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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 μm 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 μm 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.
lmmunoblots 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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A B S T R A C T

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 
pm 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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C H A P T E R  1

G E N E R A L  IN T R O D U C T IO N

Ubiquity of Biofilm Formation

Bacteria in natural aquatic populations have a marked tendency to interact with 

surfaces and form biofilms. The real significance of bacterial biofilms has gradually 

emerged since their first description (Zobell & Anderson, 1936), and the first recognition 

of their ubiquity (Costerton et al., 1978). Biofiims are found in natural aquatic 

environments (Lock et al., 1984), in industrial aquatic systems and on medical 

biomaterials. They are involved in biodeterioration of materials, including the digestion 

of insoluble nutrients by bacterial populations in the digestive tracts of higher animals 

and protective and pathogenic association with tissue surfaces (Costerton et al., 1987). 

It has become increasingly clear that the biofilm mode of growth (sessile) predominates 

in natural ecosystems both in medical and non-medical situations. In an exhaustive 

survey of the sessile and planktonic 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 (Nickel 

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

Biofilm Resistance

It is well documented that biofilms are generally less susceptible to antimicrobial 

agents than their free-living counterparts (Brown and Gilbert, 1993; Costerton, 1984; 

LeChevaIIier et al., 1988). Treatment with traditional concentrations of biocides kills 

planktonic microorganisms but leaves the biofilm populations virtually unaffected 

(Ruseska et al., 1982; LeChevaIIier 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 the process of irreversible adhesion by binding to the 

surface using exopolysaccharide glycocalyx polymers (Costerton et al., 1987). Cell 

division then produces sister cells that are bound within the glycocalyx matrix, initiating
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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 planktonic 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 a!., 1992). The reduced 

penetration of antimicrobial agents results from the binding, absorption or reaction of the 

antimicrobial agents within 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 (LeChevaIIier 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
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Pseudomonas aeruginosa biofilm. The amino-glycoside, tobramycin and a p-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, Ievofloxacin and ciprofloxacin, was rapid (<20min) for a 15-25 pm 

thick P.aeruginosa biofilm. Differences in levels of recalcitrance observed 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). Stewart (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 more 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 years 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
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from diatoms. 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 in the degradation of nitrilotriacetate by attached 

bacteria than by bacteria in the bulk aqueous phase. Other investigations 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 review articles addressing the changes of physiological activity 

in biofilm bacteria (van Loosdrecht 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 sometimes 

in ways that are not readily predictable on our current knowledge" (Breznak, 1984). In 

the review article by van Loosdrecht et al, this statement was claimed to be still true. 

Although they examined the current 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
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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, conformation changes, etc.) of a given compound and its possible 

metabolites with a given surface have to be considered before general conclusions 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 gene expression directly at surfaces 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- 

IacZ transcriptional fusion, Davies et al. (1993) found a/gC 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 reporter gene 

technology to demonstrate the “switching on” of genes at polystyrene surfaces in 

mutants that failed to express the genes in either liquid or semisolid media. Using the 

plasmid vector pJOlOO (Ostling et al., 1991) to transfer the transposon mini-Mtv 

containing the promoterless IacZ into the marine Pseudomonas S9, mutants were 

selected that failed to express (3-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 

polyacrylamide gel electrophoresis (PAGE). SDS-PAGE demonstrated significant 

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 growth that is different from planktonic growth is that 

biofilms are usually mass transport limited. The three factors that govern concentrations 

of a particular solute in a biofilm are 1) external mass transport to the biofilm, 2) 

diffusion within 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. Thus 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
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multiple layers of cells (Wentland et al., 1996). Ceils 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 with tip diameters down to a few 

micrometers. The size of the tip is so small that it provides an accurate 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 also 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 metabolic 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 inner 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 bidfilm. Tresse et al. (1995) entrapped viable cells of
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Escherichia coli in agar gel layers to form artificial biofilm-like structures. Killing assays 

of immobilized bacteria by Iatamoxef 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 many times using dissolved oxygen microelectrodes (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 have higher orange/green fluorescence 

intensity ratio after staining with AO. Wentiand (1995) sampled colony-biofilms at 

different growth phases and stained the cryosections with AO. He found that mid­

exponential phase colonies had high overall growth rates (p > 1hr"1) 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.

6
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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, followed 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 the 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 Pseudomonas 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 between 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 complex and important in studying biofilm 

ecology will be lost by culture-dependent approaches.

To reveal spatial physiological heterogeneity in situ, fluorogenic probes can be 

utilized to stain biofilm before or after cfyoembedding and cryosectioning depending 

upon the probes and targeting activities. Cryoembedding and cryosectioning is a simple 

technique developed by Yu et al. (1994) to mechanically remove biofilms from the 

substratum with minimal disruption of the structure and enable the imaging of sections 

of thick biofilms under light and epifluorescent microscopes.

There are extensive fluorescent reagents originally 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 

(DARI), 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 Feig1 1980; Swannell and 

Williamson, 1988).

Fluorescent dyes also exist for different cellular functions. 5-cyano-2,3-dito!yl 

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 environmental 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 metabolically active 

bacteria. Results obtained with INT correlated well with cellular ATP content in a study 

of pure and mixed microbial 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 drinking water and 

biofilms (Schaule et al., 1993). Recently CTC was coupled with an immunomagnetic 

method to observe respiring E. co//0137 from hamburger (Pyle et al., 1999).
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Cell biologists have extensively used indicators of membrane potential (AvF) for 

nearly 20 years (Wu and Cohen, 1993; Loew, 1993). AvF is linked to the energy status of 

the cell (Diaper et al., 1992; Kaprelyants and Kell, 1992). Some studies have shown that 

AxF changes in eukaryotic cells during cellular proliferation with respect to their phase in 

the cell cycle (Darzynkiewicz et al., 1981). AvF can be evaluated in bacteria by using 

fluorescent probes developed in mammalian cells. Commonly used fluorescent probes 

include rhodamine 123 (Rh 123) and 3,3’-dihexyloxacarbocyanine iodide [DiOC6(S)]. 

Rh 123 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 Rh 123 is accumulated in an uncoupler-sensitive fashion via 

transmembrane potential (Haugland, 1992). Different studies have shown that Rh 123 is 

a sensitive AxF 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 (Diaper 

et al., 1992; Kaprelyants, 1992; Matsuyama, 1984). Some recent methods described a 

pretreatment for staining Gram" bacteria with Rh 123 (Kaprelyants, 1992; Yu and 

McFeters, 1994; Yu and McFeters, 1994). To eliminate the pretreatment problem, some 

other dyes have been exploited. For example, DiOC6(S) is a lipophilic cationic dye that 

has been shown to be satisfactory to evaluate the AvF of E. coli cells and to follow AvF 

changes during cells growth and throughout the cell cycle (Monfort and Baleux, 1996).
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Acridine orange (AO) has been available for over 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 discrimination of faster and slower growing 

cells, as mentioned above. McFeters et al. (1991) confirmed 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 al., 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, fluorescent-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 al., 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 sulfate-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 

co//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 microorganisms 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).

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 viable cell such as cell
i

wall synthesis, protein synthesis, nucleic acid synthesis and cell membrane function. 

The synthetic functions, which some of these antibiotics target such as cell wall 

synthesis and protein synthesis are directly related to growth. Bacteria are known for 

their ability to alter their sensitivity to certain antibiotics and disinfectants with changes 

in growth rate (Brown et al., 1988; Eng et al., 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 at submaximal rates. Pseudomonas aeruginosa cells grown to stationary 

phase were found to be less susceptible to either 0.25% (v/v) acetic acid or 31 mg/L 

glutaraldehyde treatment than cells growing in the exponential phase (Carson et 

al.,1972). Matin et al. (1989) 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) operon is upregulated in inverse 

proportion to growth rate (Maira et al., 1998).

