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Abstract:
The use of acridine orange to visualize and quantify spatial variations in cellular growth rate within K.
pneumoniae colonies was investigated. Bacterial colonies supported on polycarbonate filter membranes
were grown on R2A agar. Colonies were sampled for cell enumeration while others were
cryoembedded, sectioned and stained with the fluorescent nucleic acid stain acridine orange. Overall
growth rates of embedded colonies were determined by calculating the local slope of the cell
accumulation versus time data. Spatial patterns of fluorescent color and intensity within the colony
cross sections were quantified using confocal microscopy and image analysis of stained cross sections.

Colonies that were sampled and stained during mid exponential phase were thin (20μm), had high
overall growth rates (μ> 1 hr^-1) and were bright orange. Colonies sampled during stationary phase
growth were thick (150 - 200 μm) and were growing much more slowly (μ < 0.15 hr^-1). When stained
these older colonies had cells at the colony edges that fluoresced orange thus indicating increased
growth rates while cells in the interior of the colony fluoresced green indicating slower growth.
Intensity profiles quantified orange and green fluorescence within the colony cross sections. Overall
colony growth rates were determined and correlated with orange to green fluorescent intensity ratios
(R2= 0.57). Growth rate profiles of colony cross sections were predicted using the overall growth
rate/intensity ratio correlation. These profiles indicated the presence of increased growth rates at the
agar-colony and air-colony interfaces. These regions of higher growth were found to be 10 μm to 30
μm thick. A combination of aerobic and anaerobic growth models resulted in predicted growth rate
profiles with the same qualitative behavior as was observed experimentally. These results suggest that
this technique is acceptable for discerning qualitative trends in growth patterns within well defined
microbial aggregates. 
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Abstract

The use of acridine orange to visualize and quantify spatial variations in cellular 
growth rate within K. pneumoniae colonies was investigated. Bacterial colonies 
supported on polycarbonate filter membranes were grown on R2A agar. Colonies were 
sampled for cell enumeration while others were cryoembedded, sectioned and stained 
with the fluorescent nucleic acid stain acridine orange. Overall growth rates of embedded 
colonies were determined by calculating the local slope of the cell accumulation versus 
time data. Spatial patterns of fluorescent color and intensity within the colony cross 
sections were quantified using confocal microscopy and image analysis of stained cross 
sections.

Colonies that were sampled and stained during mid exponential phase were thin 
(20pm), had high overall growth rates (|l > I hr"1) and were bright orange. Colonies 
sampled during stationary phase growth were thick (150 - 200 pm) and were growing 
much more slowly (p < 0.15 hr"1). When stained these older colonies had cells at the 
colony edges that fluoresced orange thus indicating increased growth rates while cells in 
the interior of the colony fluoresced green indicating slower growth. Intensity profiles 
quantified orange and green fluorescence within the colony cross sections. Overall 
colony growth rates were determined and correlated with orange to green fluorescent 
intensity ratios (R2= 0.57). Growth rate profiles of colony cross sections were predicted 
using the overall growth rate/intensity ratio correlation. These profiles indicated the 
presence of increased growth rates at the agar-colony and air-colony interfaces. These 
regions of higher growth were found to be 10 pm to 30 pm thick. A combination of 
aerobic and anaerobic growth models resulted in predicted growth rate profiles with the 
same qualitative behavior as was observed experimentally. These results suggest that this 
technique is acceptable for discerning qualitative trends in growth patterns within well 
defined microbial aggregates.



Introduction

Biofilms are microbial aggregates that' form on wetted surfaces and typically 

consist of a combination of microbial cells, extracellular polymers and entrapped particles 

(Characklis and Marshall, 1990). Biofilms are encountered in virtually every system 

where a surface is exposed to an aqueous environment. Control of biofilms is an 

important topic in areas such as energy generation, drinking water distribution and 

infection of medical implants.

Most control techniques can be placed in one of two categories, mechanical 

removal or chemical treatment. Mechanical removal involves physical disruption of the 

biofilm from the substratum that it is attached to. Chemical treatment of biofilm involves 

using various antimicrobial agents to kill or remove the biofilm. Commonly used agents 

include chlorine compounds, phenolic compounds, quaternary ammonium compounds 

and antibiotics.

