjected to anaerobic conditions during the
tetracycline induction, the protein synthetic band at the air interface was eliminated and
protein synthesis was only observed at the nutrient interface (Figure 3.3B). When pure
oxygen was introduced during the BrdU labeling, a thicker DNA synthetic band was
observed at the air interface (Figure 3.3C). The expansion in the DNA synthetic band at
the air interface from 38 um in air to 59 um in pure oxygen, a factor of 1.6, was
statistically significant (P < 0.001). When the agar was supplemented with glucose during
the tetracycline induction period, a thicker band of protein synthetic activity was
observed at the nutrient interface which averaged 33 um, whereas there was no
significant change in the dimension of the zone of GFP expression at air interface (Figure

3.3D). The expansion in the zone of protein synthetic activity at the membrane interface



41

from 14 pm in medium deficient in glucose to 33 um in medium supplemented with

glucose was statistically significant (P < 0.001).

Figure 3.3. Patterns of protein synthetic activity (green) imaged in S. aureus colony
biofilms induced for GFP expression in air (A), on mediums supplemented with glucose
(B), in pure oxygen (C), or in anaerobic environment (D). Transmission overlay shows
the extent of the biomass independent of activity.
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Experiments were also conducted where 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 fluorescence 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 (Figure 3.4A). The two fluorescent images were overlaid with an
image analysis software using structural features visible in transmitted light images to
align them. Stratified patterns of DNA synthetic activity and protein synthetic activity

were observed and these patterns coincided closely with each other (Figure 3.4B).
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Figure 3.4. Patterns of DNA synthesis and GFP expression in the same S. aureus colony
biofilm. In Panel A, the substratum is on the bottom, with the air interface on the top.
Panel B shows the average fluorescent intensity along a linear transect across the section.
Green areas are due to GFP expression and red areas are due to BrdU labeling.

The transient expression of GFP in S. aureus biofilms grown in capillary reactors
was imaged (Figure 3.5). After growing the biofilm for 24 h, tetracycline was added to
the medium. Fluorescence first appeared at the periphery of the cell clusters adjoining the
fluid flow. GFP fluorescence progressively moved inward toward the center of the
cluster, but did not ever develop in the center of a large cell cluster in the course of the 7
h tetracycline induction period (Figure 3.5). 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 (Figure 3.6).



Figure 3.5. Time series of GFP expression in S. aureus biofilm during tetracycline
induction in a capillary reactor biofilm. The time is indicated in hours, after the first
appearance of tetracycline in the flow cell. Panel A shows a transmission image of the
cell cluster. Green areas are due to GFP expression. Flow was from top to bottom.
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Figure 3.6. 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 Figure 6A. The pixel intensity in the area indicated by the box was averaged at
each time point.

Biofilms grown in another continuous flow system, the drip flow reactor, induced
with tetracycline also exhibited a stratified pattern of protein synthetic activity. A single
band of bright green fluorescence was observed at the air interface which averaged 41

um and none at the substratum (Figure 3.7).
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Figure 3.7. Patterns of protein synthesis in S. aureus drip flow biofilm. The substratum
was on the bottom and the air interface on the top.

S. epidermidis DNA S. aureus protein S. aureus DNA
Condition replication synthesis replication
Gas Membrane Gas Membrane Gas Membrane
(um) (um) (um) (um) (um) (um)
Air 31+ 14 16 £11 38+9 14+ 5 25+ 8 23+13
Oxygen | 45+13 13+7 59+9 18+ 6 ND ND
Anaerobic ND 19+11 ND 17+5 ND ND
Air,
glucose ND ND 36 £8 33+£10 ND ND

Table 3.1. Summary of measured dimensions of zones of active DNA replication in S.
epidermidis colony biofilms and of active protein synthesis and DNA replication in S.
aureus colony biofilms. The mean and standard deviation are reported. ND, not
determined.
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Oxyegen is Locally Depleted in Biofilms

Local oxygen concentrations within staphylococcal colony biofilms were
measured with microe-lectrodes (Figure 3.8). Oxygen penetrated approximately 60 um
into biofilms formed by either S. epidermidis (Figure 3.8A) or S. aureus (Figure 3.8B).
These measurements show that the lower two-thirds of these colony biofilms were
anoxic. The dimension of the zone of respiration can be determined from these profiles
by computing the local second derivative of the oxygen concentration profile. This
quantity represents the curvature of the oxygen concentration data and is proportional to
the local reaction rate of oxygen. The width of the zone of respiratory activity was
computed at half peak height on the positive curvature of the second derivative of oxygen
concentration. The dimension of the zone of respiratory activity measured in this way
was 38 + 2 um in S. epidermidis colony biofilms and was 19 + 8 um in S. aureus colony
biofilms.