The growth of heterotrophic bacteria in natural 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 relA is (p)ppGpp synthetase I, which 

phosphorylates GDP and GTP to ppGpp and pppGpp. It is apparent that relA- 

competent cells are unusual because thdy 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 (gs), which accumulates 

in stationary-phase cells (Lange and Hengge-Aronis, 1991). Regulation of RpoS levels 

in E. co//cells was believed to occur at three levels (Takayanagi et al., 1994; Lange and 

Hengge-Aronis, 1994): transcription, translation, and protein stability. Using rpoS-lacZ 

reporter fusions (Mulvey et al., 1990), rpoS transcriptional expression in cells was 

shown to be low in early exponential phase and to increase gradually 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 growth rate and stimulated rpoS expression during 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 osmofarity 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 RNAase protection assay, Zgurskaya and Matin (1997) 

recently found the increase in RpoS level during stationary phase was solely 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 IasR mutant and in the 

pleiotropic N-(3-oxododecanoyi)-L-homosehr\e 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-Aronis1 1991) to 32 (McCann et at., 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 prevention and repair of DNA damage (katE, katG, xthA, dps, aidB), 

cell morphology (bo!A, ficA), modulation of virulence genes in Salmonella, Shigella, and 

E.coli, osmoprotection and thermotolerance (otsBA, treA, csiD, htrE), glycogen 

synthesis {glgS), anaerobically induced genes (appY, appCBA, hyaABCDEF) and 

membrane and cell envelope functions (osmB, osmY, cfa) (Loewen and Hengge-Aronis, 

1994). Several of the genes listed above are involved in stress protection. Protection 

against H2O2 involves katE and katG, encoding the catalases HPII and HPI, 

respectively, which destroy H2O2 before it can cause damage. Dps forms nuclease- 

resistant complexes with DNA that also presumably protect the cells from killing by H2O2 

(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 phenotype in addition to causing pleiotropic changes in protein patterns 

on 2-D gels. In addition, RpoS was reported to protect E  co//cells from the electrophile 

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

Objectives, Rationales and Experimental Design

The main goal of the study is to achieve a comprehensive understanding of 

spatial physiological heterogeneity and nutrient limitation in thick biofilms, thereby 

providing a basis for continued investigation of physiological mechanisms of the biofilm 

recalcitrance to antimicrobial agents.

The specific objectives are presented below:

Objective I . 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 evidence of quorum-sensing 

phenomena in the biofilms lead us to hypothesize that the starvation sigma factor 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- 

hybridization for ribosomal RNA and CTC. These techniques gave an indication of 

active protein synthesis, 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-lacZwas 

transformed into the P. aeruginosa ERC strain. Biofilms bearing the plasmid were grown 

and analyzed for (3-galactosidase activity. Western blots wqre 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; 

LeChevaIIier 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 biofilms are N hypothesized to be a mechanism of biofilm 

resistance. In a thick aging biofilm, the deep-internal portions of biofilms 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 (bioMerieux 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 position 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 Software, the percent similarity 

between P.aeruginosa strain NIH18 and ERC1 was 99.0%. MOPS

(morpholinopropanesulfonic acid) minimal medium prepared as described by Neidhardt 

et al. (1974) was used in both planktonic and biofilm experiments. High phosphate 

medium contained 1g/L Na2HPO4 while low phosphate medium contained 0.01 g/L 

Na2HPO4. Glucose (1.0 and 0.1 g/L) was used as sole carbon source 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 cultures 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 aliquots were withdrawn 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 nitrogen 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 (3x108 cells/ml in 0.1 g/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 Phosphatase (APase) Activity and Total Protein Assay.

In planktonic experiments, 2 ml aliquots were sampled and centrifuged, then 

resuspended in 1ml TEP solution (1 OmIVI Tris-Cli, pH 8.0; ImM EDTA, pH 8.0; 1mM 

PMSF, phenylmethylsulfonyl fluoride). In biofilm experiments, attached cells were 

scraped into 20ml PBS buffer using a rubber policeman. After being treated with a 

homogertizer (Tissuemizer, Type SDT 1810, Tekmar Co,, Cincinnati, OH) with 13,500 

r.p.m speed output in an ice bath for 3 minutes, 2 ml aliquots were suspended in 1 ml 

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 supernatant was used for enzyme and total protein assays. 

APase activity was determined by the rate of hydrolysis of p-NPP (p-nitrophenyl 

phosphate) to p-nitrophenol, measured by absorbance at 410nm. 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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Figure 2.1. Schematic diagram of drip-flow biofilm reactor
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Figure 2.2. Photograph of the drip-flow chamber reactor
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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 fluorescent precipitate that exhibits excellent photostability since 

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 were counterstained with 5 jiL of 10 pg/ml 

propidium iodide (PI) to improve the contrast of APase positive and negative cells. After 

Pl 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.

Crvoembeddinq and Crvosectioninq.

Biofilm samples were cryoembedded with Tissue-Tek 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 5pm-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 

filter 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 (0-590). 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 Center for Biofilm Engineering at 

Montana State University 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



42

system was stored as ASCII files and was FTPed to a PC-based system. The ASCII 

files were opened in Microsoft Excel and graphs were generated.

Dissolved Oxygen 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 pm 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 pure nitrogen was introduced after 2.5 hour-induction in air, alkaline phosphatase 

production was immediately arrested. Accumulation of enzyme activity resumed 

immediately after switching back to air (Figure 2.3). When bacterial biofilm 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 

planktonic bacteria (Table 2.1). Biofilm induction of APase was totally blocked when 

pure nitrogen was. administered during the induction period whereas pure oxygen 

increased APase activity specific activity approximately 2-fold (Table 2.1).
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Figure 2.3. APase specific activity of planktonic P.aeruginosa in response to phosphate 
starvation. APase specific activity is expressed as AA4Iomg protein"1 min"1. (■) 
represents APase specific activity under ambient air without disruption for 8 hours, (O) 
represents Apase specific activity of a culture exposed to air, then pure nitrogen, and 
finally air again.
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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/cm2 of planktonic and biofilm, respectively.

Condition
Enzyme specific 
activity
(AA410 mgprotein"1min"1)

Cell density

Planktonic, HP 8h 
Planktonic, LP 8h 
biofilm, LP +air 8h 
biofilm, LP + pure N2 8h 
biofilm, LP + pure O2 8h

O
59.19
3.95 ± 0.56 
0.13 ±0.079  
7.49 ±0.83

1.52 x 109 
2.6 x 10s 
4.26 ± 0 .9 6 x 1 09 
4.43 ± 1.43 x 109 
4.72 ±0 .53  x 109

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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induced for a longer period of stan/ation for 24 hours and 36 hours, the APase band did

not expand significantly (Figure 2.4C & D).

A

B

Figure 2.4. Photographs of P.aeruginosa biofilm cross-sections of biofilms induced for 0 
(A), 12 (B)1 24 (C), 36 (D) hours of phosphaste starvation. The green-yellow color 
represents Apase positive cells and the red color represents all cells. The images are 
oriented with the substratum at the bottom of the photographs. Bar = IOOpm
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Figure 2.4. Photographs of P.aeruginosa biofilm cross-sections of biofilms induced for 0 
(A), 12 (B)1 24 (C)1 36 (D) hours of phosphaste starvation. The green-yellow color 
represents Apase positive cells and the red color represents all cells. The images are 
oriented with the substratum at the bottom of the photographs. Bar = 10Opm
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Biofilm subjected to low phosphate medium in a nitrogen atmosphere exhibited ho 

visible phosphatase activity (Figure 2.SC). 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 pm (Table 2.2). The mean dimension of the APase activity band 

was approximately 30 pm when grown in air. With a pure oxygen environment, 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 and superimposed image analysis data of APase activity with the 

dissolved oxygen concentration profile (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.pm 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.