It is well documented that bacterial biofilms are, in general, less susceptible to 

antimicrobial agents than are their planktonic counterparts (LeChevallier et al, 1988a, 

LeChevallier et al, 1988b, Geesey et al, 1992). There are two main explanations for 

biofilm to be less susceptible to biocides. Thex first is based transport limitation, which 

includes phenomena such as diffusion and hydrodynamics. The second mechanism is 

based on altered physiological activity of bacteria in the biofilm. By determining the 

effect these factors have on biofilm resistance to biocides, one may be able to better

I

control biofilm accumulation.
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Many studies have been performed using planktonic cells in order to determine 

the effect, if any, of growth rate on biocide efficacy (Harakeh et al, 1985, Berg et al, 1982, 

Carson et al, 1972). The general consensus of these studies was that slower growing 

planktonic bacteria were less susceptible to biocides than were fast growing bacteria. As 

substrate diffuses into a biofilm it will be metabolized by the microorganisms that form 

the biofilm producing gradients in substrate concentration within the biofilm. Since 

bacterial growth rate depends on substrate concentration, localized gradients in growth 

rate are also to be expected. If one were to extend the conclusions from previous studies 

of planktonic bacterial susceptibility to chemical challenge to a biofilm system, it appears 

possible that there may be regions within a biofilm that are resistant to antimicrobials due 

to lower growth rates.

Goal and Objectives

The goal of this thesis is to evaluate nucleic acid staining techniques as a means of 

measuring local growth rates within microbial aggregates. The specific objectives of this 

thesis include the following.

1. Develop a technique for staining nucleic acids within microbial aggregates.

2. Evaluate spatial variations in stained nucleic acid fluorescence intensity 

throughout Klebsiella pneumoniae colonies using confocal microscopy.
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3. Determine the relationship between staining color and intensity 

and bacterial growth rate.

4. Compare experimental results with a preliminary mathematical model of 

Klebsiella pneumoniae colony growth.
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Literature Review

This section summarizes key background information and literature related to 

pertinent method development. This includes a review of the relationship between 

growth rate and biocide efficacy, growth rate variations in biofilms, growth rate 

measurement techniques and a simple experimental protocol using bacterial colonies to 

evaluate nucleic acid staining. In this technique, K. pneumoniae colonies were grown on 

solid nutrient media. The colonies were embedded, sectioned and stained with the 

fluorescent nucleic acid stain acridine orange. Variations in staining color and intensity 

were then quantified and related to the colony growth rate.

Growth rate and biocide efficacy

Many researchers have shown that growth rate has a marked effect on bacterial 

susceptibility to biocides. In studies performed by Harakeh et al (1965), Yersinia 

enterocolitica and Klebsiella pneumoniae were shown to be less susceptible to chlorine 

dioxide when they were grown at submaximal rates. Studies done by Carson et al (1972) 

with laboratory and environmental isolates of Pseudomonas aeruginosa gave similar 

results to Harakeh et al. In that study P. aeruginosa cells in stationary phase were less 

susceptible to either 0.25% acetic acid or 31 ppm glutaraldehyde treatment than cells 

growing in the exponential phase.

Although media composition and temperature will affect bacterial susceptibility to 

biocides, the general trend of published literature seem to indicate that lower growth rates 

result in decreased susceptibility to antimicrobials. Berg et al (1982) reported that E. coli
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grown at 25 0C showed decreased susceptibility to chlorine dioxide compared to those 

grown at 37 0C. E. coli also was shown to be less susceptible in a growth rate range of 

0.02 to 0.06 hr"1. While many studies have linked growth rate and bacterial susceptibility 

to aggressive chemicals, this phenomenon has also been seen in microbial susceptibility 

to antibiotics. Evans et al (1991) showed decreased susceptibility to ciprofloxacin .-by 

chemostat grown cultures of Pseudomonas aeruginosa and Escherichia coli when 

maintained at low growth rates.