The penetration of oxygen into a biofilm is governed by a reaction-diffusion
interaction. As oxygen diffuses into the biofilm 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 accessible theoretically through the

following equation
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where a is the penetration depth of the reacting solute, D is the effective diffusion
coefficient of the solute in the biofilm, S, is the solute concentration at the biofilm
interface, and ko is the volumetric reaction rate of the solute inside the biofilm. The
equation above follows the assumption of zero-order kinetics (rate of reaction is
independent of substrate concentration). According to this analysis, the reacting solute
will be depleted at some point in the biofilm, provided the biofilm is thick enough
(Stewart, 2003).

Independent estimates of each of parameters in this equation were made to enable
an a priori calculation of oxygen penetration depth. The diffusion coefficient of oxygen
(Daq) in water at 37°C is 2.68 x 10° cm?® s™'. The ratio D./D,q for oxygen in biofilm
averages 0.57. This yields a value of the effective diffusion coefficient (De) in the biofilm
of 1.53 x 10-5 cm” s (Stewart, 2003). The concentration of dissolved oxygen at the
biofilm-air interface was taken as 6.0 mg "', which is the equilibrium concentration at the
barometric pressure in Bozeman, Montana. The rate of oxygen consumption (ry;) within
a whole colony biofilm was determined to be 0.116 mg h™' by respirometry. This is the
rate where oxygen consumption plateaus indicating the onset of mass transfer limitation.
This occurred at the colony age between 14 and 19 h. The volume of a colony biofilm
(V) was measured to be 1.192 x 10~ cm’. Given these approximations dividing ro, by
Vb, ko, was estimated, to have a value of the predicted penetration depth of oxygen in a S.

epidermidis biofilm is 26 um.
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Figure 3.8. Oxygen concentration profiles in S. epidermidis (A) and S. aureus (B) colony
biofilms.
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DISCUSSION

Anabolic and respiratory activities in staphylococcal biofilms are highly stratified.
Regions of metabolic activity are restricted to the nutrient or oxygen source interface.
These regions are a few tens of microns in dimension. In the experiments reported here,
zones of anabolic activity were less than about 60 um wide. These results demonstrate
conclusively the presence of metabolically active cells in the biofilm.

These results also imply the existence of a substantial population of inactive cells
in the biofilm. In S. epidermidis colony biofilms, DNA synthetic activity was detected in
a 31 um zone at the air interface of the colony and a 16 um zone at the membrane
interface (Table 3.1). The average thickness of the biofilm was 153 um, so one can
estimate that an internal region of 106 um, or 69% of the total biomass thickness, was
dominated by inactive cells. Similarly, in S. aureus colony biofilms, protein synthetic
activity was detected in a 38 um zone at the air interface of the colony and a 14 um zone
at the membrane interface (Table 3.1). The average thickness of the S. aureus biofilm in
this case was 173 um, with an estimated inactive centrally located stratum of 121 pum, or
70% of the total biomass thickness. However, cells that were dispersed before inducing
with tetracycline had a percentage of 57% of total cells with GFP expression. This
implied that there were at least 27% of total cells that were viable but inactive in intact
biofilms.

It is possible that bacterial cells in such inactive regions are still viable. This is

suggested by the fact that additions of glucose or pure oxygen to the system expanded the
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zone of anabolic activity into regions that were previously inactive, but by no means
completely stimulated the entire colony. 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. It is possible that some of the cells in inactive regions are dead. It can be
concluded that staphylococcal biofilms are composed of physiologically heterogeneous
populations that include active and also inactive cells.

The double-banded patterns of anabolic activity in colony biofilms can be
interpreted in the following way. At the membrane interface of the biofilm, no oxygen is
available and the bacteria grow by fermentation. Once fermentable carbon 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 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 (Wentland et al., 1996; Zahller et al., 2002;
Anderl et al., 2003). 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 (Figure 1.1). 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 and anaerobic anabolism.
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Measurements of the dimensions of the zones of DNA synthetic 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 between 31 and 38 um in width. Similarly, S.
aureus colony biofilms grown in air, the zones of DNA synthetic activity, protein
synthetic activity, and active respiration along the air interface of the biofilm were
between 19 and 38 um 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 (Figure 3.4).