Figure 2.5. Photographs of P.aeruginosa biofilm cross-sections stained for APase 
activity under different conditions. (A) high phosphate medium with ambient air; (B) low 
phosphate medium with ambient aerobic atmosphere; (C) low phosphate medium under 
pure nitrogen atmostphere; (D) low phosphate medium under pure oxygen atmosphere. 
The yellow color represents Apase positive cells and the red color represents all cells. 
The images are oriented with the substratum at the bottom of the photographs. Bar=IOO 
pm.



Figure 2.5. Photographs of P.aeruginosa biofilm cross-sections stained for APase 
activity under different conditions. (A) high phosphate medium with ambient air; (B) low 
phosphate medium with ambient aerobic atmosphere; (C) low phosphate medium under 
pure nitrogen atmostphere; (D) low phosphate medium under pure oxygen atmosphere. 
The yellow color represents APase positive cells and the red color represents all cells. 
The images are oriented with the substratum at the bottom of the photographs. Bar = 
100 pm.
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Figure 2.6. A representative image analysis result of APase activity in P.aeruginosa 
biofilms with phosphate starvation under ambient aerobic condition. (♦) represents 
biofilm cells stained with tetramethyl rhodamine , while (■) represents APase positive 
cells. The substratum is at the “0” point.
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Figure 2.7. Correlation of dissolved oxygen profile with image analysis result of APase 
activity under aerobic conditions. (♦) APase activity, (■) dissolved oxygen, (-) trend line 
representing dissolved oxygen concentration. The substratum is at the “0” point.
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Table 2.2. Thickness of the zone of APase expression under 
different gaseous conditions.

Condition Biofilm
thickness(Mm)

APase band 
thickness(iLim)

! Air 117.13+11.54 29.89 ± 4.39
N2 142.04+19.14 1.82 + 3.11
O2 150.59 + 30.61 46.43+5.72

Discussion

Alkaline phosphatase from E. coli is an enzyme 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 in 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.coli is a Zn -  metalloprotein composed of two identical subunits (Reid 

and Wilson, 1971). The equilibrium catalyzed by alkaline phosphatase is as following:
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O O
Il I

R—O—P—OH + HgO == ROH + HO—P—OH 

OH OH

The maximum 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 Eco//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 periplamic 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 secretion (Hoffman and Wright, 1985; German and Beckwith, 1995; Strom 

and Lory, 1987; Boudineaud, et al. 1993). In E. coli it is induced under the control of a 

complex regulatory circuit and functions in scavenging phosphate from organic 

phosphate esters under phosphate starvation (Moat and Foster, 1995).

Alkaline phosphatase 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-fluorescence technique coupled with cryoembedding and 

cryosectioning has enabled the visualization of the spatial pattern of alkaline
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phosphatase expression (Huang et al. 1998). The pattern is distinct in P. aeruginosa 

biofilms under an atmosphere Of ambient air. We hypothesized that 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) enzyme biosynthesis 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 shown 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 

environments 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 within the P.aeruginosa biofilm required 

oxygen. The experiment of pure oxygen environment led to a very interesting 

observation. The dimension of the APase expression band increased 1.5 fold as 

measured by image analysis. Disperse green 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 

layer of the biofilm was expressing the enzyme. Also, 1 .Og/L glucose was 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 atmosphere. A good correlation was 

observed between the oxygen penetration profile, 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 al. 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 experimental 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. Specifically, 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 spatial 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 from 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 

bacterial 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 buigaricus 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 correlation also 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



62

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. Commonly used fluorescent stains for measuring RNA 

content are acridine orange and pyronin Y. Moubouquette 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 (526nm) (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 treatment 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 discerning qualitative trends in 

growth pattern within well-defined microbial aggregates.

Oligonucleotide probes complementary to specific regions of rRNAs were 

developed in late 80’s to early 90’s to identify uncultivated 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



63

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,, 1992) and in 

environmental biofilms from a sewage treatment plant (Ramsing et al., 1993), 

Bifidobacterium spp. in human fecal samples (Langendijk et al., 1995), Salmonella in 

foods (Lin and Tsen, 1995), Legionella pneumophila 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 (IVIanz et al., 1993), some photosynthetic eukaryotes from marine 

samples (Simon et al., 1995) and nitrifying bacteria within sludge floes (IVIobarry 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 bacterium (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. coll 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 Kp 1 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, API No. #4144572. K.pneumoniae Kpl 

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 consisted of 1.363 g/L Na2HPO4, 

0.656g/L KH2PO4, 0.011 g/L MgSO4 TH2O, 0.036g/L NH4CI, 0.1ml stock solution of 

trace element and 0.1 g/L glucose. The composition of trace elements was as described 

previously (Wentland, 1995). Glucose minimal medium was used from overnight 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 Culture and Sampling procedure.

E. coli, K. pneumoniae and P. aeruginosa 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 Ix  PBS to wash out the paraformaldehyde, then spun down and 

resuspended in 50% IxPBS, 50% ethanol and stored at -20-C. PBS was prepared 

using PBS tablets (Sigma, St. Louis, MO). Thirty mililiters of 4% paraformaldehyde 

solution was prepared by preheating 20 ml distilled water to 60-80°C and adding 1 drop 

of NaOH (6M) solution. Paraformaldehyde (I.Sg) was added to this alkaline water and 

stirred to dissolve. When the solution became clear, 10 ml of Sx PBS and 1 drop of HCI 

(6M) was added. The prepared paraformaldehyde solution was kept at 4-C and used 

within 24 hours.

Biofilm Culture and Sampling Procedure.

P.aeruginosa ERCI 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 biofilm experiments were duplicated.
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Crvoembeddinq and Crvosectiong Procedure.

Biofilms were cryoembedded and cryosectioned as described in Chapter 2. 

When sections were used for FISH staining, biofilms were cut in 3 pm 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 consisting 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 refrigeration. A stock solution 

of 0.02% AO (Sigma) in phosphate buffer (pH 7.2) was formulated and incubated at 

35°C overnight. The stock solution 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 sections were stained by locating the cross section on the glass 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 (1 SOmIVI sodium chloride, IOmM sodium 

phosphate [pH7.2]). The planktonic cell suspensions were dropped in 10 pi on the wells
S

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 to Eub338, serving as a negative 

control for nonspecific binding. The probes were labeled with tetramethylrhodamine-5- 

isothiocyanate (Genetic Research, Inc.) For in situ hybridization, aliquots of 10 pL of 

hybridization solution which contained 5 ng probe, 20% formamide, 0.9M NaCI and 

0.01% SDS in 20mM Tris-HCI [pH7.2] were blotted on the fixed 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 NaCI). 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 micros,cope (Lake Success, NY) with epifluorescence 

illumination was used for the examination, of the biofilm sections. AO-stained sections 

were visualized using an Olympus B filter cubic unit containing an excitation filter 

(BP490), a dichroic mirror (DM500), and a barrier filter (AFC +0515). 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 (0-590).

Image Analysis.

Image analysis of FISH images was performed with Image Tool 2.0 software. An 

image of a ruler was first taken to calibrate the distance in pm to pixel. The fluorescence 

intensity along pixel was measured with the built-in “line profile” function. A line was 

drawn across the biofilm section and the “line profile” function gave the number of 

fluorescence intensity along the line. The result was opened in Microsoft Excel and
9

graph was generated.

Results

AO 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 Planktonic Cells and Biofilm Sections.

Exponential-phase E. coli, P. aeruginosa, 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 staining results of P. aeruginosa biofilm sections were shown in Figure 3.3. 

