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Abstract:

Bacteria growing in biofilms are often found to be less susceptible to antimicrobial agents than bacteria
grown planktonically. Slow growth and starvation were hypothesized to contribute to the reduced
susceptibility of mature biofilms. In this study, spatial physiological heterogeneity of mature biofilms
was visualized by molecular staining coupled with cryoembedding and cryosectioning. Frozen cross
sections of biofilms that had been subjected to a period of phosphate starvation then stained for alkaline
phosphatase activity with a fluorogenic stain demonstrated that alkaline phosphatase activity was
induced only in a distinct band of approximately 30 um adjacent to the gaseous interface. The localized
pattern of alkaline phosphatase activity correlated well with dissolved oxygen penetration profile
measured with an oxygen microelectrode. Biofilm sections stained with acridine orange and
Fluorescent-In-Situ-Hybridization (FISH) revealed that faster-growing cells were located in the upper
20-25 pm layer of the biofilms, whereas the majority of cells in the lower part of the biofilms were
slower growing. These molecular stains gave indications of different activity measurements in the
biofilms.

The gene expression and protein level of the starvation sigma factor was studied to address the possible
role of starvation in biofilm resistance. A rpoS-lacZ transcriptional fusion was used to compare the
level of gene expression of Pseudomonas aeruginosa cells, grown planktonically and in biofilms.
Immunoblots were used to assay the levels of RpoS, under these different cultivation conditions. In
3-day continuously fed biofilms, rpoS gene expression was three fold higher per mg cell protein, than
that of average stationary planktonic cells. In addition, the levels of RpoS in 3 and 4-day biofilms were
similar to the level found in the stationary phase planktonic culture. These results demonstrated that the
levels of RpoS were high in at least some regions of continuously fed mature biofilms. Since RpoS is
involved in the regulation of general stress protection, induction of rpoS in biofilms may contribute to
the increased resistance of biofilms.

Taken together, these results show that mature P.aeruginosa biofilms are characterized by striking
physiological heterogeneity, including evidence of regions of diminished metabolic activity, slow
growth, and starvation response.
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ABSTRACT

Bacteria growing in biofilms are often found to be less susceptible to
antimicrobial agents than bacteria grown planktonically. Slow growth and starvation
were hypothesized to contribute to the reduced susceptibility of mature biofilms. In this
study, spatial physiological heterogeneity of mature biofilms was visualized by
molecular staining coupled with cryoembedding and cryosectioning. Frozen cross
sections of biofilms that had been subjected to a period of phosphate starvation then
stained for alkaline phosphatase activity with a fluorogenic stain demonstrated that
alkaline phosphatase activity was induced only in a distinct band of approximately 30
“um adjacent to the gaseous interface. The localized pattern of alkaline phosphatase

activity correlated well with dissolved oxygen penetration profile measured with an
oxygen microelectrode. Biofilm sections stained with acridine orange and Fluorescent-
In-Situ-Hybridization (FISH) revealed that faster-growing cells were located in the upper
20-25 pum layer of the biofilms, whereas the majority of cells in the lower part of the
biofilms were slower growing. These molecular stains gave indications of different
activity measurements in the biofilms.

The gene expression and protein level of the starvation sigma factor was studied
to address the possible role of starvation in biofilm resistance. A rpoS-lacZ
transcriptional fusion was used to compare the level of gene expression of
Pseudomonas aeruginosa cells, grown planktonically and in biofilms. Immunoblots were
used to assay the levels of RpoS, under these different cultivation conditions. In 3-day
continuously fed biofilms, rpoS gene expression was three fold higher per mg cell
protein, than that of average stationary planktonic cells. In addition, the levels of RpoS

_in 3 and 4-day biofilms were similar to the level found in the stationary phase. planktonic
culture. These results demonstrated that the levels of RpoS were high in at least some
regions of continuously fed mature biofilms. Since RpoS is involved in the regulation of
general stress protection, induction of rpoS in biofilms may contribute to the increased
resistance of biofilms.

Taken together, these results show that mature P.aeruginosa biofilms are
characterized by striking physiological heterogeneity, including evidence of regions of
diminished metabolic activity, slow growth, and starvation response.
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CHAPTER 1

GENERAL INTRODUCTION

Ubiquity of Biofilm Formation

| Bacteria in natural aquatic populations have a mérked téndency to‘interact witH ,
surfaces and form biofilms. The ‘.real significance of bacterial biofilms has gradually
emerged since their first description (Zobell &’Andersénn, 1936), and the first recognition
of their ubiquity (Costerton et al., 1978). Biofilms are found in natural aquatic .
envirqnments (Lock et al., 1984), in industrial aquatic systems and on medical
biomaterials. They are invalved in biodeterioration of materials, including the digestion
of insoluble nutrients by bacterial populations in the digestivé tracts.‘of higher animals
and protective and pathogenic association with ti'ssue.sur'fac.:es (Costertoﬁ et al., 1987).
It has become increasingly clear tHat the biofilm mode of growth (sessile);,predominéte's
in natural ecosystems both in- medical and non-mediéal situations. In an e);haustive
survey of the sessile and pllanktonich: bacterial populations of 88 streams and rivers, the
sessile populations exceeded the planktonic populations by 3-4 logarithm units . in
pristine alpine streams and by 200 fold in sewage effluent (Lock et al., 1984). In the

investigation of medical-devices-associated infections, extensive bacterial biofilms were
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found by scanning and transmission electron microscopy on transparent dressings,
sutures, wound drainage tubes, intraarterial and intravenous catheters (Peters et al.,
1981), cardiac pacemakers (Marrie & Costerton, 1982) Foley urinary catheters (Nlckel,

et al., 1985a) and urine collection systems.

Biofilm Resistance

Itis weII documented that biofilms are generally less susceptible to antimicrobial
agents than their free-living counterparts (Brown and Gilbert, 1993; Costerton, 1984;
LeChevallier et al., 1988)‘: Treatment with traditional concentrations of biocides kills
planktonic microorganisms but leaves the "biofilm populations virtually unaffected
(Ruseska et al., 1982; LeChevallier et al., 1988). Millions of dollars each year have been
wasted in ineffectual treatments. There are also numerous reports about the biofilm
resistance to antibiotics (Nickel et al., 1985a; Nickel et al., 1985b; Evans & Holmes,
1987; Anwar et al., 1989). The resistance of biofilms to antibiotics was demonstrated
(Nickel et al., 1985b) by the inability of tobramycin to kill Pseudomonas aeruginosa cells
embedded in a biofilm at antibiotic levels more than 50 times the MIC for the same
strain grown in a liquid culture.

A bacterial cell initiates theprocess of irreversible adhesion by binding to the
surface ueing exopolysaccharide glycocalyx polymers (Costerton et al., 1987). Cell

division then produces sister cells that are bound within the glycocalyx matrix, initiating




the development of adherent microcolonies. The eventual production of a continuous
biofilm on the surface is a function of cell division within microcolonies and new
recruitment of bacteria from the plankfohic phase (Malone & Caldwell, 1983). The
biofilm finally consists of single cells and microcolonies of sister cells all embedded in a
highly hydrated, predominantly anionic matrix (Sutherland, 1977) of bacterial
exopolymers and trapped extraneous macromolecules. These so-called extracellular-
polymers (EPS) may protect the biofilm cells from the onslaught of antimicrobial agents
by serving as a diffusional barrier (Anwar et al., 1992; Hoyle et al., 1992). The reduced
penetration of antimicrobial agents results from the binding, absorption or reaction of the
antimicrobial agénts with.in the biofilms (de Beer et al., 1994; Nichols et al., 1988). de
Beer et al. (1994) measured the chlorine penetration into biofilms during disinfection
using chlorine microelectrode and found the limited penetration was caused by
neutralization of the chlorine in the biofilm matrix. Monochloramine was also observed
to be more effective than free chlorine for inactivation of biofilm bacteria due to its lower

reaction rates resulting in greater penetration power (LeChevallier et al., 1988).

Biofilm Physiology

While reduced penetration of antimicrobial agents could explain some cases of
biofilm resistance, transport limitation is not sufficient to explain all biofilm recalcitrance.

Nichols (1989) mathematically modeled the penetration of two antibiotics into a




Pseudomonas aeruginosa biofilm. The amino-glycoside, tobramycin and a B-lactam,
cefsuldin, were used. Based on their model the authors concluded that transport
limitation of the antibiotics was- not the only .factor reducing the susceptibility of this
biofilm. Using ATR/FT-IR, Vrany et al. (1997) observed that the transport of the
fluoroquinolones, levofioxacin gnd ciprofloxaéin, was rapid (<20min) for a 15-25 um
thick P.aeruginosa biofilm. Differences in levels of recalcit‘rancéobserved for this biofilm
system were suggested to be due to a less susceptible physiological status which
bacteria assume during biofilm life (Vrany et al., 1997). SteWan (1996) recently argued
" that, for most antibiotics, transport limitation was insufficient to explain the reduced
susceptibility of biofilms because most antibiotics do not react or sorb sufficiently within
the biofilm. Therefore, physiological and genetic modifications of biofilms resulting in
biofilm resistance are receiving mo;e and more attention (Anwar et al., 1992; Gilbert et
al., 1990).

How solid surfaces may influence bacterial activity is an important question in
microbial ecology. For over 50 yéars researchers have been trying to address the
question and it appears to. be complex, particularly in natural environments. Most
measurements deal directly or indirectly with the efficiency of substrate utilization. It is
speculated that biofilm bacteria have a nutritional advantage over the planktonic cells.
Surfaces in aquatic environments rapidly adsorb organic molecules. These organic
molecules are a source of nutrients for the attached bacteria. Griffith and Fletcher

(1991) reported the adsorption of bovine serum albumin (BSA) by particles, derived




from diatomé. Attached bacteria degraded 100% of the protein absorbed, while the
planktonic cells were unable to utilize the BSA. McFeters et al. (1990) found a shorter
lag time and greater specific activity |n the degradation of nitrilotriacetate by attached
bacteria than byibacteriaz in. the 'bqu‘ aqueous phase. Other iﬁvestigations have
produced different results. Fowler (1988) found that growth of Escherichia coli was
improved after surface adsorption, but only at a nutrient (glucose) concentration less
than 25 ppm. Jeffery & Paul (1986) reviewed a number of studies and found an
increase in metabolic activities for surface-associated bacteria at low or zero nutrient
concentrations.

There are several reviev(z articles addressing the changes of physiological activity
in biofilm bacteria (van Loosd.recht et al.,, 1990; Costerton et al.,, 1995; Marshall &
Goodman, 1994). However, during the 1984 Dahlem Workshop on Microbial Adhesion
and Aggregation, the discussion group on activity on surfaces concluded: “Attachment
to a surface can undoubtedly affect the activity of microorganisms, although sometimeg
in ways that are not readily predictable on our current kﬁowledge” (Breznak, 1984). In
the review article by van Loosdrecht et al, this statement was claimed to be still true.
Although they examined the c;urrent work on microbial activity case by case, due to the
great diversity in experimental set-up and parameters involved, the conclusion drawn
was: “The presence of surfaces may positively or negatively (or not at all) affect
microbial substrate utilization rates and growth yields. The results often depend on the

nature of the organisms, the kind and concentration of substrate, and the nature of the




LN

solid surface. In interpreting the effect of surfaces on bioconversion processes, all
possible physical and chemical interactions (e.g., diffusion ad- and desorption, ion-
exchange reactions, conf‘ormatidn changes, etc.) of a given compound and its possible
metabolites with a given surface have to be considered before general conclyusions can
be drawn”.