There are relatively few experimental visualizations of general anabolic activity in
biofilms. Besides the investigations of K. pneumoniae biofilms mentioned above, most
studies have focused on Pseudomonas aeruginosa biofilms. These investigations have
demonstrated oxygen concentration gradients (Xu et al., 1998; Walters et al., 2003;
Werner et al., 2004), localized protein synthetic activity as mapped by induction of
alkaline phosphatase (Xu et al., 1998) or GFP (Walters et al., 2003; Borriello et al., 2004;
Werner et al., 2004), and growth rate as revealed by a growth rate dependent promoter
fusion to an unstable GFP (Sternberg et al, 1999). Collectively the research on P.
aeruginosa biofilms indicate stratified activity located adjacent to the source of oxygen.
Hardly any investigations on spatial patterns of growth activity have been performed on
staphylococcal systems. In Yarwood et al., (2004), the effects of the accessory gene
regulator (agr) quorum-sensing system in the development of S. aureus biofilms was

investigated by employing GFP induction. GFP was expressed in actively growing
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regions of the biofilm and upon which suitable conditions within an adequately large
cluster of actively growing cells, expression of quorum controlled genes will be activated.
However, quantitative measurements of these activities were not reported. In another
study, the analysis of DNA synthesis during sporulation in Bacillus subtilis by using
BrdU labeling was performed (Binnie and Coote, 1983). Nevertheless, spatial activity of
DNA replication was not explored.

The patterns of respiratory and anabolic activity observed in staphylococcal
biofilms are consistent with a reaction-diffusion interaction governing the access of
nutrients and oxygen into the biofilm. For oxygen in particular, sufficient information is
available to make the analysis quantitative by solving the differential equation that
describes simultaneous Fickian diffusion and oxygen reaction (Stewart et al., 2000; Perez
et al., 2005). Oxygen penetration depths calculated in this way (26 um) are in good
agreement with the experimentally measured dimensions of zones of respiratory activity
(19 to 38 um), DNA synthetic activity (25 to 31 um), and protein synthetic activity (38
pm) 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)"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.
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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 (Xu
et al., 1998). 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 oxygen consumption
rate increases with increased oxygen concentration, this would tend to yield thinner than
calculated bands of bacterial activity.

The large number of individuals with suppressed immune systems as an outcome
of autoimmune disease, therapy for cancer, or as a result of AIDS has resulted in a
population vulnerable to relatively non-virulent microorganisms. These developments,
coupled with the emergence of bacterial strains resistant to antibiotics have called for a
pressing need to improve methods for the diagnosis, treatment, and control of bacterial
infections. The recent advances in modern molecular techniques have certainly eased the
process to image bacterial cells in diverse conditions, thus enabling investigators to
characterize the growth status of microorganisms in biofilm specimens.

An immediate practical implication of this work is to the understanding of
antimicrobial tolerance exhibited by microorganisms in biofilms. An inactive
subpopulation harbored within a biofilm is a plausible contributing factor to the
recalcitrance of biofilm infections. If inactivity is an important protective mechanism,
then surely there are avenues to interdicting 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
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and how might these defenses be subverted? Which antimicrobial agents are, relatively
speaking, effective against inactive cells? Improved approaches for controlling biofilm
infections may turn on the answers to such questions, which will facilitate the overall
understanding of the inherent physiological heterogeneity that is likely to characterize

most biofilms.
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CONCLUSIONS

Anabolic and respiratory activities in staphylococcal biofilms are highly stratified.
BrdU labeling and GFP expression can be used to map patterns of growth activity.
These techniques are generic and may find application in various biofilm reactor
systems.

A substantial fraction of the biofilm cell population exists in an inactive state.

The double-banded patterns of anabolic activity in colony biofilms are interpreted
as indicating a fermentative growth at the nutrient interface and aerobic growth at
the air interface of the biofilm.

Measurements of the dimensions of the zones of DNA synthetic activity, protein
synthetic activity, and oxygen respiration correspond.

Patterns of respiratory and anabolic activity observed are consistent with reaction-

diffusion interaction governing the access of nutrients and oxygen into the

biofilm.
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