There was a gradient of fluorescent signal intensity across the section. The surface has 

higher 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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Figure 3.1. A representative image of a 4-day old biofilm section stained with acridine 
orange. Orange color represents high RNA, whereas green color represents low RNA. 
The substratum is at the bottom of the photograph. Bar = 100pm
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Figure 3.2. Photographs of P.aeruginosa planktonic cells stained with Eub338 probe (A) 
and anti-Eub338 probe (B). X40 magnification.
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Figure 3.3. A representative image of a 4-day old P.aeruginosa biofilm section stained 
with Eub338 probe (A) and anti-Eub338 probe (B). The substratum was oriented at the 
bottom of the photograph, bar = 100 |im.
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Figure 3.4 Image analysis result of a FISH/DAPI stained 
P.aeruginosa biofilm section. (♦) represents FISH fluorescent 
Intensity, (-) represents DAPI intensity. Substratum is at “0” position.
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Table 3.1 Summary of image analysis results of AO and FISH

AO staining FISH staining
Sample No. Thickness (pm) Active zone (pm) Thickness (pm) Active zone (pm)

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 18 115.4 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. ± 
STDV

111.4 ±16.5 20.4 + 2.2 107.73 + 15.34 21.25 + 1.59

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 staining 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 been shown to be a robust and reliable probe (Flood, 

1999). Our result using planktonic bacteria as a control showed little background 

nonspecific staining. The biofilm sections stained with antiEub338 probe also served as 

a negative control, indicating little nonspecific binding. Since yeast cells have thick cell 

walls that will prevent oligonucleotide probe permealizing, they will not 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 staining for 

RNA to 16S hybridizaiton in Pseudomonas putida and found that acridine orange 

staining gave 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 located 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

Introduction

In Chapter 2, a sharp oxygen gradient 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 frequently 

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 bio-, cyto-, and histo-chemical 

studies since 1941, when Kuhn and Jerchel (1941) drew attention to their possible value 

in biochemical research. This approach relies 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 spectrophotometrically (Nachlas 

et al., 1960; Lippold, 1982).

INT (2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyl tetrazolium chloride) 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 possibly others) in 

Escherichia Colii while INT may also be reduced by ubiquinone, and possibly 

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 intracellular 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 biofilms 

(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 

cryosectioning. Image analysis was applied to the CTC-stained biofilm sections to 

quantify the spatial pattern.

Materials and Methods

Bacterial Strains. Media and Biofilm Growth Procedure.

A pure culture of Pseudomonas aeruginosa ERCI 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 performed 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 stained with CTC/DAPI were visualized under an Olympus BH-2 

microscope with epifluorescence illumination. An Olympus B filter cubic unit with 

excitation filter (BP490), a dichroic mirror (DM500) and a barrier filter (AFC +0515) 

were used to simultaneously visualize the CTC-formazan and DAPI fluorescence. All 

bacteria appeared green when stained with DAPI1 whereas the respiring cells were 

green but contained red intracellular CTC-formazan crystals. Filter block G containing 

an excitation filter (BP-545), a diachronic mirror (DM-570), and a barrier filter (0-590) 

was used to visualize the red CTC-formazan crystals by excluding DAPI fluorescence,
t

whereas the U filter cubic unit with excitation filter (UG-1),' a dichroic mirror (DM400)

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

Image Analysis.

The images of biofilm sections captured 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 indicating 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); less intense scattered CTC-formazan 

appeared thoroughout the rest of the biofilm section. DAPI staining of same spot of the 

biofilm section revealed a uniform blue intensity thorough the biofilm except the cells at 

the substratum appeared brighter (Panel B, Figure 4.1). When the biofilm section was 

observed with the B cubic filter to visualize CTC-formazan and DAPI simultaneously, 

CTC-formazan appeared orange and DAPI appeared green (Panel C, Figure 4.1). An 

intense orange layer was at the upper layer of the biofilm section, whereas. the 

background 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 randomly chosen biofilm sections 

(Table 4.1). The intense CTC-formazan zone indicating higher respiratory activity was 

found to be 24.77 ± 3.06 jim from the surface, biofilm thickness was found to be 96.74 ± 

11.25 (im from the substratum.



Figure 4.1. Photographs of a 4-day old P.aeruginosa biofilm stained with CTC/DAPI. (A) 
DAPI staining visualized with U cubic filter; (B) CTC-formazan formed across biofilm 
visualized with G cubic filter; (C) CTC/DAPI staining simultaneously visualized with B 
cubic filter. The substratum is at the bottom of the photographs. Bar = 10Opm
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Figure 4.1. Photographs of a 4-day old P.aeruginosa biofilm stained with CTC/DAPI. (A) 
DAPI staining visualized with U cubic filter; (B) CTC-formazan formed across biofilm 
visualized with G cubic filter; (C) CTC/DAPI staining simultaneously visualized with B 
cubic filter. The substratum is at the bottom of the photographs. Bar = 100pm
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Representative Image Analysis of CTC/DAPI 
Staining Biofilm

Figure 4.2. Image analysis result of CTC/DAPI staining of a 4-day old
biofilm. (■) represents CTC staining and (♦) represents DAPI staining. Substratum is at
“0” point.
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Table 4.1 Summary of image analysis results of CTC staining

Sample No. Overall Thickness 
( Iim )

Active Zone Thickness by 
CTC Staining (urn)

I 84.2 ' 23.7
2 98,8 26.6
3 109.3 23.2
4 98.4 21.5
5 105.2 28.3
6 90.5 23.6
7 72.9 21.4
8 96.8 19.2
9 92.7 24.8
10 112.6 26.4

AVR ± STDV 96.14 ±11.25 23.87 ±2.61

Discussion

A distinct non-uniform pattern of respiratory activity revealed by CTC staining 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 for 

aerobically grown cultures. Working with sewage effluent, Jones and Simon (1979) 

found similar result: ETS activity was highly correlated with both short-term oxygen 

consumption and long-term BOD measurements.

As discussed above, CTC reduction is directly coupled to respiration rate. The 

oxygen penetration gradient of the Pseudomonas aeruginosa biofilm grown in drip-flow 

reactor was shown previously (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 ± 3.06 jim 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 (approximately 25-40 pm).
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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 microorganisms 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-related problems cost US industry billions of 

dollars annually by corroding pipes, reducing heat transfer or hydraulic pressure in 

industrial water systems, plugging water injection jets and clogging filters. In addition, 

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-related 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; Costerton, 1984; LeChevaIIier et al., 1988).
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Two hypothesized mechanisms of biofilm resistance to antimicrobial agents are 

poor penetration of the agent into the biofilm and physiological changes of 

microorganisms in the biofilm rendering at least some of the cells less susceptible. The 

binding, absorption or reaction of an antimicrobial agent within a biofilm can cause 

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. Nichols (1989) mathematically modeled the penetration of two 

antibiotics into a P. aeruginosa biofilm. The amino-glycoside, tobramycin and a (3- 

Iactam, 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, Ievofloxacin and ciprofloxacin, into a 15-25 pm 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 

ERCt was transformed with plasmids pMAL.S (rpoS-lacZ) and pMP220 (vector control) 

(Latifi et al., 1996) using electroporation. For cultures of plasmid-containing KX101 and 

KX101c, media were supplemented 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 

Na2HPO4, 6.568 g of KH2PO4, 0.36 g of NH4CI1 0.056g of MgSOWH2O and 1ml of
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trace element solution (Wentland, 1995) per liter. Glucose was added to give a final 

concentration of 1 g/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
KX101c ERC carrying PMP220 This study
PAOI Wild type 20
SS24 Like PA01 but rpoSS101:: 

aacC I
38

Plasmids
pMAL.S Tkb Kpn\-Bam H\ fragment, 

containing the rpoS promoter, 
from PDB18R in PMP220

27

PMP220 IncP Tcr for IacZ  
transcriptional fusions

27

Tcr, 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 when KX101 and KXIOIc were 

grown at 37 0C1 all other experiments were carried out at room temperature, i.e., 22.2 ± 

3 °C. For western blots, PA01 and SS24 were grown in LB media until stationary 

phase as positive and negative controls, respectively. ERCI 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 temperature (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 overnight culture (3 x 10 8 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 medium and 1/10 glucose- 

minimal medium.

ft-Galactosidase Activity and Total Protein Assay.