The effects of adhesion on microbial physiology at genetic level have just begun
to come under investigation using molecular approaches. The application of reporter
gene technology has allowed in situ studies of géne expression directly at surfaceé and
has provided possibilities of identification of genes “switched on” or “switched off” at
surfaces (Davies et al., 1993; Hoyle et al., 1993; Marshall et al., 1994). Using an algC-
lacZ transcriptional fusion, Davies et al. (1993) found algC expression was upregulated
in bacterial cells at the time of adhesion and often ceased when cells Were surrounded
by large amounts of alginate. Dagostino et al. ‘(1991) employed repbrter géne
technology to demonstrate the “switching on” of genes at polystyrene surfaces in
mutants that failed to expreés the genes in either liquid or semisolid media. Using the
plasmid vector pJO100 (Ostling et al., 1991) to transfer the transposon mini-Mu

containing the promoterless lacZ into the marine Pseudomonas 89, mutants were
selected that failed to express B-galactosidase in liquid or on semisolid media but

produced the enzyme at a solid-liquid interface.
Hodgson et al. (1995) developed a perfused biofilm fermenter to achieve growth

rate control in adherent population cells. Whole cell proteins of Staphylococcus aureus
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were isolated from biofilm cells and chemostat-grown cells and ‘analyzed by SDS
polyacrylamhide gel electrophoresis (PAGE). SDS-PAGE demonstrated significanf
differences between the protein profiles of biofilm and chemostat controls cultured at
equivalent growth rates. The differences include the repression of a 48 KDa protein and

increased expression of a 21 KDa protein in the biofilm.

‘Physiological Heterogeneity and Starvation in Thick Biofilms

A major factor in biofilm grdwth that is different from planktonic growth is that
biofilms are usually mass transport limited. The three factors that govern conceritrations
of a partiéular solute in a biofilm are 1) external mass transport to the biofilm, 2)
diffusion yvithin the biofilm, and 3) reaction or consumption.of the solute by biofilm cells.
Nutrient concentrations at the liquid-biofilm interface can be much lower than bulk liquid
concentration due to a diffusion boundary layer (Characklis et al., 1990). Biofilms are
predominantly water and diffusion into a biofilm should be relatively rapid, except that
the presence of EPS and other cellular materials may impede the diffusion of nutrients.
Reaction/ consumption plays an important role that leads to the depletion of a nutrient in.
the biofilm. Mass transport limitation within the biofilm ‘results. in a concentration
gradient, where cells embedded deeper may experience starvation for nutrients. Thﬁs in
a thick aging biofilm the physiological.status of biofilm cells is hypothesized to be

heterogeneous and is determined by the location of each individual cell within the




8

multiple layers of cells (Wentlandl et al., 1996). Cells located in the upper regions of the
biofilm may have easy access to nutrients, including oxygen, and have fewer problems
with the discharge of metabolic waste products. These cells are speculated to be
metabolically active. In contrast, cells of the same species deep within the biofilm are
likely to be less metabolically active.

Concentrations of oxygen, hydrogen sulphide, nitrous oxide and hydrogen ions
(pH) can be measured within biofilms by microsensors withi tip diameters down to é few
micrometers. The size of the tip is so small that it provides an aécurate measurement of
concentration profiles in biofilms without disturbing the system.‘The use of such sensors
has revealed steep concentration gradients, not only in the biofilm itself, but élso in the
aqueous phase above it (Lewandowski, 1994; Revsbech, 1989). In' natural systems, this
spatial differentiation generates a range of habitats providing niches for different
physiological types of bacteria. A level of organization may develop in which cells of
different species form consortia with integrated rrietabolic\ processes. Ritz (1969)
examined the-species composition of the sections of dental plaque by probing with
fluorescent antibodies. The aerobic Neisseria were found to be most abundant in young
plaque and in the upper layers of mature plaque. Veillonella (anaerobes) were limited to
the innér two-thirds of the plaque.

There is also some evidence showing the spatial physiological heterogeneity and
growth rate limitation within the biofilm as a result of restriction for a particular nutrient

that fails to fully penetrate the biofilm. Tresse et al. (1995) entrapped viable cells of




Escherichia coli in agar gel layers to form artificial biofilm-like structgres. Killing assays
of immobilized bacteria by latamoxef and tobramycin were performed under different
oxygenation conditions of the culture medium and compared with suspended cells.
Under moderate aeration, agar-entrapped bacteria displayed higher resistance to the
two antibiotics than suspended cells. In anaerobic conditions, suspended bacteria were
highly resistant to the two antibiotics. Sustained oxygenation enhanced tobramycin
efficacy against suspended and immobilized cells. These results show that oxygen
deficiency in the gel layer contributes to the enhanced antibiotic resistance of biofilm-
like cells. Oxygen concentration gradients in biofilms have been experimentally
demonstrated rhany times using dissolved oxygen microe‘léctrodes (de Beer et al.,
1994).

Acridine orange (AO) stains double stranded nucleic acids green and single
stranded nucleic acid orange. An actively-growing cell will have a higher RNA/DNA ratio
than a less active cell, and therefore will héve higher orange/green fluorescence
intensity ratio after -gtaining with AO. Wentland (1‘995.) sampled c‘:olonvy-biofi‘lms at
different growth phases and stained the cryoSelctions? with AO. He found that mid-
exponential phase cblonies had high overall growth rates (1 > 1hr') and were bright
orange; stationary phase colonies had cells at the colony edges that fluoresced orange
thus indicating high ‘growth rates while cells in the interior of the colony fluoresced green

indicating slower growth.
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Kinniment and Wimpenny (1992) measured the distribution of adenylate

concentrations and adenylate energy charge across Pseudomononas aeruginosa

biofilms. The method involved freezing and sectioning of the intact biofilm, foyllowed by
extraction and assay of the adenylates in the sectioned material. Results indicated an
increase in adenylate energy charge of about 0.2 units from the bottom to the surface of
the biofilm and total adenylates formed a peak just below the interface. Energy charge
values were generally low throughout fhe biofilm, reaching a maximum of only 0.6 units.
Of the adenylates measured, AMP was the predominant nucleotide, especially in the
deeper parts of the biofilm.

The same researchers along with Scourfield (Wimpenny et al., 1993) also used
transmission electron microscopy (TEM) to examine biofilm growth. Scourfield (1990)
grew the Bowden dental plaque community in the Cardiff constant-depth film fermenter
(CDFF) as a model biofilm and investigated the structure with TEM. Examination by
TEM of the dental biofilm and the above-mentioned Pseudombnas aeruginosa biofilm
showed that healthy cells are present in the upper two-thirds of the biofilm. Below this
the majority of cells appeared to be lysed. It was remarkable that there was a sharp
division be.tween the two zones. They suggested that in steady-state' biofilm, nutrients
diffuse downwards to a reproducible position below which cells were starved and/or

~ anaerobic.
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In Situ Indicators of Physiological Activities

The ability of microorganisms to grow and form colonies on solid culture media
has been used as the traditional approach to study bacterial viability. Conventional

microbiological methods for assessing the viability of bacteria within biofilms are based

on the mechanical removal of cells from substrata followed by enumeration by colony

formation. However, these methods not only require at least 24 hours incubation but
also often underestimate bacterial activity (Morita, 1985; Brock, 1987). Most importantly,
spatial relationships that are inherently corhplex and important in studying biofilm
ecology will be lost by culture-dependent approaches.

To reveal spatial physiological heterogeneity in— situ, fluorogeniq probes can be
utilized to stain biofiim before or after cryoembedding and cryosectioning depending
upon the probes and targeting activities. Cryoembedding and cryosectioning is a simple
technique developed by Yu et al. (1994) to mechanicall‘y{remové biofilms from the
substratum with minimal disruption of the struéture and enable the imaging of sections
-of thick biofilms under light and epifluorescent microscopes.

There are extensive fluorescent réagents briginally used by cellular biologists to
observe the activities of cells (Mason, 1993; Haugland, 1992) and some have been
exploited in microbiological applications. The compounds, 4,6-diamidino-2-phenylindole
(DAPI), propidium iodide, ethidium bromide and Hoechst 33342 are all fluorescent

nucleic acid stains. that have been applied by microbiologists to determine a ‘total
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bacterial count’ in a range of circumstances (Porter and Feig, 1980; Swannell a‘nd
Williamson, 1988). |

Fluorescent dyes also exist for different cellular functions. 5-cyano-2,3-ditolyl
tetrazolium (CTC) has recently been applied with flow cytometry to determine
respiratory activity (Kaprelyants and Kell, 1993). This compound is related to 2-(p-
iodophenyl)-3-(p-nitrophenyl)-5-phenyl tetrazolium chloride (INT) which has been
extensively used to microscopically discriminate actively respiring bacterial in a wide
range of ecological and enVironmentaI studies (Rodriguez et al., 1992; Zimmermann et
al, 1978). Both CTC and INT act as artificial electron acceptors. INT is converted to
insoluble red (nonfluorescent) crystals of INT-formazan within métabolically active
bacteria. Results obtained with INT correlated well with cellular ATP content‘ in a study
of pure and mixed mic;robial* cultures (Stubberfield and Shaw, 1990). However, when
cells are on opaque surfaces the microscopic examination of INT-formazan crystals is
virtually impossible since the transmission of visible light through the specimen is
required. On the other hand CTC can be utilized to observe respiring bacteria on an
opaque surface since CTC is reduced to its fluorescent formazan crystals by succinate
dehydrogenase of the respiratory pathway in E. coli (Smith and McFeters, 1996). CTC
has been used to visualize respiring autochthonous bacteria in d‘rinking‘ water and
biofilms (Schaule et al., 1993). Recently CTC was coupled with an immunomagnetic

method to observe respiring E. coli 0137 from hamburger (PS/le et al., 1999).
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Cell biologists have extensively used indicators of membrane potential (A¥) for
nearly 20 years (Wu and Cohen, 1993; Loew, 1993). A¥ is linked to the energy status of
the cell (Diaper et al., 1992; Kaprelyants and Kell, 1992). Some studies have shown that
AY changes in eukaryotic cells during cellular proliferation with respect to their phase in
the cell cycle (Darzynkiewicz et al., 1981). A¥Y can be evaluated in bacteria by using
fluorescent probes developed in mammalian cells. Commonly used fluorescent probes
include rhodamine 123 (Rh123) and 3,3'-dihexyloxacarbocyanine iodide [DiOCg(3)].
Rh123 is a cationic fluorescent dye that is concentrated in mitochondria by the'relatively '
high negative potential across the energized mitochondrial membrane (Johnson et al.,
1981). In bacterial cells Rh123 is accumulated in an uncoupler-sensitive fashion via
transmembrane potential (Héugland‘, 1992). Different studies have shown that Rh123 is
a sensitive AY probe for Gram* bacteria. However, the uptake of this fluorochrome dye
by Gram’™ bacteria is low because their outer membrane is less permeable to it (Diapef
et al., 1992; Kaprelyants, 1992; Matsuyama, 1984). Some recent methods described a
pretreatment for staining Gram™ bacteria with Rh123 (Kaprelyants, 1992; Yu and
McFeters, 1994; Yu and McFeters, 1994). To eliminate the pretreatment problem, some
other dyes have been exploited. For example, DiOCe(3) is a lipophilic cationic dye that
has been shown to be satisfactory to evaluate the A¥ of E. coli cells and to follow A¥Y

changes during cells growth and throughout the cell cycle (Monfort and Baleux, 1996).
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Acridine orange (AO) has been available for ove'r_100 years and is one of the
most commonly used fluorogenic dyes in microbial ecology and environmental
microbiology as part of the acridine orange ‘direct'count‘(AODC).' Some suggested that
the reaction of bacteria with AO will allow disérimination of faster and slower growing
cells, as mentioned above. McFeters et al. (1991) confirméd this assumption using
purified DNA, ribosomes, bacteriophage-infected cells and Escherichia coli under a
range of defined physiological circumstances. However, he also suggested that when
applying the AO staining reactions as an indicator of physiological activity, the relevant
variables including drying, fixation and chlorination should be understood. |