Berg et al (1982) suggests that at higher growth rates bacteria are undergoing 

more active substrate transport or genetic manipulations. As a result of this increased 

activity the microorganisms become more susceptible to biocide action.

Biofilm Cells

The heterogeneous structure of biofilm allows for substrate to penetrate a biofilm 

by both diffusion and convection. However, when one considers the microbial clusters 

that make up the biofilm, substrate penetrates primarily by diffusion. As the substrate 

penetrates the microbial aggregates the concentration drops as a result of utilization of 

substrate by the bacteria. This reaction-diffusion interaction results in substrate gradients 

within the microbial aggregates.

Such substrate gradients result in the formation of microenvironments within the 

biofilm. Localized environmental variations may include such aspects as aerobic and 

anaerobic conditions, localized changes in pH and varying concentrations of metabolites. 

Localized variations in growth rate thus arise readily (Brown and Gilbert, 1993).

5
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The extension of previous findings from planktonic research regarding growth 

rates and biocide efficacy to biofilm would seem to a be a natural progression. If, in fact, 

there are localized changes in growth rates within a biofilm, the slower growing bacteria 

may be less susceptible to biocide treatment.

Estimation of Growth Rate

A common method of estimating growth rate is by determining nucleic acid 

concentrations. Early studies done by Rosset et al (1966) showed a linear relationship 

between the ratio of the amount RNA to DNA and growth rate of E. coli. Leick (1968) 

confirmed these results by extracting nucleic acids from 12 different bacteria and found a 

similar trend between the RNAzDNA ratio and growth rate.

Fluorescent stains have been used as a means of estimating nucleic acid 

concentration. Kerkhof and Ward (1993) showed that the RNAzDNA ratio increased 

linearly with growth rate for Pseudomonas stutzeri using the fluorescent stain ethidium 

bromide. These results were obtained by extracting the nucleic acids and treating with 

either RNase to obtain pure DNA or DNase for pure RNA, respectively. Ethidium 

bromide was then added to each nucleic acid component. The amounts of nucleic acids 

were quantified using fluorescent intensity as a means of estimating nucleic acid content. 

Similar correlations of RNAzDNA ratios and growth rate have also been found for marine 

bacteria using ethidium bromide (Kemp et al, 1993).

Monbouquette et al (1990) developed an in method of measuring RNA 

content of bacteria immobilized within calcium alginate beads using the fluorescent stain

/
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pyronin Y. Work has also been done on estimating growth rates within biofilms.

Poulsen et al (1993) have been able to correlate RNA content and growth rates in 

biofilms using rRNA targeted fluorescent probes for sulfate reducing bacteria. Although 

this technique works nicely, unfortunately each different type of bacterium requires its 

own specific rRNA probe.

Fluorescent Stains

Various nucleic acid stains are available for staining general and specific nucleic 

acid components. A recent approach uses fluorochrome-labeled oligonucleotides which 

are complimentary to a rRNA sequence that is specific to a certain organism. This 

technique gives a good representation of actual amounts of RNA within a cell (Poulsen et 

al, 1993). Nonspecific nucleic acid fluorescent dyes are also available. Below is a list of 

common fluorescent dyes that react with DNA, RNA or both.

Table I - Common fluorescent nucleic acid stains

Stain Nucleic Acid

Acridine orange DNA, RNA (Me Peters et al, 1991)

DAPI (4’,6-diamidino-2-phenylindole) DNA (Poulsen et al, 1993)

Ethidium bromide DNA, RNA (Kerkhof and Ward, 1993)

Ethidium homodimer DNA, RNA (Moyer et al, 1990)

Hoechst 33258 DNA (Berdalet and Dortch, 1991)
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Table I (cont.) - Common fluorescent nucleic acid stains

Stain Nucleic Acid

Pyronin Y RNA (Monbouquette et al, 1990)

Thiazole orange DNA, RNA (Berdalet and Dortch, 1991)