In planktonic experiments, 2-ml aliquots were sampled,1 centrifuged and then 

resuspended in 1ml of TEP solution (1 OmIVI Tris-Cl [pH 8.0], 1mM EDTA [pH8.0], 1mM 

phenylmethylsulfonyl 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 homogenizer (Tissuemizer, type SDT 1810; Tekmar Co., Cincinnati, Ohio) with an 

output speed of 13,500 rpm in an ice bath for 3 min, 2-ml aliquots were centrifuged and 

resuspended in 1ml 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, III.) and then centrifuged. The supernatant was used 

for enzyme and total protein assays. The p-galactosidase activity was calculated based 

on the conversion of the substrate o-nitrophenyl-p-D-galactopyranoside (ONPG, Sigma) 

to o-nitrophenol (Wood et al., 1991). Two hundred microliters of the supernatant were 

mixed with 2.5 ml reagent A (0.1 M Na2HPCU adjusted to pH 7.3 with 0.1 M NaH2PO4), 

100 pi reagent B (3.6M p-mercaptoethanol), 100 pi reagent C (30mM MgCI2) and 200 pi 

reagent D (33.2 mM ONPG in reagent A). The well-vortexed mixture was then placed in
f

a spectrophotometer (Spectronic Instrument, Inc.) with wavelength set at 410 nm; the 

spectrophotometer automatically calculated the 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 p- 

galactosidase was expressed as AA4IomI mg'1 min'1.

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
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ODeoo of 2.0. Pellets were then resuspended in 100 pi Nanopure water and 100 pi 

protein sample buffer (50mM Tris-HCi [pH6.8], 2% SDS, 1% 2-mercaptoethanol, 10% 

glycerol, 0.025% bromophenol blue) to achieve cell lysates. Equal amounts of pellets 

were also resuspended in Iml TEP buffer for total protein assay. Ten microliter aliquots 

of cell lysates were seperated by sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) with 3% stacking gels and 12% resolving gels. Proteins 

were transferred to nitrocellulose membranes overnight at 4 °C. Blots were blocked for 

40 minutes at room temperature with 3% gelatin containing TTBS (Tris-buffered saline 

with 0.05% Tween-20), rinsed with TTBS and incubated with anti-RpoS IgG diluted 

1:5000 in 1% gelatin in TTBS. Anti-RpoS antiserum was obtained by injecting purified 

RpoS into a rabbit and RpoS-specific IgG was purified from anti-RpoS antiserum using 

RpoS-immobilized AminoLink column (Pierce, Inc., Rockford, IL). The membranes were 

rinsed 8 times, 5 minutes each with TTBS, then incubated with peroxidase-conjugated 

anti-rabbit IgG (Bio-Rad Labs, Hercules, CA) diluted 1:6000 in 1% gelatin in TTBS. 

RpoS reacting bands were detected with a chemiluminescent method using homemade 

enhanced chemiluminescence substrate (Ausubel et al., 1995). The membranes were 

exposed to Fuji X-ray Film for 15 seconds. The films were then scanned with a Bio-Rad 

Fluor-S Multiimager (Bio-Rad Labs, Hercules, CA) according to manufacturer’s

directions.
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Statistical Analysis.

Statistical analyses were performed to compare the specific p-galactosidase 

activity of biofilms with planktonic culture stationary phase average level using two- 

sample t-test within Minitabt 2 software (Minitab Inc.). The level of significance was set 

at p<0.05 for all comparisons.

Results

rooS Expression in Planktonic Culture.

To investigate rpoS expression during the growth phases of a planktonic culture, 

we grew KXt 01 and KXt 01c in full strength LB broth and measured p-galactosidase 

specific activity from early log phase to stationary phase (Fig. 5.1). Bacteria entered 

stationary phase approximately 10 hours after subcultufing. The background level of (3- 

galactosidase activity expressed from the promoterless control plasmid KX101c was 

very low throughout the experiment. rpoS expression in KX101 began increasing 3 

hours after subculturing (midrlog phase) and kept increasing through late log phase until 

it peaked at the transition from log to stationary phase. The peak level of rpoS 

expression in LB broth was six times the initial level. rpoS expression decreased in 

stationary phase to 60% of the peak level where it plateaued before largely 

disappearing at 32 hours.
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moS Expression in Biofilms.

In 3-day biofilms, grown in 1/5 LB, rpoS expression was found to be 

approximately 3 times higher than the average level, almost twice higher than the peak 

level measured in a stationary phase planktonic culture grown in 1/5 LB (Fig. 5.2).

Three and half-day old biofilm had a slightly less rpoS expression than 3-day old biofilm, 

but still significantly higher than the average level of stationary-phase planktonic culture 

(p = 0.0016)(Fig. 5.2).
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Figure 5.1. rpoS expression in planktonic KX101 and KX101c during growth in full 
strength LB. The cell density is expressed as IogOD6Oo, specific p-galactosidase activity 
is expressed as AA41OmImg1 min"1; (A) and (▲) represents IogOD6Oo and specific (i- 
galactosidase activity of KX101, respectively; (D) and (■) represents IogODeoo and 
specific p-galactosidase activity of KXI 01c, respectively.
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Figure 5.2. Comparison of rpoS expression in stationary-phase planktonic culture and 
biofilms grown in 1/5-strength LB medium. The first bar at the left is the average level of 
rpoS expression of planktonic culture within 20-hour stationary phase (excluding the 
lowest level of rpoS expression). (n=4 for planktonic, stationary; n=3 for 3 day and 3.5 
day biofilms; bar = S.D.)
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Presence and Levels of RpoS in Mature Biofilms Grown in Complex and Minimal Media.

To investigate the presence and relative levels of the RpoS protein in mature 

biofilms a polyclonal antibody reactive with P. aeruginosa RpoS was used to probe 

western blots of total cell proteins. A protein with molecular weight of 43-44 kD reactive 

with this antibody RpoS was present in rpoS4- strains but not in rpoS mutant derivatives 

(compare lanes 1 and 2 of Fig. 5.3). The relative levels of RpoS in biofilms and 

planktonic culture grown in 1/5LB are shown in Fig. 5.3. In planktonic culture, the level 

of RpoS increased from mid log phase up to the transition to stationary phase. No 

RpoS band was detected in stationary phase, but an antibody-reacting protein with 

lower molecular weight (39~40kD) was apparent (Lane 3 to 5, Fig. 5.3). In 2.5, 3, 3.5- 

day old biofilms, RpoS was consistently detected and the levels were slightly higher 

than that of a mid-log phase planktonic culture. The same protein with lower molecular 

weight which was found in stationary phase planktonic culture (Fig. 5.3, lane 5) was 

also detected in 3.5-day old biofilm (lane 8, Fig. 5.3). RpoS was not detected in a 3.5- 

day SS24 {rpoS') biofilm (lane 9, Fig. 5.3).

In a minimal medium-grown culture, a single protein band of molecular weight at 

43-44 KD was found (Fig. 5.4). In planktonic culture, RpoS increased from mid-log 

phase to transition phase, then decreased at stationary phase (Fig. 5.4, lanes 2 to.4). 

Three-day old biofilm had a comparable amount of RpoS to stationary phase planktonic 

culture. Four and 4.5-day old biofilms had less RpoS.
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In our previous work, one-tenth strength glucose minimal media was used to 

grow biofilms. When grown on 1/10 glucose minimal medium, RpoS was present at 

elevated levels in 3, 4, and 4.5-day biofilms (lane 4 to 6, Fig 5.5), exceeding those of a 

mid-log phase planktonic culture and similar to a stationary phase planktonic culture.

Effect of Oxygen Limitation on RpoS Levels During Planktonic Culture.

When nitrogen was sparged into a mid-log phase LB grown planktonic culture, 

growth was arrested immediately. In contrast a control culture kept growing until 

stationary phase (upper panel in Fig. 5.6). The result from western blot analysis 

showed that nitrogen treatment prevented RpoS accumulation (A in lower panel In Fig. 