Another more direct molecular method for measuring ribosomal RNA ‘(rRNA) is
oligonucleotide probes. The use of rRNA sequence divergence to infer phylogenetic
relationships and as the basis for developing determative hybridization probes is now
well established (Amann et ali, 1990a; Amann et al., 1990b; Olsen et al., 1986; Woese,
1987). A popular method is the use of fluorescent-dye-labeled oligonucleotides
complementary to rRNAs for the visualization of single cells with fluorescent microscopy
(Stahl et al., 1989). This technology has been largely devoted to the detection of
microorganisms. Coupled with image analysis, fIuoreséent-in-situ-hybridization (FISH)
has been developed to infer cellular ribosomal (rRNA) content. In some bacteria cellular
rRNA content shows good correlation with growth rate (Schaechter et all., 1958). Delong

et al. (1989) first demonstrated the application of FISH for the estimation of growth rate

of Escherichia coli in pure culture. Poulsen et al. (1993) observed good correlation
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between growth rate and FISH signal intensity of a éulfate-reducing bacterium isolated
from an anaerobic fixed-bed bioreactor. He then used this quantitative FISH method to
estimate the growth rate of this specific population of sulfate-reducing bacteria in
multispecies biofilms. There was also a study to estimate the growth rate of Escherichia
coli colonizing the large intestine of streptomycin-treated mice (Poulsen et al., 1995).

Other approaches to study the activity of attached bacteria in situ include
microautoradiography (Ellis, 1999; Stewart et al., 1991), microcalorimetry and
microelectrodes. Radiolabeling and microautoradiography were applied by Fletcher
(1979) and Karel (1989) to investigate the activity of attached bacteria. Microcalorimetry
has been used to measure heat output by surface-associated rhicroorganisms’ and
provide an estimate of total metabolic activity. Microelectrodes, which have been
developed primarily for determining variations 'in‘ pH and oxygen concentration in
structural microbial mats, are useful tools for dissecting the different physiological
activities of surface-associated microbial populations (Revsbech et al. 1983; Revsbech
and Ward ,1984). o

There is the problem of finding which parameter to measure in order to provide a
valid indication of metabolic activity. For example, Lisle et al. (1999) found that using
several fluorescent’ stains and probes could permit a more comprehensive
determination of the site and-extent of injury in bacterial cells following sublethal

disinfection with chlorine.
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Starvation, Stringent Response and Antimicrobial susceptibility

Most antibiotics target specific machinery that maintains a vie;‘ble cell such as cell
wall synthesis, protein synthesis, ntlcl‘eiC acid synthesis and cell "imemb,rane function.
The synthetic functions, which some of these antibiotics target such aé cell wall
‘synthesis and protein synthesis are directly related to growth. Bacteria are known for
their ability to alte‘f their sensitivity to certain antibiotics and disinfectants with changes
in growth rate (Brown et al.,, 1988; Eng et alt., 1991; Gilbert et al., 1990). In some
instances the coupling between growth and susceptibility is absolute (Tuomanen et al.,
1986); this is the basis for the classical method of counterselection for auxotropic
mutants. In studies performed by Harakeh et al. (1985) Yersinia enterocolitica and
Klebsiella pneumoniae were shown to be less susceptible to chlorine dioxide when they
were grown ét submaximal rates. Pseudomonas aeruginosa cells grown to stationary
phase were found to be less susceptible .to either O.é5% (v/v) acetic acid or 31 mg/L
glutaraldehyde t'reatment than cells growing in the exponential phase (Carson et
: al.,1972). Matin et al. (1‘989) also suggested that nutrient-deprived Escherichia coli and
Salmonella typhimurium cells were more resistant to disinfectants' and to osmotic
stress. The E.coli MAR (Multiple-Antibiotic-Resistance) operén is upregulated in inverse
proportion to growth rate (Maira et al., 1998).

The growth of heterotrophic bacteria in natur,al'. environments is inhibited by

periods of insufficient levels of energy and nutrients (Stenstrom et al.,, 1989). The
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survival strategies of bacteria in their natural environments under starvation conditions
have been identified (Roszak & Colwell, 1987a) and suggest that the bacterial cultures
undergo a series of physiological changes which enable the survival of some of the
cells. Rapid multiple divisions of starved cells, which lead to the formation of
ultramicrobacteria (<0.3 pm in diameter) have been observed (Novitsky & Morita, 1976).
Roszak and Colwell (1987) suggested that ultrabacteria are exogenously dormant
forms, responding to unfavorable environmental conditions, are'sporelike bacteria. The
similarity in responses to nutrient limitation of both sporeforming and nonsporeforming
bacterial species may be due to the possession by both groups of the stringent
response (SR) gene, relA. The SR is a phenotypic adaptation to conditions of amino
acid limitation (Cashel, 1987). The gene product of re/A is (p)ppGpp synthetase 1, which
phosphorylates GDP and GTP. to ppGpp and pppGpp. It is apparent that relA-
competent cells are unusual because they appear to have an enhanced resistance to
many antibiotics. This resistance may be due solely to the reduced rates of metabolism,
which could explain the lack of susceptibility to cell wall- and DNA- active antibiotics
observed by Stenstrom et al. (1989). Alternatively, some products of the SR may serve
to protect intracellular targets from action of antibiotics. In particular, the known binding
affinity of (p)ppGpp for ribosomes may protect the cell against the action of amino-

glycoside antibiotics.
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Regulation of Starvation Sigma Factor RpoS and Role of RpoS in Stress Response

Bacteria are subject to an array of stresses within their natural environment, and
it has been demonstrated previously that stationary-phase and starved cells survive
these insults better than their exponential-phase counter parts (Jenkins et al., 1988). In
E.coli, this is due in part to the alternative sigma factor, RpoS (c°), which accumulates
in stationary-phase cells (Lange and Hengge-Aronis, 1991). Régulation of' RpoS Iévels
in E. coli cells was believed to occur at three levels (Takayanagi et al., 1994; Lange énd'
Hengge-Aronis, 1994): transcription, translation, and protein stability.' Using’rpoS-lacZ '
reporter fusions (Mulvey et al., 1990), noS transcriptional expression in cells was
shown to be low in early exponential phase and to increase g.radually two-to threefold
during exponential phase. The most substantial increase to 20-fold above basal levels
occurred during and after the transition to stationary phase (Mulvey et al., 1990; Lange
and Hengge-Aronis, 1991). In minimal medium, unexplained strain-specific differences
have arisen. One report indicated that rpoS expression did not occur in minimal medium
(Lange and Hengge-Aronis, 1994). Starvation also elicits an increase in rpoS
expression depending on the missing component. Starvation for carbon resulted in
limited expression, whereas starvation for nitrogen (Mulvey et al., 1990) or phosphate
(Lange and Hengge-Aronis, 1991) resulted in maximal expression of rpoS. Anaerobiosis
reduced the érowth rate and stimﬁlated IpoS expression dur_ing exponential growth in

Luria-Bertani (LB) medium (Mulvey et al., 1990). rpoS transcription is inversely
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correlated with growth rate and is negatively controlled by cAMP-CRP. rpoS expression
begins to increase during slow growth and will stop immediately before growth ceases.
Another level of RpoS regulation is posttranscriptional, at the levels of translation .
and protein stability. The induction of RpoS upon a shift to high osmolarity was shown
to result from stimulation of translation and a change in the half-life of RpoS from 3 to 50
minutes (Muffler et al., 1996). RpoS was found to be a highly unstable protein in
exponentially growing cells (with a half-life of 1.4 minutes), that was stabilized (with a
half-life of‘ 10.5 minutes) in stationary phase (Zgurskaya et al., 1997). By quantifying the
relative rpoS mRNA levels by RNAgs. protection assay, Zgurskaya and Matin (1997)
~ recently found the increase in RpoS level during statidnary phase was éole‘ly due to a
large increase in its stability. In Pseudomonas aeruginosa, there is not much known
about RpoS regulation. Latifi et al. (1996) reported a hierarchical quorum-sensing
cascade in P. aeruginosa involved in the activated expression of rpoS. They showed
that expression of rpoS was abolished in a P. aeruginosa lasA mutant and in" the
pleiotropic N-(3-oxododecanoyl)-L-homoserine lactone (BHL)-negative mutant. In a
heterologous (E. coli background, a rpoS-lacZ fusion was regulated directly by
RhIR/BHL. A density-dependent phenotype in P. aeruginosa biofilms was shown
recently by Davies et al (1998). In biofilm, due to the likelihood of slow growth and
density-dependent signaling, it is hypothesized that there will be RpoS upregulation.

In E. coli RpoS is a master regulator responsible for the gene expression in

stationary phase and starvation conditions (Loewen and Hengge-Aronis, 1994). It
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controls a large group of genes. Analysis .of two-dimensional gels has revealed that 18
(Lange and Hengge-Aronis, 1991) to 32 (McCann et al., 1991) proteins are missing or
are present in smaller amounts, as well as the presence of some new proteins in an
rpoS mutant. The identified RpoS-controlled proteins encompass a diverse group of
functions, including brevention and repair of DNA damage (katE, katG, xthA, dps, aidB),
cell morphology (bolA, ficA), modulation of virulence genes in Salmonella, Shigélla, and
E.coli, osmoprotection and thermotolerance (otfsBA, ftreA, csiD, hirE), glycogen
synthesis (g/gS), anaerobically induced genes (appY, appCBA, hyaABCDEF) and
membrane and cell envelope functions (osmB, osmY, cfa) (Loéwen and Hengge-Aronis,
1994). Several of the genes listed above are involved in stress protection. Protection
against Hgbg involves katE and katG, encoding the catalases HPIl and HPI,
respecfively, which destroy H.O. before it can cause damage. Dps forms nuclease-
resistant complexes with DNA that also presumably protect the cells from killing by HoO2
(Almiron et al.,, 1992). The RpoS-dependent otsBA operon encodes trehalose-6-
phosphate synthase (OtsA) and trehalose-6-phosphate phosphatase (OtsB), which
together produce large amounts of trehalose in osmotically stressed cells (Giaever et
al.,, 1988). Trehalose acts as an osmoprotectant, and consequently, otsBA and rpoS
mutants exhibit an osmosensitive growth phenotype. Trehalose also acts as a
thermoprotectant in a wide variety of species (Van Laere, 1989), presumably through its
membrane and protein-protecting properties (Crowe et al., 1984; Crowe et al., 1988). A

mutation in the RpoS-dependent csiD gene (Weichart et al., 1993) causes a similar
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heat-sensitive phenot)}pe in addition to causing pleiotropic changes in protein patterns
on 2-D-gels. In addition, RpoS was reported to protect E. coli cells from the électrophile

N- ethylmaleimide {Ferguson et al., 1998).

‘Obiectives, Rationales and Experimental Design

‘The main goal of the study is to achieve a éomprehensive understandin.g of
spatial physiological heterogeneity and nutrient limitation iﬁ thick biofilms, thereby
providing a baAsis for continued invegtigation of physiological mechanisms of the biofilm
recalcitrance to antimicrobial agents.

The specific objectives are presentéd below:

Ob:|ective 1. To demonstrate spatial physiological heterogeneity in a model biofilm with
different fluorescent probes which indicate RNA content, protein synthesis and
respiratory activity and determine if this spatial physiological heterogeneity is caused by
an oxygen gradient in the biofilm (Chapter 2, 3, 4).

Rationale. There is limited work demonstrating the spatial physiological heterogeneity in
thick biofilms. Systematic studies of spatial physiological heterogeneity will provide a
comprehensive understanding of biofilm physiological ecology and provide an

explanation for recalcitrance of thick biofilms to antimicrobial agents.
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Objective 2. To investigate the gene expression and protein levels of the starvation
sigma factor RpoS in the biofilms. |

Rationale. The speculation of starvation and the eviqence of quorum-sensing
phenomena in the biofilms lead us to hypothesize that the starvation sigma faétor is
upregulated in the aging biofilms. This would provide a mechanism of recalcitrance of

aging biofilms at a genetic and molecular level.

Experimental Design.

A continuous flow reactor that has been shown to be suitable for growing biofilms
and is convenient for physiological analysis was used to generate thick biofilms. To
study spatial physiological heterogeneity in the biofilms, biofilms were stained with a
fluorogenic alkaline phosphatase substrate, acridine orange, fluorescent-in-situ-
hybridizétion for ribosomal RNA and CTC. These techniques gave an indication of
active protein synthésis, RNA/DNA ratio, RNA content and respiratory activity,
respectively. The stained biofilm sections were observed microscopically and image
analysis was performed to quantify patterns of heterogeneity.

| To investigate gene expression of rpoS, a plasmid carry rpoS-lacZ was
transformed into the P. aeruginosa ERQ strain. Biofilms bearing the plasmid were grown

and analyzed for 3-galactosidase activity. Western blots were performed to measure

RpoS levels.
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CHAPTER 2

SPATIAL PHYSIOLOGICAL HETEROGENEITY OF ALKALINE
PHOSPHATASE IN PSEUDOMONAS AERUGINOSA BIOFILM IS
DETERMINED BY OXYGEN AVAILABILITY

Introduction

It has long been observed that biofilms are much less susceptible to antimicrobial

agents than are their planktonic counterparts (Brown and Gilbert 1993; Costerton 1984;
LeChevallier et al. 1988; Nickel et al. 1985), but the underlying basis for this |
recalcitrance is not well established. As introduced in Chapter 1, physiological and
genetic modification of biofiims are hypothesized to be a mechanism of biofilm
resistance. In a thick aging biofilm, the deep-internal portions of biofiims are
hypothesized to experience starvation and slow growth due to nutrient limitation. The
biofilm cell growth is hypothesized to be spatially heterogeneous. The purpose of the
work in this chapter was to test the dual hypotheses that physiological status varies
spatially within the biofilm and that, in the case of a P. aeruginosa model biofilm,
physiological activity is controlled by oxygen availability. As a physiological indicator,
we have used the expression of alkaline phosphatase upon exposure to phosphate
starvation, which reflects the capacity for de-novo protein synthesis. Oxygen delivery
was controlled by varying the composition of the gaseous environment and measured

directly using an oxygen microelectrode.
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Materials and Methods

Bacterial Strains, Media, and Growth Conditions.

A pure culture of Pseudomonas aeruginosa ERC1 was used thoroughout. It was
isolated from an industrial water system, identified with API NFT (bioMérieux Vitek, Inc.,
MO, USA) and retained in the culture collection of the Center for Biofilm Engineering.
'The 16S rDNA of the isolate was PCR amplified with 27F (sequence: 5 — AGA GTT
TGA TCC TGG CTC AG - 3, corresponds to the Escherichia‘coli 16S rRNA 'poéition 8
to 27) as a forward primer and 1392R (sequence: 5 — ACG GGC GGT GTG TAC — 3,
corresponds to the Escherichia coli 16S rRNA position 1392 to1406) as a reverse
primer and commercially sequenced at University of Montana (Missoula, MT). When the
sequence was aligned with the most similar Ribosomal Database Project (Maidak et al.
1994) sequence using Genetic Data Environment 2.3 Softwére, the percerﬁ similarity
between P.aeruginosa strain NIH18 and ERC1 was 99.0%. MOPS
(morpholinopropanesulfonic acid) minimal medium prep\arecﬂl as described by Neidhardt
et al. (1974) was used in both planktonic and biofilm experi‘rhents. High phosphate
medium contained 1g/L NaHPO, while low phosphate medium contained 0.01g/L
NazHPO.,. 'Glucose (1.0 and 0.1g/L) was used as sole carbon sourcé in the planktonic

and biofilm culture medium, respectively. All the experiments were carried out at room

temperature, 22.2 £ 3.0°C.
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Planktonic Culture Procedure.

P.aeruginosa overnight cultﬁres were harvested by centrifugation at 7,500 rpm
for 10 minutes, washed twice with low phosphate medium, and resuspended in 100ml
low phosphate medium to induce phosphate starvation. The low phosphate culture was
stirred for 24 hours. Two-milliliter aliduots were withdraw:n every hour for -alkaline
phosphatase and total protein assays. To test the effect of anoxic conditions on alkaline
phosphatase production, a low phosphate culture was left in ambient air for 2.5 hours,
then connected to 'pure nitfogen through a bacterial air vent for 3 hours, then changed
back to ambient air for another 2.5 hours. Two-milliliter aliquots were withdrawn every

30 minutes.

Biofilm Culture Procedure.

A drip-flow plate_ reactor was designed to cultivate biofilms (Figure 2.1). It was
then modified to a chamber reactor (Figure 2.2). Stainless steel slides in petri dishes
were continuously bathed with medium dripping onto the biofilm at a.constant flow rate
of 50ml/hour. After inoculation with an overnight culture (3x10° cells/ml in 0.1g/L
glucose MOPS medium) and incubation for 24 hours, the reactor was fed with high
phosphate medium for another 72 hour, then replaced with low phosphate medium. The
bacterial air vent of the reactor was either connected to pure nitrogen (120~130 ml/min),
pure oxygen (120~130 ml/min), or exposed to ambient air to create different gaseous

environments. All the biofilm experiments were duplicated.
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Alkaline Phosphatese (APase) Acti\(itv and Total Protein As'sav.'

In planktonic experiments, 2 ml aliquots were sam‘pled‘and centrifuged, then
resuspended in 1ml TEP solution (10mM Tris-Cl, pH 8.0; 1mM EDTA, pH 8.0; 1mM
PMSF, phenylmethylsulfonyl fluoride). In biofilm experiments, attached cells were
scraped into 20ml PBS buifer using a rubber policeman. After being treated with\‘a‘
homogenizer (Tissuemizer, Type SDT 1810, Tekmar Co., Cincinnati, OH) with 13,500
r.p.m speed oufput in an ice bath for 3 minutes, 2 ml aliquots were suspended'in 1 mi
TEP solution. Bacterial suspensions in TEP solution were disrupted by  ultrasonic
treatment using an ultrasonic cell disrupter (TORBEO, 36810 series, Cole—Parmer, IL)
and then centrifuged. The superna’tent was used for enzyme and total protein assays.
APase activity was determined by the rate of 'hyelrolysis of p-NPP (p-nitrophehyl
phbsphate) to p-nitrophenol, measured by absorbance at 410nh. The change of
colorimetric intensity was monitored over a 4-minute interval. Total protein was
determined with Sigma (Sigma Inc., St.Louis,‘ MO) Diagnostic kit No. 690, which is a

modified micro-Lowry method.
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Staining Procedures.

ELF-97 phosphatase substrate (Molecular Probes, Eugene, OR) is a water-
soluble weakly blue fluorescent stain. Upon cleavage by APase, tHe substrate yields a
bright yellow-green fI‘Qorescent precipitate that exhibits excellent photostability hsince
photobleaching is insignificant. Therefore bacterial cells with or without APase can be
simultaneously visualized as yellow-green and blue fluorescence, respectively, using
epifluorescence microscopy. The biofilms were stained ex-situ in a homemade staining
box with 5 ml staining solution at 35°C for 45 minutes. For microscopic examination and
photography, biofilm frozen sections weré counterstained with 5 uL of 10 pg/ml
propidium iodide (PI) to improve the contrast of APase positive and negative cells. After
PI counterstaining, cells with APase activity exhibited yellow-green fluorescence while
_ the cells without APase activity were red using the U filter. For image analysis, biofilm

sections were counterstained with 5 pL of 1 pg/L of tetramethylrhodamine.

Cryoembedding and'Crvosectioninq.

Biofilm samples were cryoembedded with TissueTTek OCT compound (Miles
Inc., Elkhart, IN) as described previously (Yu et al. 1994). Embedded samples were
sectioned using a Leica CM 1800 cryostat (Leica Inc., Deerfield, IL). The 5um-thick
sections were mounted 'on Superfrost Plus microscopic slides (Fisher Scientific,

Pittsburgh, PA).
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Microscopy.

An Olympus BH-2 microscope (Lake Success, NY) with epifluorescence
illumination was used for the examination of the biofilm sections. After ELF staining,
weakly blue and intense yellow-green fluorescence was visualized using an Olympus U
filier cubic unit containing an excitation filter (334-365nm), a dichroic mirror (DM-400),

and a barrier filter (L-420).