5.6), whereas in the control culture, levels of RpoS increased normally from mid-log 

phase to late log-phase and to stationary phase (B in lower panel in Fig. 5.6). The 

cross-reactive band with lower molecular weight was also found in the last two samples 

of the control culture (B in lower panel in Fig. 5.6).

Discussion

The rpoS gene is expressed and the RpoS protein is present in continuously-fed 

Pseudomonas aeruginosa biofilms. The level of rpoS gene expression in a 3-day old 

biofilm was found to be three-fold higher than the average level of a stationary phase 

planktonic culture grown in the same medium. Normalized RpoS levels in mature



Figure 5.3. Western blot analysis of RpoS levels in 1/5LB grown planktonic and biofilm cultures. The 
arrrow indicates RpoS. The positions of molecular weight markers (in kilodaltons) are indicated on the 
left. Lane 1: stationary-phase PA01; lane 2: stationary-phase SS24; lane 3-5: mid-log, transition, 
stationary phase ERC1; lane 6-8: 2.5, 3, 3.5-day ERC1 biofilm; lane 9: 3.5-day SS24 biofilm.
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Figure 5.4. Western blot analysis of RpoS level in 1g/L glucose minimal media grown planktonic 
and biofilm cultures. The positions of molecular weight marker (in kilodalton) are indicated on the left. 
Lane 1: stationary-phase SS24; lane 2-4: mid-log, transition, stationary phase ERC1; lane 5-7: 3, 3.5, 
4-day ERC1 biofilms. .
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Figure 5.5. Western blot analysis of RpoS levels in 0.1 g/L glucose minimal media grown biofilms The positions 
of molecular weight marker (in kilodaltons) are indicated on the left. Lane 1-3: mid-log, transition stationary-phase 
ERC1 grown in 1g/L glucose minimal medium; lane 4-6: 3, 4, 4.5-day ERCI biofilms grown in 0 1q/L qlucose 
minimal medium..
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Figure 5.6. Effect of oxygen limitation on growth and RpoS accumulation. The upper 
panel shows the growth curve of LB medium under ambient air or nitrogen. The growth 
is expressed as logOD6oo; (♦) represents the growth of ERCI in LB under ambient air 
condition without interuption (control culture); (■) represents the growth of ERC1 in LB 
under ambient air condition for 3.5 hours before pure nitrogen was introduced and left 
inside the culture flask (experimental culture). The arrow indicates when pure nitrogen 
was introduced. The lower panel shows western blots of samples taken from the 
cultures above: A) lane 1: stationary-phase PAOI as positive control, lane 2-6 
corresponding to samples 1-5 from experimental culture; B) lane 1: stationary-phase 
PA01 as positive control, lane 2-6 corresponding to samples 1-5 from control culture.
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biofilms were always higher than those of mid-log phase planktonic culture grown in the 

same media. In stationary phase planktonic cultures grown in complex medium, a 

second protein band that cross-reacted with the RpoS antibody was evident in a 

western blot. This same band was never seen in mid-log phase planktonic cultures but 

was consistently detected in biofilms grown on the same medium. These results 

suggest that P. aeruginosa biofilms exhibited some stationary phase character, at least 

as indicated by gene expression and protein levels of the stationary phase sigma factor.

Working with the same P. aeruginosa model system, Xu et al (1998) 

demonstrated that these biofilms exhibit marked spatial heterogeneity with respect to 

protein synthesis and oxygen concentration. Only the upper 30 microns (out of the total 

biofilm thickness of approximately 120 microns) was capable Of de novo protein 

synthesis. Oxygen penetration was limited to a zone of similar dimension, also located 

at the biofilm-bulk fluid interface. These observations lead us to hypothesize that the 

expression of rpoS is spatially heterogeneous within the biofilm. The biofilm is likely to 

harbor regions in which bacteria are rapidly growing, regions in which bacteria are in 

stationary phase, and a gradient of physiological states in between.

Both rpoS expression as measured by a reporter gene assay and RpoS levels 

revealed by a western blot peaked in early stationary phase or near the transition from 

late log phase to stationary phase. This same pattern was observed in complex and 

minimal media. Previous research on the regulation of RpoS levels in E. coli cells has 

suggested that regulation occurs at three levels (Lange and Hengge-Aronis, 1994;
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Takayanagi, 1994): transcription, translation and protein stability. Lange and Hengge- 

Aronis (1994) reported that in complex medium rpoS transcription was stimulated during 

entry into stationary phase whereas in minimal medium it was not significantly induced. 

rpoS translation was stimulated during transition into stationary phase in both media. 

RpoS was also 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 (Lange and Hengge-Aronis, 1994). Zgurskaya et al (1997) recently 

found the increase in RpoS level during stationary phase was solely due to a large 

increase in its stability. The data reported here for P. aeruginosa suggest that RpoS is 

regulated at the transciptional and post-transcriptional levels.

On western blot membranes, the putative RpoS band of P. aeruginosa was found 

at a position of 43-44 kD. E.coli RpoS migrates to 42 kD position in 12% SDS-PAGE 

gel in spite of its 38 kD molecular weight (Brown and Elliott, 1996; Nguyen et al., 1993) 

and P.aeruginosa RpoS migrates to a position of slightly higher molecular weight 

(Tanaka and Takahashi,, 1994). In complex medium but not in minimal medium, we 

found an anti-RpoS cross reacting protein band with lower molecular weight (39-40 kD) 

than RpoS itself. This protein band was always detected beginning in late log phase in 

complex medium-grown cultures. It is hypothesized to be a degradation product of 

RpoS.

The environmental stimulus leading to the induction of rpoS in P. aeruginosa 

biofilms is not clear from our experiments. Unlike a traditional batch culture, there can
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be no system-wide depletion of nutrients in the continuous flow reactor used to grow 

biofilms. The fluid residence time in this system is less than two minutes (data not 

shown), so fresh medium was always available. It is possible for gradients in nutrient 

concentration to be established within the biofilm. For example, incomplete penetration 

of oxygen into these same P. aeruginosa biofilms has been previously demonstrated 

using oxygen microelectrode technology (Xu et al., 1998). In E. coli anaerobiosis 

stimulated rpoS expression during exponential growth in LB medium (MuIvey et al., 

1990). In the same medium, however, anaerobiosis alone did not induce RpoS in P. 

aeruginosa (Figure 5.6). We attribute this difference between E. coli and P. aeruginosa 

to the fact that E. coli performs fermentation under anaerobic conditions whereas P. 

aeruginosa does not perform fermentation under most anaerobic conditions (Brock et 

al., 1994). Neither does carbon limitation within the biofilm appear likely as a stimulus 

for rpoS induction. Similar levels of RpoS were seen in biofilms grown on 1/10 strength 

minimal medium (40 mg C I'1), full strength minimal medium (400 mg C I"1), and 1/5 

strength LB (approximately 2000 mg C I"1). We suggest that a quorum sensing 

regulatory mechanism is responsible for the elevated levels of RpoS in mature biofilms. 

Latifi et al. (1996) reported a hierarchical quorum-sensing cascade in P. aeruginosa 

involved in the elevated expression of rpoS. A density-dependent phenotype in P. 

aeruginosa biofilms was shown recently by Davies et al (1998). Given the 

extraordinarily high cell densities encountered in biofilms, which are of the order of

I
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magnitude of 1011 cells/ml, it may be possible for signaling molecules to accumulate to 

levels sufficient for gene induction even in a continuous flow system.