Image Analysis,

After counterstaining with ;tetramethylrhodamine, cells containing APase activity
(green) and all cells (red) were selectively captured with an Olympus U and G filter
cubic unit, respectively. The G filter cubic unit contained an excitation filter (BP-545), a
diachronic mirror (DM-570), and a barrier filter (O-590). The images captured at the
same spot by different filters were digitalized by a cooled color CCD camera (Optronics,
Goleta, CA) and saved as 8-bit gray scale TIFF files. The fluorescence intensity was
determined by MARK image analysis software. The “MARK” program (Murga et al.,
- 1995) was developed by Dr. Gary Harkin of the Cénter for Biofilm Engineering at
Montana State Univérsity and it was used on a UNIX operating system. Selected areas
of the APase and tetramethyl-rhodamine images were bracketed and superimposed to
compare each pixel and determine the intensities across the biofilm cross-section using

the built-in “cross-section” function of the program. The data processed by the UNIX
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system was stored as ASCII files and was FTPed to a PC-based system. The ASClI

files were opened in Microsoft Excel and graphs were generated.

Dissolved Oxvygen Profile Measurement.

Oxygen profiles were measured using a combined Clark type dissolved oxygen
microelectrode. The electrode was constructed as described by Revsbech (1989).
Microelectrode measurements were conducted using a micromanipulator (Model
M3301L, World Precision Instruments, New Haven, CT) equipped with a stepper motor
(Model 18503, Oriel, Stratford, CT). Custom data acquisition software was used to
control the microelectrode movement. The microelectrode was introduced into biofilm
from the top perpendicular to the substratum of stainless steel slides. Data was

collected at 10 um increments and 2 seconds intervals. Current produced by the

electrode was collected and converted to oxygen concentration by the software.
Results

Planktonic and Biofilm APase Specific Activity.

APase activity was below detectable levels in bacteria grown planktonically in
high phosphate medium. After inducing phosphate starvation by transfer to low "
phosphate medium, APase was readily measured in planktonic bacteria. APase specific

activity kept increasing during the first 8 hours of phosphate starvation (Figure 2.3).
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When bure nitrogen was introduced after 2.5 hour-induttion in afr, alkalineﬂ phosphatase
production was 'immediately arrested. Accumulation of enzyme activity resumed
immediately after switching back té air (Figure 2.3). When bacterial biofifm was
subjected to the same duration of low phosphate medium under‘ ambient aerobic
conditions, the level of APase specific activity was approximately one fifteenth that of
plaﬁktonic bacteria (Table 2.1). Biofilm induction of APase was totally blocked when
pure nitrogen was. administered during the induction periqd whereas pure oxygen

increased APase activity specific activity approximately 2-fold (Table 2.1).
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Table 2.1. Comparison of APase specific activity of planktonic P.aeruginosa with
scraped biofilms under different conditions. Cell density is expressed as CFU/ml and
CFU/cm? of planktonic and biofilm, respectively.

Enzyme specific ‘
Condition “activity "~ Cell density
| | (AAso mgprotein’min™) |
'Planktonic, HP 8h 0 | 1.52 x 10°
Planktonic, LP 8h 59.19 2.6x10®8
‘biofilm, LP +air 8h 3.95 + 0.56 4.26 + 0.96 x 10°
biofilm, LP + pure N, 8h | 0.13 + 0.079 4.43+1.43x10°
biofilm, LP + pure O, 8h | 7. 49 + 0.83 4.72 +0.53 x 10°

Patterns of APase Expression in Biofilms.

Staining with a fluorogenic phosphatase substrate revealed a distinct, spatially
non-uniform pattern of APase expression within P. aeruginosa biofilm after induction by
switching to low phosphate medium. A control biofilm grown continuously with high
phosphate medium showed no alkaline phosphatase activity (Figure 2.4A). APase was
expressed in a sharply delineated band adjacent to the biofilm-bulk fluid interface after

inducing phosphate starvation for 8 hours (Figure 2.4B). Even though biofilms were
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Biofilm subjected to low phosphate medium in a nitrogen atmosphere exhibited no
visible phosphatase activity (Figure 2.5C). On the other hand, when the reactor
atmosphere was pure oxygen, not only was the zone of APase expression expanded
but also localized sites of APase activity could be found much deeper inside the biofilm
(Figure 2.5D).

Image analysis was applied to 10 images like those in Figure 2.6 to quantitate
the dimension of the zone of APase expression under different gaseous environments.
A representative image analysis result, showing a profile for phosphatase activity along
with a profile for the entire biofilm, is shown in Figure 2.6. The mean biofilm thickness
ranged from 117 to 151 um (Table 2.2). The mean dimension of the APase activity band
was approximately 30 um when grown in air. With a pure oxygen environmeht, the zone

of APase activity was expanded approximately 1.5 fold (Table 2.2).

Dissolved Oxygen Penetration Profile.

We measured the dissolved oxygen profile within the biofilm under ambient
aerobic conditions anc.:l superimposed image analysis data of APase activity with the
dissolved oxygen concentrat.io_n\ p'r'ofile (Figure 2.7). Dissolved oxygen.concentration
decreased from approximately 0.25 mg/L at the biofilm-bulk fluid interface to essentially
zero (less than 0.01 mg/L) at a point approximately 60 um above the substratum. The
band of APase expression in the upper region of the biofilm coincided with dissolved

oxygen concentrations of greater than 0.05 mg/L.
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Table 2.2. Thickness of the zone of APase expressmn under
different gaseous conditions.

Condition - Biofilm APase band

thickness(um) | thickness(um)
Air | 117.13 + 11.54 29.89 + 4.39
Ny | 142.04+19.14 | 1.82 + 3.11
0. | 150.59 £ 30.61 -46.43 £ 5.72
Discussion

Alkaline phosphatase from E. coli is an eniyme that has been known and
characterized since the 1960’s (Reid and Wilson, 1971). Horiuchi et al. (1959) and
Torriani (1960) found that orthophosphate repressed the formation of a nonspecific
phosphomonoesterase iﬁ E. coli and a maximum rate of synthesis of the enzyme
occurred only when the phosphate concentration became low enough. to limit cell |
growth. Under phosphate limitation conditions, alkaline phosphatase accounts for about
6% of the total protein synthesized by the cell (Garen and Levinthal, 1960). The alkaline
phosphatase of E.coliis a Zn — metalléprotein compqsed of two identical subunits (Reid -

and Wilson, 1971). The equilibrium catalyzed by alkaline phosphatase is as following:
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o) o)
R_O—P__OH + H,0 == ROH + HO—P—OH

OH OH

The maxihum hydrolytic activity of the enzyme is above pH 8, which is why the enzyme
has the name of alkaline phosphatase. The nucleotide sequence of APase of E.coli has
been determined (Chang et al., 1986). Pre-APase has total of 471 amino acids including
a signal sequence of 21 amino acids. In E. coli cells, the monomers of the enzyme are
synthesized inside the endoplasm and transported to the beriplamic region, where
dimerization and accurate folding occur before an active enzyme can form (Reid and
Wilson, 1971). This characteristic has been widely employed to make protein fusions to
study protein secrétion (Hoffman and Wright, 1985; Derman and Beckwith, 1995; Strom
and Lory, 1987; Boudineaud, et al. 1993). In E. coli it is induced under the control of a
complex regulatory gircuit and functions in scavenging phosphate from organic
phosphate esters under phosphate starvation (Moat and Foster, 1995).

Alkaline phﬂpsphatase was first discovered in P. aeruginosa by Hou in 1966 (Hou
et al., 1966). APase activity is repressed at the high phosphate medium ([Pi] = 7mM)
.easily inducible in planktonic suspensions of P. aeruginosa under phosphate starvation
([Pi] = 0.07mM) (Hou et al., 1966; Huang et al., 1998). In P.aeruginosa biofilms, the
enzyme-labeled-flucrescence  technique coupled with  cryoembedding and

cryosectioning has enabled the visualization of the spatial pattern of alkaline
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phosphatése expression (Huang et al. 1998). The pattern is distinct in P. aeruginosa
biofilms under an atmosphere of ambient air. We hypothesized fhat this pattern is due to
oxygen limitation because: i) oxygen is often limiting in aerobic biofilms because of its
rapid consumption, ii) in the drip-flow system both nutrients and oxygen come from the
top of the biofilm; cells near the bulk fluid/biofilm interface have greater access to
oxygen and can consume it, iii) oxygen is limiting deep within biofilms as suggested by
de Beer et al. (1994) and iv) en'zyme‘biésynthesis requires both nutrients and oxygen
since P. aeruginosa is an obligate aerobe under the experiment conditions used (no
nitrate and arginine available).

To test this hypothesis we designed a simple experiment using planktonic
bacteria to see if we could switch APase production off and on by anaerobic and
aerobic conditions. The result shovgn’ in Figure 2.4 supported our hypothesis. Pure
nitrogen stopped APase production immediately and APase production was resumed
when the culture was exposed to air. We then exposed biofilms to different gaseous,
environménts to see how the pattern of APase production would change in the attached
population. With pure nitrogen, the expression of alkaline phosphatase was totally
blocked. This showed that enzyme synthesis withi‘n the P.aeruginosa biofilm required
oxygen. The experiment of pure oxygen environment led to a very interesting
observation. The dimension of the APase expréssion band increased. 1.5 fold as
measured by image analysis. Disperse gree,ﬁ crystals, indicating isolated sites of APase

activity were found deep within the biofilm. Collective APase specific activity of the
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entire biofilm under ambient aerobic conditions was approximately 1/15 that of
comparable planktonic bacteria, which makes sense because only the upper 1/5~1/4 |
Iéyer of thé biofilm was expressing the enzyme. Also, 1.0g/L glucose waé used in
planktonic culture to achieve enough cell mass. Alkaline phosphatase production of the
whole biofilm was increased 2-fold under pure oxygen. This supports our speculation
that oxygen could penetrate deeper within the biofilm when pure oxygen was used.but
the physiological heterogeneity of the community with oxygen-starved cells deep within
the biofilm might lead to a different response. Hence, it was of interest to measure the ‘
dissolved oxygen profile under a pure oxygen atmbsphere. A good correlation was
observed between the oxygen penetration vprofile-, when measured under ambient
aerobic conditions, and the band of alkaline phosphatase expression. These findings
also correspond somewhat to studies on microbial mats where changes in guild activity
reflect changing chemical composition with increasing depth in the community (Canfield
and Des Marais 1991; D’Amelio et él. 1989; Ward et al. 1992).

The spatial patterns of phosphate starvation gene expression in P.aeruginosa
biofilms are distinct because we chose P. aeruginosa, which can only use oxygen as an
electron acceptor under the experim?ntal condition, as our.test microorganism to study
the role of oxygen limitation in the expression of the phosphate starvation response.
These results may also be related to the reduced susceptibility of bacterial biofilms to
antimicrobial agents.‘SpecificaIIy, it could be important to determine the role of limiting

nutrient in the establishment of physiological gradients to understand mechanisms of
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recalcitrance. Since the spatidl physiological pattern of biofilms of different
microorganisms may not be the same as pure P. aeruginosa biofilms (Huang et al.
1998), that goal is further complicated in natural biofilm communities composed of both
aerobes and anaerobes. However, the results reported here fror_n P. aeruginosa biofilms,
~gave a representative picture and support the concept of physiological heterogeneity

within biofilms (Huang et al. 1998; Wentland et al. 1996)
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CHAPTER 3

SPATIAL PHYSIOLOGICAL HETEROGENEITY REVEALED BY
ACRIDINE ORANGE STAINING AND FLUORESCENT-IN-SITU-
HYBRIDIZATION (FISH)

Introduction

Microbiologists have dedicated years of effort to developing methods to estimate
bécterial growth rates independent of culture technique. A common method of
estimating growth rate is by determining the nucleic acid concentrations. An earliest
observation in microbiology was the correlation of RNA content with growth rate
(Schaechter et al., 1958). Studies done by Rosset et al. (1966) showed a linear
relationship between the ratio of the amount of RNA to DNA and growth rate of E. coli.
Leick (1968) confirmed these results by extracting nucleic acids from 12 different
bacteria including E. coli, Bacillus subtilis, Aerobacter aerogenes, Micrococcus
anhaemolyticus, Pseudomonas aeruginosa and Lactobacillus bulgaricus and found a
similar trend between the RNA: DNA ratio and growth rate. Most data have been
obtained from cultures growing at fairly high rates, but the correlatio.n al‘éo seems valid
for the growth rate range more realistic for the marine environment. Kerhof and Ward
(1993) found a similar correlation between the RNA/DNA ratio and the growth rate in

Pseudomonas stutzeri growing with generation times between 6 and 60 hours. The
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works mentioned above were performed by extracting RNA and DNA and measuring
the amount by biochemical or fluorescent methods. |
To determine RNA content or RNA/DNA ratio in whole cells, there are
nonspecific fluorescent staining methods and phylogenetic specific fluoresent-in-situ-
hybridization (FISH) methods. Com'monly used fluorescent stains for‘ measuring RNA
~content are acridine orange and pyronin Y. Moubbuquette et al. (1990) developed an in
situ method of measuring RNA content of bacteria immobilized within calcium alginate
beads using the fluorescent stain pyronin Y. Acridine orange (AO) "is a metachromatic
stain that fluoresces with a different color depending on the type of nucleic acid to which
it is bound to. When-AO is bound to RNA it fluoresces orange (650nm), when it is bound
to DNA it fluoresces green (526nr"n) (Haugland, 1992). It has been reported.that many
factors may influence the chromatic response of acridine orange when it is used to stain
bacteria, including fixation, staining concentration, _chorine 'greatment and boiling
(McFeters et al.; 1990). McFeters et al. (1990) suggested that AO should be used to
determine the amount of RNA under controlled conditions. Wentland et al. (1995, 1996)
suggested that AO staining method was acceptable for discerming qualitative trends in
growth pattern within well-defined microbial aggregétes.
Oligonucleotide probes‘ complerﬁentary to specific regions of rRNAs were
developed in late 80’s to early 90’s to identify uncultivat_ed microorganisms in situ. The
pioneering work of Amann group (Amann et al., 1991) was to study the uncultivated

symbiotic bacterium Holospora. They extracted the total nucleic acids from an
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ecosystem and PCR amplified, cloned and sequenced the rDNA of Holospora. The
sequences were then used to design species- as well as genus-specific’rRNA
hybridization probes, which enabled them to detect and differentiate individual cells in
the host nuclei in-situ. Recent advances in computer-assisted microscopy have made
FISH more and more available to study natural samples. Examples of identification and
enumeration of microorganisms using FISH include sulfate-reducing bacteria in
multispecies biofilms grown in laboratory reactors (Amann et al\.,v 1992) and in
environmehtal‘ biofiims from a sewage treatment plant (Ramsing et al., 1993),
Bifidobacterium spp. inu human fecal samples (Langendijk et al., 1995), Salmonella in
foods (Lin and Tsen, 1995), Legionella pneumobhila in the protozoan Acanthamoeba
castellanii in an artificial water microcosm (Grimm et al.,, 1998), Pseudomonas
aeruginosa and Pseudomonas cepacia (Burkholderia cepacia now) in soil (Hahn et al.,
1992), Vibrio vulnificus on membrane filters (Heidelberg et al., 1993), the domains of
Bacteria, Archaea, and -Eucarya and the beta and gamma subclasses of Proteobacteria
in drinking water (Manz et al., 1993), some photosynthetic eukaryotes from marine’
samples (Simon et al., 1995) and nitrifying bacteria within sludge flocs (Mobarry et al.

1996).

Another use of FISH is to estimate RNA content by fluorescence intensity so as
to estimate growth rate and activity. In E. coli (Delong et al.,, 1989) and a sulfate-

reducing bactérium (Poulsen et al., 1993) the signal intensities of FISH were found to
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correlate linearly with growth rate. FISH was also found to be valid to infer physiological
state of Pseudomonas fluorescens in a mesocosm and E. coli growing in the large

intestines of streptomycin-treated mice (Boye et al., 1995; Pouslen et al., 1995).

The purpose of this work is to observe the spatial pattern of growth using AO and
FISH staining, utilizing the knowledge of correlation of RNA content to growth rate and

compare the results of these two methods.

Materials and Methods

Bacterial Strains and Media.

Pure cultures of Pseudomonas aeruginosa ERC1, Escherichia coli, Klebsiella
pneumoniae Kp1 were used in this part of the project. E.coli was obtained from the
culture collection of Dr. Gordon A. McFeters’ lab, Department of Microbiology, Montana
State University-Bozeman. It was isolated from a drinking water distribution system in
New Haven, CT and identified with API20E, APl No. #4144572. K.pneumoniae Kp1
isolated from drinking water, was obtained from Dr. D. Smith, South Central Connecticut
Water Authority, New Haven, CT and stored in the Culture Collection of Center for
Biofilm Engineering. Glucose minimal medium consisteq of 1.363 g/L NayHPO.,,
0.656g/L KH2POy4, 0.011 g/L MgSO4-7H,0, 0.036g/L NH4Cl, 0.1ml stock solution’ of
trace element and 0.1g/L glucose. The composition of trace elements was as described

previously (Wentland, 1995). Glucose minimal medium was used from ovemnight culture
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to biofilm growth. LB medium (Geenstein and Besmond, 1995) was used for the growth

of E. coli, K. pneumoniae and P. aeruginosa as FISH single cell controls.

Planktonic Cuiture and ‘Samplinq procedure.

E. coli, K. pneumoniae and P. ‘aAeruginosa were grown in Bellco 250 ml culture
flasks by subculturing overnight cultures. Growth was monitored by taking absorbance
at 600nm with a spectrophotometer (Spectronic Instrument, Inc.). Mid log-phase

cultures were fixed in 4% paraformaledhyde for 1 hour at 4 C, then spun down and

resuspended in 1x PBS to wash out the paraformaldehyde, then spun down and -

resuspended in 50% 1xPBS, 50% ethanol and stored at —20°C. PBS was prepared
using PBS tablets (Sigma, St. Louis, MO). Thirty-mil'iliters of 4% paraformaldehyde
solution was prepared by preheating 20 hl distilled water to 60-80°C and adding 1 dfopv
of NaOH (6M) solution. Paraformaldehyde (1.3g) was added to this:alkéline water and
stirred to dissolve. When the solution became clear, 10 ml of 3x PBS and 1 drop of HCI
(6M) was added. The préepared paraformaldehyde solution was kept at 4°C and us‘ed

within 24 hdurs.

Biofilm Culture and Sampling Procedure.

P.aeruginosa ERC1 biofilm was grown in the drip-flow reactor as described in

Chapter 2. After four days of growth, the biofilms were cryoembedded and

cryosectioned. All biofiim experiments were duplicated.
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Cryoembedding and Cryosectiong Procedure.

Biofilms were cryoembedded and cryosectioned as described in Chapter 2.
When sections were used for FISH staining, biofilms were cut in 3 um sections instead

of 5 pm. Biofilm sections were collected on 8-well Superfrost slides (Fisher Scientific)

Acridine Orange Staining Procedure.

AO staining was performed according to Wentland (1995). Biofilm sections were
fixed for 10 minutes at 4°C in a fixative consistiﬁg of 10% formadehyde, 5% glacial
acetic acid, and 85% ethanol. Slides were then rinsed with two changes of 85% ethanol
and allowed to air dry. Fixed sections were stored under réfrfgeration. A stock solution
of 0.02% AO (Sigma) in phosphate buffer (pH 7.2) was formulated and incubated at
35°C overnight. The stock soI;Jtion was then filtered through a 0.2-um syringe filter to
remove any particulates. From the stock solution, a fresh solution of 0.0004% AO was
- prepared. Biofilm seétions were stained by locating the cross section on the gléss slide
and placing 3 pL drops in succession along the length of the cross section. Sections

were stained for 5 minutes before excess staining solution was blotted from the slide.

Hybridization of Whole cells and Biofilms.

Whole-cell in situ hybridization was performed according to Flood (1998). Biofilm

sections on slides were immediately fixed with 4%. paraformaldehyde solution, washed
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once with phosphate-buffered-saline PBS (130hM sodium chloride, 10mM sodium
phosphate [pH7.2]). The ‘plani(tonic céll suspensions were dropped in 10 pl on the wells
of Superfrost slides and air-dried. Then Biofilm sections and slides with planktonic
suspensions were dehydrated in 50, 80, 96% (vol/vol) ethanol (3 minutes each) by
immersing the slides in a Coplin staining jar with ethanol. The slides were air dried
thoroughly before hybridization. The following oligonucleotides were used: i) Eub338,
complementary to a region of the 16S rRNA conserved in the domain Bacteria (Amman
et al., 1990); and ii) non-Eub 338, complementary td Eub338, serving as a negati\)e
control for nonspecific binding. The probes were labeled with tetramethylrhodamine-5-
isothiocyanate (Genetic Research, Inc.) For in situ hybridization, aliquots of 10 uL of
hybridization solution which contained 5 ng probe, 20% formamide, 0.9M NaCl and
0.01% SDS in 20mM Tris-HCI [pH7.2] were blotted on the fixéd biofilm sections and
planktonic suspensions. The slides were placed in 50 ml polypropylene centrifuge tubes
(Fisher Scientific) with filter paper moistened with approximate 2 ml hybridization buffer
and incubated for 1.5h at 46°C. After hybridization, the slides were carefully removed
and rinced once with some-of the washing buffer (20mM Tris-HCI [pH7.2], 0.01% SDS,
0.225M NaCl). They were then immersed in 50 ml of washing buffer at 48°C for 20
minutes. After the wash the slides were briefly rinsed with distilled water, air ‘dried and

mounted.

Microscopy.
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An Olympus BH-2 microscope (Lake Success, NY) with epifluorescence
: .illumination was used for the examination. of tﬁe biofilm sections.’AO-stained sections
were visualized Using an Olympus B filter cubic unit containing an excitdtion filter
(BP490), a dichroic mirror (DM500), and a barrier filter (AFC +O515). Tetramethyl-
" rhodamine from the'in situ hybridization was visualized with a G filter containing an

excitation filter (BP-545), a dichroic mirror (DM-570), and a barrier filter (O-590).