Bacteria are subject to an array of stresses within their natural environment, and 

it has been demonstrated previously that stationary-phase (starving) cells survive these 

insults better than their exponential-phase counterparts (Jenkins et al., 1988). RpoS is 

thought to play a central role in development of starvation-mediated general resistance 

in E. co//(Lange and Hengge-Aronis, 1994; McCann et al., 1991). Our demonstration of 

RpoS in P. aeruginosa biofilms may aid in explaining why these biofilms are so resistant 

to antimicrobial agents and can establish persistent infections. It is interesting to note 

that rpoS was strongly expressed in the sputum samples from cystic fibrosis patients 

with chronic P. aeruginosa lung infection (Foley et al., 1999).
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CHAPTER 6

SUMMARY AND DISCUSSION

Biofilm has recently become a hot area in microbiological and biotechnology 

research (Costerton et al., 1999). This interest is largely due to the biofilm-related 

problems in industry and health care including biofouling, microbial corrosion, and 

chronic infections on medical implants. Biofilm related problems are exacerbated by 

biofilm resistance to antimicrobial agents. Although biofilm resistance could be 

explained partially by transport limitation of antimicrobial agents, physiological and 

genetic mechanisms remain unclear. In a thick aging biofilm, nutrient limitation was 

hypothesized to be involved in biofilm resistance.

The main goal of this study was to achieve a comprehensive understanding of 

spatial physiological heterogeneity and nutrient limitation in thick biofilms, thereby 

providing insight into possible physiological mechanisms of the recalcitrance of thick 

biofilms. Two specific objectives were 1) to demonstrate spatial physiological 

heterogeneity with different fluorescent probes including alkaline phosphatase activity, 

CTC, fluorescent-in-situ-hybridization and acridine orange; determine if this spatial 

physiological heterogeneity is caused by oxygen gradient in the biofilm (Chapter 2, 3, 4) 

and 2) to investigate the gene expression and protein levels of starvation sigma factor
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RpoS in the biofilms (Chapter 5). These two objectives were met and are summarized 

below.

Pseudomonas aeruginosa biofilms were grown in the drip-flow reactor as a 

model laboratory biofilm for physiological studies. This drip-flow reactor allowed us to 

achieve a 100-150 jim thick biofilm in four days. The biofilm was grown for four days 

before being subjected to phosphate starvation. The biofilm was then stained with an 

alkaline phosphatase fluorogenic substrate. This substrate stained all and alkaline 

phosphatase-positive cells in the biofilm simultaneously. By coupling with 

cryoembedding and cryosectioning, the spatial pattern of alkaline phosphatase activity 

was demonstrated. In the four-day old biofilm, the alkaline phosphatase zone was 

limited to the upper layer of the biofilm. This zone did not expand significantly for 24 and 

36-hour starvation over that from 12 hours of starvation. This excluded the possibility 

that the lower part of the biofilm did not experience phosphate starvation. By image 

analysis, the zone of active alkaline phosphatase synthesis was quantified to be 30 pm 

in a 117 pm-thick biofilm. Limitation of induced enzyme activity to this zone was 

hypothesized to be due to a nutrient limitation in deeper layers of the biofilm. In this 

system, oxygen was calculated to be the limiting.nutrient. By switching the ambient air 

to pure nitrogen, we found the alkaline phosphatase synthesis was blocked completely. 

When pure oxygen was provided to the biofilm, the zone of enzyme synthesis was 

expanded 1.5 fold. We think the pattern of active enzyme synthesis was effected by 

oxygen availability (Chapter 2), because oxygen is often limiting in aerobic biofilms due
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to its rapid consumption and P.aeruginosa is an obligate aerobe under the experimental 

conditions (no nitrate or arginine available). Bacterial alkaline phosphatase is a common 

enzyme that exists in a variety of bacteria (Reid and Wilson, 1971) including aerobes 

and anaerobes. When Bourdineaud et al. (1993) studied arginine metabolism of P. 

aeruginosa PA01, they made a protein fusion of alkaline phosphatase to the arginine 

deiminase (key enzyme involved in arginine metabolism of P.aeruginosa) and found 

alkaline phosphatase activity. Since they performed the experiment under anaerobic 

condition for the study of arginine metabolism, this provided evidence of active alkaline 

phosphatase activity under anaerobic condition. The pattern of alkaline phosphatase 

synthesis provided the pattern of de nove protein synthesis in the mature P.aeruginosa 

biofilm.

When biofilm sections of the same age were stained with acridine orange, the 

surface layer was stained orange, whereas the inner part of the biofilm was stained 

green. We did not correlate the orange/green intensity ratio with growth rate before 

staining biofilm as Wentland has done (Wentland, 1995). Nevertheless, the AO staining 

pattern suggests, based on other researcher’s studies, that the surfabe layer may be 

faster growing and the inner part of the biofilm cells may be slower growing. We also 

found the substratum layer of the biofilm was stained orange. This could be due to high 

activity stimulated by surface or it could be an artifact. The bilayer phenomenon was 

also observed in some sections of APase staining and CTC staining samples (data not 

shown). Image analysis was not carried out on AO-stained photographs because we
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could not separate green and orange color by different filters. By measuring the orange 

zone manually, the faster growing zone was found to be 20 ± 2 pm in a 111 ± 17 pm 

thick biofilm. FISH results were consistent with the AO staining result. Higher fluoresent 

intensity was located at the surface layer of the biofilm, which was quantified to be 21 ± 

2 pm by image analysis. The pattern of AO and FISH indicated the pattern of RNA 

content in the mature P.aeruginosa biofilm (Chapter 3).

The biofilm was stained with CTC for respiratory activity staining. CTC staining 

revealed a distinct pattern, in which the greater fluorescent intensity occurred in the 

upper layer of the biofilm. Image analysis showed the dimension zone (25 + 3 pm in 97 

±11 pm) of actively respiring cells was consistent with the APase result (Chapter 4).

The results of Chapter 2, 3 & 4 were summarized as follow (Table 6.1).

Table 6.1 Active zones measured by different staining methods

Apase AC FISH CTC

Active Zone 
(Mean ± Standard 

Error)

30 ±4 20 ±2 21 ±2 24 + 3

Overall Thickness 
(Mean ± Standard 

. Error)

117 ± 12 112 + 17 108 ± 15 96 + 11

The overall physiological patterns demonstrated using these different staining 

methods were consistent. However, the active zones that APase staining and CTC
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demonstrated were more intense, while the fluorescent intensity of the active zone FISH 

revealed was less intense. The active zones measured by different methods were 

statistically significantly different (p<0.05) from each other except the ones measured by 

AO and FISH (p=0.36). This may be due to differing thresholds of nutrient limitation that 

each parameter responds to. Upon oxygen limitation active protein synthesis and 

respiratory activity are likely the first activities inhibited, while the change of RNA 

content could take longer. Lisle (1998) found that the 16S rRNA-based cell counts were 

insignificantly less than or equal to the total cells counts when Escherichia coli 0157:H7 

was starved for carbon for 14 days.

The results of Chapter 2, 3 & 4 and reports of density-dependent gene regulation 

(Davies et al., 1998) point to the likely upregulation of the starvation sigma factor, rpoS. 

The gene expression and protein level of RpoS were investigated and compared with 

planktonic culture (Chapter 5). The level of rpoS gene expression, measured with a 

rpoS-lacZ transcriptional fusion in a 3-day old biofilm was found to be three-fold higher 

than the average level of a stationary phase planktonic culture grown in the same 

medium. RpoS levels in mature biofilms, studied with western blot, were always higher 

than those of mid-log phase planktonic cultures grown in the same media. In stationary 

phase planktonic cultures grown in complex medium, a second protein band that cross- 

reacted with the antiRpoS antibody was evident in a western blot. This same band was 

never seen in mid-log phase planktonic cultures but was consistently detected in 

biofilms grown in the same medium. When we sparged nitrogen into mid-log phase
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planktonic cultures, we found oxygen limitation did not induce RpoS in planktonic 

culture. These results suggested that P.aeruginosa biofilms exhibited some stationary 

phase character. The high level of RpoS existing in the biofilm may be due to quorum­

sensing, since oxygen limitation alone was insufficient to lead to high level of RpoS.