Image Analysis.

Image énalysis of FISH images was performed with Image Tool 2.6 software. An
image of a ruler was first taken to calibra‘té the distance in um to pixel. The ﬂuoresceﬁce
intensity along pixel was measured with the built-in “line profile” function. A line was
drawn across the biofilm section and the -“Iine profile” function gave the number of
fluorescence intensity along the line. The result was obened in Microsoft Excel an

graph was generated. -

Results

AQ Staining Results of Biofilm Sections.

A representative 4-day P. aeruginosa biofilm section stained with acridine orange
is shown in Figure 3.1. The surface layer and substratum layer of the biofilm were

stained orange, whereas inner parts of the biofilm were stained green.
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FISH Staining Result of Plankton‘ic Cells and Biofilm Sections.

Exponéntia‘l-phase E. coli, P. aefuginosa, K. pneumoniae grown in LB medium
were all stained With the rhodamine labeled Eub338 probe and appeared red. The
image of P. aeruginosa stained with FISH probe is shown in Fig 3.2.-The signals of the
Eub338 probe were bright, Whereas no signal was observed from the antiEub338 probe
stained cells.

FISH sfain‘ing reéults of P. aeruginosa biofilm sections weré shown in Figure 3.3.
There was a g?adient of fluorescent signal intensity-across the section. The surface has

highér fluorescent intensity than the lower part of the biofilm. No signal was observed

from the antiprobe stained biofilm sections. The FISH staining image of the biofilm was .

- quantified with Image Tool Software and the result is shown in Figure 3.4.
Since we could not separate the orange and green colors of AO staining by different

filters, the orange zones at the surface of AO stained sections were measured manually

with a ruler and quantified. Ten random-chosen sections from AO or FISH staining

samples were quantified, the result was summarized into Table 3.1
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Table 3.1 Summary of image analysis results of AO and FISH
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‘ AQ staining » FISH staining :
Sample No. | Thickness (um) | Active zone (um).| Thickness (um) | Active zone (um)

1 92 23 110.3 23.0 ‘

2 130 19 98.6 . 20.7

3 105 20 . 85.2 21.6

4 110 20 78.5 20.8

5 78 18 1154 20.2

6 135 25 108.1 22.4

7 108 20 130.5 19.1

8 126 21 120.2 23.4

9 120 21 110.8 22.8

10 110 17 119.7 18.5
AVR. £ 1114+ 16.5 204+2.2 107.73 £ 15.34 21.25+1.59
STDV

Discussion

Using AO and FISH staining we revealed a spatial pattern of heterogeneity'which

reflects growth rate in a thick biofilm. Since we did not make an independent correlation

of growth rate and the color of AO staining or FISH fluorescent intensity, the results are

suggestive but not conclusive. AO staining showed that the 20-25 pm upper layer of the

biofilm was orange indicating faster growing cells whereas the majority of the inner part

of the biofilm was green indicating slower growing cells. The bacteria immediately

adjacent to the substratum were also consistently stained orange for unknown reasons.

We speculate that either they are fast growing because their growth was enhanced by
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surface association .or“'there is some staining artifact. FISH étaining showed consistent
results with AO; the surface layers of the cells of the biofilm in this system appeared to
have more RNA indicating faster growth.

The Eub338 probe has beeh shown to be a robust and reliable probe (Fldod,
1999). Our result using planktonic bacteria as a control showed little baceround‘
nonspecific staining. The biofilm sections stained with antiEub338 probe also served as
a negative control, indicating little nonspecific binding. Since yeast cel]s have thick cell
walls that will prevent oligonucleotide probe permealizing, they will ot serve as a good
negative control. From literature and other researcher’s preliminary work (Flood, 1999),
the 20% formamide combined with temperature at 46°C should be stringent for Eub338
probe.

Moller et al. (1995) compared quantitative results of acridine orange stainirig for
RNA to 16S hybridizaiton in. Pseudomonas putida and found that acridine orange
staining Qave a good indication of total RNA content within a cell.

The dimension of zones of growth rate revealed by AO and FISH are consistent
in our work: the faster growing cells are Iocated' in the upper 20-25 um layer of the

biofilm sections, revealed both by AO and the FISH staining technique.
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CHAPTER 4

PHYSIOLOGICAL HETEROGENEITY OF RESPIRATORY ACTIVITY
REVEALED BY CTC STAINING

[ntroduction

In Chapter 2, a-sharp oxygen gradieht was shown in the biofilm and the three-
fourths lower 3/4 of the biofilm was -experiencing oxygen limitation. It is logical to
hypothesize that there is a physiological gradient in respiration rate or oxygen
consumption rate in this pure culture P.aeruginosa biofilm. |

Estimation of microbial respiration rate or respiratory activity is frequeht’ly
required in microbial ecological studies to estimate system productivity, biomass
turnover, or substrate utilization potentials. Recently tetrazolium salts have been widely
employed to observe and enumerate respirometrically active bacteria in aquatic
environmental samples (Swannell and Williamson, 1988; Harvey and Young, 1980;
Quinn, 1984; Stubberfield and Shaw,‘1990; Zimmermann et al., 1978; Rodgriguez et al.,
1992). These redox dyes have been used in many bié-, cyto-, and histo-chemical
studies since 1941, when Kuhn and Jerchel (1941) drew attenﬁon to their possible value
in biochemical research. Tﬁis approach reliés on the fact that tetrazolium salts can

accept electrons from different sites along the electron transport system (ETS) and are
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reduced to colored formazans which can be viewed under a microscope, or extracted in
an organic solvent (commonly ethanol) and quantified spectrophotorr;etrically (Nachlas
et al., 1960; Lippold, 1982).

INT (2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyl tetrazolium chloridg) and CTC
(5-cyano-2, 3-ditolyl tetrazolium chloride) are two tetrazolium salts that have been used
commonly as indicators of bacterial respiratory activity and viability (Boucher et al.,
1994; Kaprelyants and Kell, 1993; Rodriguez et al., 1992). Both salts are reduced to
their insoluble red (INF), or fluorescent-orange (CTF) formazans by components of the
prokaryotic respiratory chain (Packard, 1985; Smith, 1995). CTC appears to be reduced
by the primary dehydrogenases (succinate, NAD(P)H, and pbssibly others) in
Escherichia coli; while INT may also be reduced by ubiquinone,” and possib'ly
cytochromes b555, 556 (Smith, 1995). These sites of reduction are similar to those
suggested for eukaroytic cells (Nachlas, et al. 1960; Packard, 1985; Pearse, 1972;
Seidler, 1991).

Althought INT-formazan may be observed microscopically with bright-field optics
as opaque red intrace‘llhlar‘deposits and the INT procedure has proved extremely useful '
in many environmental studies, it can not be applied to study biofilm bacteria on opaque
substrata without removal of the cells. CTC, because of the fluorescent nature of its
reduced formazan, has been successfully applied to study respiratory activity of biofilmé

(Rodgriguez, et al., 1992; Yu and McFeters, 1994; Huang, 1995;).
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In order to visualize the spatial pattern of respiratory activity in biofilms, CTC was
applied to 4-day old pure culture P.aeruginosa biofilms followed by cryoembedding and
cryosectionihg. Image analysis was applied to the CTC-stained biofim sections to

quantify the spatial pattern.

Materials and Methods -

Bacterial Strains, Media and Biofilm Growth Procedure.

A pure culture of Pseudomonas aeruginosa ERC1 strain was used thoroughout.
It was described in Chapter 2. Glucose minimal medium was used to grow biofilm. The
composition of the medium was described in Chapter 3. Glucose was added to give a
final concentration of 1g/L after filter sterilization. Biofilm was grown in drip-flow reactor

for four days total including one day preincubation. All the experiments were duplicated.

CTC Staining Procedure.

CTC staining was perforrhed according to Yu (1994). Four-day old biofilms on the
coupons were transferred to a homemade staining box containing 0.04% (approx. 4mM)
CTC (Polysciences, Inc.) in reagent-grade water. After incubation at 35°C for up to 2
hours, the CTC solution was removed and replaced with 5% formalin to fix the biofilms
for 5 minutes, then counterstained with 4’, 6-diamidino-2-phenylindole (DAPI) (1 pg/ml,

final concentration) for 3 minutes.
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Preparation of Biofilm Sections for Microscopy.

The biofilms stained with CTC were subsequently cryoembedded and

cryosectioned as described in Chapter 2.

Microscopy.

Biofilm sections stainéd wéth CTC/DAPI \‘Nere\ visualized under an Olympus BH-2
microscope with epifluorescence illumination. An Olympus B filtef-cubic; unit with
excitation filter (BP490), a dichroic mirror (DM500) and a barrier filter (AFC +0O515)
* were used to simultaneously visualize the CTC-formazan and DAPI fluor'escence: All
bacteria appeared green when stained with DAPI, whereas the respiring cells were
green but contained red" intracellular CTC-formazan crystals. Filter block G containing:
an excit.ation filter (BP-545), a diachronic mirror (DM-570), and a barrier filter (O-590)
was used to visualize the red CTC-formazan crystals by excludiﬁg DAPI fluorescence,
whereas the U ffltér cubic unit with excitation filter (UG71-),f»a dichroic mirror (DM400).

and a barrier filter (L420) was used for visualizing the DAPI fluorescence.

image Analysis.

The images of biofilm sections cathred at the same spot by the G or U filter

. were digitalized by a cooled color CCD camera (Optronics, Goleta, CA) and saved as 8-

bit’gray scale TIFF files. The DAPI and CTC-formazan fluorescence intensity was
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determined by MARK image analysis software (Harkin and Shope 1993) as described in

Chapter 2.

Results

There was a distinct pattern of CTC staining ihdicating respiratory activity within
the biofilm sections observed. An intense layer of red CTC-formazan formed at the
biofilm-bulk liquid interface (Panel A, Figure 4.1); Iess intense scattered CTC-formazan
appeared thoroughout the rest of the biofilm section. DAPI staining 6f same spot of the
biofilm section revealed a uniform blue intensity thorough the biofilm except the cells at
the substratum appeared brighter (Panel B, FiQure 4.1). When the biofilm section was
observed with the B cubic filter to visualizé, CTC-formazan and DAPI simultaneously,
CTC-formazan appeared orange and DAPI appeared green (Panei C, Figure 4.1). An
intense orange layer was at the upper layer of the b.iofilm section, whereas . the
backgro.und‘ was green DAPI staining. Image analysis was performed to quantify the
zone of higher respiratory activity. A representative image analysis result is shown in
Figure 4.2. Image analysis was performed on ten randdmly choseh biofilm sections
(Table 4.1). The intense CTC-formazan zone indicating higher respiratory activity was

found to be 24.77 + 3.06 um from the surface, biofilm thickness was found to be 96.74 *

11.25 um from the substratum.
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Table 4.1 Summary of image analysis results of CTC staining

Sample No. Overall Thickness ' Active Zone Thickness by

(um) CTC Staining (um)

1 842 23.7

2 98.8 ‘ 26.6

3 109.3 , 5 23.2

4 98.4 215

5 105.2 28.3

6 90.5 . 23.6

7 72.9 214

8 96.8 19.2

9 92.7 ‘ 24.8

10 112.6 N 26.4

AVR = STDV . 96.14+11.25 23.87 £ 2.61

Discussion

A distinct non-uniform pattern of respiratory activity revealed by CTC sfaining in
this thick P.aeruginosa biofilm.

One mol of oxygen consumption is equivalent to 2 mol of INT reduction, and
since the tetrazolium reduction is accomplished during a measured reaction time, the
results can be expressed as moles of CTC per time, electron quivalents per time or
moles of oxygen per time. This means this kind of ETS measurement yields results
dimensionally equivalent to respiration rates.

Smith (1995) systematically studied the sites of reduction for INT and CTC in

E.coli ETS systems by examining the effects of various inhibitors of electron transport
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and uncouplers of oxidative phosphorylation with well described sites of action. His

| result indicated CTC was. reduced by NADH dehydrogenase. He also found that CTC
reduction was highly coupled to oxygen consumption rate measured with oxygen
electrode. In another investigation with marine P.perfectomarinus, Packard et al. (1983)
showed that.respiration\ and ETS activity are correlated at the r = 0.98 level fér
aerobically grown cultures. Working with sewage effluent, Jones and Simon (1979)
féund similar result: ETS activity was highly correlated“ with both short-term oxygen
consumption and long-term BOD measurements.

As discussed abO\)e, CTC reduction is directly coupled to respiration rate. The
oxygen penetration gradient of the Pseudomonas aeruginosa biofilm grown in drip-flow
reactor was shown previoUst (see Chapter 2). Using CTC staining the biofilm was
again found to be spatially heterogeneous in respiratory activity. The upper layer,
quantified to be about 24.77 + 3.'06Hum by image analysis, of the biofilm has much
Higher and more intense respiratory activity. The thickness of intense respiratory activity
is consistent with alkaline phosphase activity and FISH result discussed before (see
Chapter 2 and 3). Although when Huang et al. (1995) employed CTC to stain biofilm
before and after monochloramine disinfection to observe the loss of viability, \he' found

uniform CTC staining pattern of biofilms before disinfection, the biofilm in his system

was relatively thin (appr9Ximater 25-40 um).
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CHAPTER 5

ANALYSIS OF GENE EXPRESSION AND PROTEIN LEVELS OF THE
STATIONARY PHASE SIGMA FACTOR, RpoS, IN CONTINUOUSLY-FED
PSEUDOMONAS AERUGINOSA BIOFILMS

Introduction

Biofilms are a collection of microorganismé and the extracellular polymers they
secrete, attached to either an inert or living substratum (Costerton et al., 1995; Geesey,
1982). The industrial and medical significance of bacterial biofilms has gradually _
emerged since their first description (Zobell, 1936) and the first recognition of their
ubiquity (Costerton et al., 1978). Biofilm-re_lated'problems cost US induétry billions of
dollars annually by corroding pipes, reducing heat transfer or hydraulic pressure in
industrial water systemé, plugging water injection jeté aﬁd clogging filters. In additibn,
biofilms cause major medical problems through infecting host tissues, harboring
bacteria that contaminate drinking water and causing rejection of medical implants
(Costerton et al, 1999). Biofilm-‘re‘lated‘ problems are exacerbated by biofilm
recalcitrance to antimicrobial agents. It is well documented that microorganisms in
biofilms are generally less susceptible .to antimicrobial agents than their free-living

counterparts (Brown and Gilbert, 1993; Cqsterton, 1984; LeChevallier et al., 1988).
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Two hypothesized mechanisms of biofilm résistance to antimicrobial agents are
poor penetration of the agent into the bipfilm and physiological changes of
microorganisms in the biofilm réndering at least some of the cells less susceptible. The
binding, absorption or reaction of an antimicrobial agent within a biofilm can cauée
reduced penetration of antimicrobial agents (Stewart, 1996). This has been shown by
experiments like the one performed by de Beer et al. (1994), in which the incomplete
penetration of chlorine into biofilms during disinfection was measured with a chlorine
microelectrode. Limited penetration of chlorine has subseqUently been shown to be a
result of neutralization of the chlorine in the biofilm matrix (Chen and Stewart, 1996;
Stewart et al., 1998; Xu et al., 1996). Although reduced penetration of antimicrobial
agents can explain some cases of biofilm resistance, transport limitation is not a
universal explanation. Nichbls (’1989) mathematically modeled the penetration of two
antibiotics into a P. aeruginosa biofilm. The amino-glycoside, tobramycin and a B-
lactam, cefsulodin were considered. The authors concluded from their model that
transport limitation of these two antibiotics was not the only factor contributing to the
reduced susceptibility of the biofilms. Using a total internal reflection infrared
spectroscopy approach, Vrany et al (1997) observed rapid transport (<20 minutes) of
two fluoroquinolones, levofloxacin and ciprofloxacin, into a 15-25 um thick P.
aeruginosa biofilm. Differences in levels of recalcitrance observed for this system were
suggested to be due to the particular physiological status which bacteria assume in the

biofilm mode of growth. Therefore, physiological and genetic modifications of biofilms
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resulting in biofilm resistance are receiving more and more attention (Anwar et al., 1992;
Gilbert et al., 1990).

In thick biofilms, striking gradients in physiological status have been shown by
researchers employing different physiological indicators (Huang et al., 1998; Kinniment
et al., 1992; Wentland et al., 1996; Wimpenny et al., 1993). Slow growth and starvation
were hypothesized to occur in the biofilm zones where nutrients had been depleted by
cells that have easier access to nutrients (Anwar et al., 1992; Gilbert et al., 1990). The’
purpose of the work reported in this paper was to investigate the gene expression and

protein levels of stationary phase sigma factor RpoS in a mature P. aeruginosa biofilm.

Materials & Methods

Bacterial Strains and Growth media.

The strains used in this study are listed in Table 5.1; Pseudomonas aeruginosa
ERC1 was transformed with plasmids bMAL.S (rpoS-lacZ) and pMP220 (vector control)
(Latifi et al., 1996) using electroporation. For cultures of plasmid-containing KX101 and
KX101c, media were supplemeﬁted‘ with tetracycline (100 pg/ml). To grow SS24,
gentamycin (15 pg/ml) was added to the media. LB medium was prepared as described
by Geenstein and Besmond (1995). Glucose minimal medium consisted of 13.632g of

NagHPOQ,, 6.568 g of KHaPO,4, 0.36 g of NH4Cl, 0.056g of MgSO407H20 and 1ml of
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trace element solution (Wentland, 1995) per liter. Glucose was added to give a final

concentration of 1g/L after filter sterilization.

Table 5.1: Bacterial strains and plasmids

Strains or plamids Description Reference
P.aeruginosa
ERC . Wild type : 48
KX101 ERC carrying PMAL.S This study
KX101¢ ERC carrying pMP220 This study
PAO1 - Wild type 20
8824 Like PAO1 but rpoS8S107:: 38
aacCl/
Plasmids ,
pMAL.S 1kb Kpnl-BamHI fragment, 27

containing the rpoS promoter,
from pDB18R in pMP220

pMP220 IncP T¢\ for lacZ 27
transcriptional fusions

TR, tetracycline resistant

Planktonic Culture Procedure.

All planktonic cultures were grown _in Bellco 250 ml culture flasks by subculturing
overnight cultures. Growth was monitored by reading the absorbance at 600nm with a
spectrophotometer (Spectronic Instrument, Inc.). Except for analyzing rpoS expression
in LB medium during the planktonic growth stages wheﬁ KX101 and KX101c were
grown at 37 °C, all other experiments were carried out at room temperature, i.e., 22.2 *
3 °C. For western blots, PAO1 and SS24 were grown in LB media until stationary

phase as positive and negative controls, respectively. ERC1 was grown in either 1/5-
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strength LB, glucose minimal medium, or 1/10-strength glucose minimal medium. To
study the effect of oxygen limitation on the accumulation of RpoS during planktonic
growth, pure nitrogen was sparged into a mid-log phase ERC1 culture growing in LB
medium at room tehperature (22.2 £ 3 °C). ERC1 grown in LB medium in a culture
flask that was left in the ambient air environment throughout growth was used as a
control. Samples were taken from the experimental and control cultures every hour to
monitor cell density. . Adjusted volumes of samples (to give equivalent amounts of

biomass) were then taken for western blots.

Biofilm Culture Procedure.

The drip-flow reactor (Xu et al., 1998) was used to grow biofilms. After
inoculation with an ovemight culture (3 x 10 2 cells/ml) and static incubation for 24
hours, stainless steel coupons in the reactor chambers were continuously fed with
medium that dripped onto the biofilm at a constant flow rate of 50ml/h. For western
blots, ERC1 was grown in 1/5LB medium, glucose-minimal mediuh and 1/10 glucose-

minimal medium.

B-Galactosidase Activity and Total Protein Assay.

In planktonic experiments, 2-ml aliquots were sambledr,’ centrifuged and then
resuspended in 1ml of TEP solution (10mM Tris-Cl [pH 8.0], imM EDTA [pH8.0], 1mM

phenylmethylsuifonyl fluoride). In biofilm experiments, attached cells were scraped into
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20ml of phosphate-buffered saline (PBS) with a rubber scraper. After being treated with
a homogenizér (Tissuemizer, type SDT 1810; Tekmar Co., Cincinnati, Ohio) with an
output speed of 13,500 rpm in an ice baih for 3 min, 2-ml aliquots were ceﬁtrifuged and
resuspended in 1mi of TEP solution. Bacterial suspensions in TEP solution were
disrupted by ultrasonic treatment with an ultrasonic cell disrupter (TORBEO, 36810
series; Cole-Parmer, Vernon Hills, lli.) and then centll'ifuged‘. The supernatant was used
for enzyme and total protein assays. The B-galactosidase activity was calculated basea
on the conversion of the substrate o—nitrophenyl-B-D-galaétopyranoside (ONPG, Sigma)
| to o-nitrophenol (Wood et al., 1991). Two hundred microliters of the supernatant were
mixed with 2.5 ml reagent A (0.1M Na,HPO, adjusted to pH 7.3 with 0.1M NaH.POy),
100 pl reagent B (3.6M B-mercaptoethanol), 100 ul reagent C (30mM MgCl,) and 200 pl
reagent D (33.2 mM ONPG in reagent A). The well-vortexed mixture was theﬁ placed in
a spectrophrotometer (Spectronic Instrument, Inc.) with wavelength set at 410 nm; the
spectrophotometer automatically calculafed thg change in absorbance over a two-
minute interval. Total protein was determined with Sigma (St. Louis, MO) diagnostic kit
No. 690, which was a modified micro-Lowry method. The specific activity of the B-

galactosidase was expressed as AA4ioml mg ™' min™.

SDS-PAGE and Western Blot.

Planktonic cultures and biofilm PBS resuspensions were collected by

centrifugation. Volumes were adjusted to give the same cell density equivalent to an



















































































