This study aids in a comprehensive understanding of the physiological status of a 

thick biofilm. My results are consistent with Kinniment and Wimpenny’s findings 

(Kinniment and Wimpenny 1992). They found the distribution of adenylate concentration 

and adenylate energy charge across the Pseudomonas aeruginosa biofilm was 

heterogeneous, with total adenylates peaking just below the interface. Examination by 

TEM of the same P.aeruginosa biofilm revealed that healthy cells were present in the 

upper two-thirds of the biofilm (approximately 100 jim thick). Below this the majority of 

the cells appeared to be lysed. There was a sharp division between the two zones.

Evidence of spatial physiological heterogeneity provides a powerful explanation 

for biofilm resistance to antimicrobial agents. The lower part of the biofilm, where cells 

are starved and slower growing is likely the part rendering biofilm resistance. Further 

experiments should investigate if there is difference in terms of antimicrobial 

susceptibility between the faster and slower growing cells in the same biofilm.

The study of stationary phase sigma factor, RpoS provided some insight into 

molecular mechanism of biofilm resistance. Recently there were some studies regarding 

the genetic mechanisms of biofilm formation (O’Toole and Kolter, 1998; Pratt and 

Kolter, 1998). However, there are not findings revealing the genetic mechanisms of



biofilm resistance. Cochran found AIgT and RpoS provided monolayer biofilms 

protection from hydrogen peroxide but not monochloramine (Cochran 1998). It is 

interesting to note that rpoS was strongly expressed in the sputum samples from cystic 

fibrosis patients with chronic P.aeruginosa lung infection (Foley et al. 1999), Future 

experiments should investigate where RpoS is found in the thick biofilm and. the role of 

RpoS in protecting thick biofilms.
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Repeatibilitv of Biofilm Thickness among Different Chambers in Drip-flow Reactor

The thickness of biofilms grown in 4 different chambers was measured to examine the 

repeatability among different chambers. The biofilms from each chamber were 

cryosectioned and stained with DAPI. The sections were viewed under an Olympus 

microscope with U filter cubic unit containing an excitation filter (334-365nm), a dichroic 

mirror (DM-400), and a barrier filter (L-420). Thirty images from each biofilm section was 

taken with Image Pro 3.0 software and saved as grayscale TIFF files. An image of a 

ruler was first taken to calibrate how many pixels were equal to one micrometer. The 

images were then analyzed with MARK program (Murga et al., 1995) to obtain thickness 

measurement. The thickness variability is shown in Table 2.1.

Table 7.1. Variability of biofilm thickness among different 
chambers of a drip-flow reactor

Thickness (pm)

Chamber 1 128. 6 ±35.5

Chamber 2 116.3 + 31.2

Chamber 3 105.0 ±31.5

Chamber 4 119.2 ±32.0
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Biofilm Accumulation Curve

To observe the growth of biofilm on the coupon, a stainless steel coupon was 

removed from one reactor chamber each day until day 4 and the biofilm was scraped 

into 20 ml PBS buffer with a rubber scraper. The cells were homogenized, diluted and 

plated on R2A. The Iog(CFU)Zcm2 was calculated and presented against day to 

generate a biofilm accumulation curve.

Biofilm accumulation curve of "drip-flow" reactor
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O

time, day

Figure 7.1. Accumulation curve of biofilms grown in the drip-flow reactor.
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Quantification of Western Blot Bands

The results of western blot images were analyzed with ImageQuan 3.0 Software 

to get a quantitative value for the band intensity. However, since western blot is a semi- 

quantitative assay and we did not have purified RpoS to make a standard curve, the 

results were not presented in the main body of the thesis. The data is presented in the 

appendix as following:



Table 7.2. Raw data of the quantitative result of the two bands in Figure 5.3

OBJECT
NAME

VOLUME PERCENT BACK­
GROUND

# PTS IN 
OBJECT

AVER PEAK
VALUE
ATX-Y

PEAK
X-POS

PEAK
Y-POS

SUM
ABOVE
BKGND

PTS
ABOVE

PTS
EQUAL

PTS
BELOW

-0066 -333777 29,602 246 7227 199.8 255 476 52 50967 5663 0 1564
-0067 0 0 255 7227 255 255 178 48 0 0 7227 0
-0068 -70635 6.264 255 7227 245.2 255 276 46 0 0 6950 277
-0069 -248787 22.064 251 7227 216.6 255 380 52 24552 6138 0 1089
-0070 -99873 8.857 254 7227 240.2 255 574 56 6807 6807 0 420
-0071 -116778 10.357 249 7227 232.8 255 672 56 39594 6599 0 628
-0072 -257706 22.855 248 7227 212.3 255 770 56 42126 6018 0 1209
-0073 0 0 255 7227 255 255 870 56 0 0 . 7227 0

Table 7.3. Raw data of the quantitative result of the first band in Figure 5.3

OBJECT
NAME

VOLUME PERCENT BACK­
GROUND

# PTS IN 
OBJECT

AVER PEAK
VALUE
ATX-Y

PEAK X- 
POS

PEAK Y- 
POS

SUM 
ABOVE 

' BKGND

PTS
ABOVE

PTS
EQUAL

PTS
BELOW

-0078 -155985 29.36 247 3675 204.6 255 778 62 23584 2948 0 727
-0079 0 0 255 3675 255 255 180 54 0 0 3675 0
-0080 -65835 12,392 253 3675 235.1 255 282 54 6776 3388 0 287
-0081 -160695 30.246 253 3675 209.3 255 384 54 6032 3016 0 659
-0082 53805 -10.127 238 3675 252.6 255 478 54 61897 ■ 3641 0 34
-0083 -75915 14.289 247 3675 226.3 255 . 576 56 26096 3262 - 0 413
-0084 -126660 23-84 247 3675 212.5 255 672 56 24504 3063 0 612
-0085 0 0 255 3675 255 255 878 58 Q 0 3675 0

129



Table 7.4. Raw data of the quantitative result of the band in Figure 5.4

OBJECT
NAME

VOLUME PERCENT BACK­
GROUND

# PTS IN 
OBJECT

AVER PEAK
VALUE
ATX-Y

PEAK X- 
POS

PEAK Y- 
POS

SUM
ABOVE
BKGND

PTS
ABOVE

PTS
EQUAL

PTS
BELOW

-0050 -867674 33.626 199 7301 80.16 255 588 56 128520 2295 0 5006
-0051 -22723 0.881 233 7301 229.9 255 748 74 144804 6582 0 719
-0052 -716578 27.77 233 7301 134.9 255 444 56 84942 3861 0 3440
-0053 -567214 21.982 254 7301 176.3 255 296 56 5048 5048 0 2253
-0054 -222830 8.636 250 7301 219.5 255 150 56 31420 6284 0 1017
-0055 -183372 7.106 252 7301 226.9 255 4 58 19488 6496 0 805

T a b le  7 .5 . R aw  data  of the quantitative result of the  band in Figure 5 .5

OBJECT
NAME

VOLUME PERCENT BACK­
GROUND

# PTS IN 
OBJECT

AVER PEAK
VALUE
ATX-Y

PEAK X- 
POS

PEAK Y- 
POS

SUM PTS
ABOVE ABOVE 
BKGND .

PTS
EQUAL

PTS
BELOW

-0040 -973284 37.523 242 5967 78.89 255 384 240 23998 1846 0 4121
-0041 -136425 5.26 255 5967 232.1 255 230 242 0 0 5432 535
-0042 -434775 16.762 255 5967 182.1 255 534 242 0 0 4262 1705
-0043 -305490 11.778 255 5967 203.8 255 682 244 0 0 4769 1198
-0044 -301920 11.64 250 5967 199.4 255 826 244 23330 4666 0 1301
-0045 -441915 17.037 255 5967 180.9 255 962 248 0 0 4234 1733
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lane
2
3
4
5
6
7
8 
9

intensity
O

6.264 
22.064 
29.602 
8.857 

10.357 
22.855 

0

Figure 7.2. Summary intensity of the two bands in 
Figure 5.3
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Figure 7.3. Intensity of the 1st band in Figure 5.3
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