Acridine Orange

Acridine orange is a metachromatic stain that fluoresces with a different color 

depending on the type of nucleic acid that it is bound to. When acridine orange is bound 

to RNA it fluoresces orange (650 nm). When it is bound to DNA it fluoresces green (526 

nm) (Haugland, 1992). It has been reported that many factors can influence the chromatic 

response of acridine orange when it is used to stain bacteria. McFeters et al (1991) 

suggested that an optimum staining concentration exists that is dependent on the amount 

of nucleic acids present. When the staining concentrations are too high or too low, a false 

representation of the amount of nucleic acid present can result. Fixation can also 

influence the metachromatic effect of acridine orange. For example, chlorine treatment of 

E. coli resulted in all cells appearing green while heat treatment (boiling) of E. coli cells 

caused cells to appear orange. Nevertheless, it appears possible to use acridine orange to 

determine the amount of nucleic acid content within a cell under controlled conditions. 

Moller et al (1995) compared quantitative results of acridine orange staining for RNA to 

16S hybridization staining and found that acridine orange staining gave a good indication
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of total RNA content within a cell. Measurements of chromosomal contents using both 

flow cytometry and acridine orange staining indicated that cellular DNA content could 

also be quantified using acridine orange. Moller et al results demonstrate correlations 

between green and orange intensity from acridine orange staining and growth rate (Moller 

et al, 1995).

Bacterial Colonies (

Early efforts to quantify bacterial colony growth on solid nutrient media were 

primarily concerned with the rate at which the diameter of the colony increased with 

respect to time (Pirt, 1967). Palumbo et al (1971) reported linear increases in colony 

diameter and height in time for Micrococcus caseolyticus and Pseudomonas Jluorescens 

while the viable cell density for each type of colony remained constant. Palumbo et al 

also stated that different types of nutrient media affected the development of the bacterial 

colonies.

Wimpenny and Lewis (1977) showed that several non-swarming microorganisms 

{Bacillus cereus, Enterobacter cloacae, Escherichia coli and Staphylococcus albus) grew 

slower on solid media than in liquid media. They also calculated that the depth of oxygen 

penetration into the colonies ranged from 31 fim to 4 Ipm with the exception of S. albus 

which was estimated at only 9 pm. These calculations are similar to the actual oxygen 

penetration in a 120 pm thick Bacillus cereus colony which was measured using 

microelectrodes to be 25-30 pm (Wimpenny and Coombs, 1983). Experiments in which
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colony profiles (height and diameter at various positions) were measured show that net 

colony growth is a combination of exponential growth at the outer edge of colony and 

diffusion limited growth in the center of the colony (Wimpenny, 1979). This type of net 

growth is a result of the fact that as the colony diameter increases bacteria in the outer 

edge of the colony encounter fresh media. As a result, bacteria in the edge of the colony 

are growing faster that those in the center where substrate has been depleted (Pirt, 1967). 

The maximum height .of E. coli, S. albus and C. cereus colonies have all been reported to 

be approximately 200 fim (Wimpenny, 1979).

Autoradiographic studies of colony growth reveal various zones of growth after 

certain periods of time. For example, it has been seen that after 24 hours of growth 

facultative organisms maintain higher rates of growth close to the media where there is 

little or no oxygen. It was also reported that strict aerobes maintain a relatively even 

growth rate throughout the colony until there are clear limitations on oxygen penetration. 

Nutrient supply seems to play an crucial role in determining where localized changes in 

growth occur (Reyrolle and Letellier, 1979).

Organism Characteristics

Klebsiella pneumoniae is a rod shaped bacterium whose size ranges from 0.3 to 

1.5 pm in breadth by 0.6 to 6.0 pm in length. It forms an extracellular polysaccharide
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matrix that consists of glucose, fucose, glucuronic acid and pyruvic acids. K. pneumoniae 

is a non-motile facultative anaerobe. Its optimum growth temperature is 35-37 0C (Siebel 

et al, 1991).

/
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Experimental System and Methods 

Batch Culture

K. pneumoniae colonies maintained on R2A agar were to inoculate new batch 

cultures that were prepared as inoculum for each colony growth experiment.

Composition of the growth medium is given in Table 2. K. pneumoniae cultures were 

grown at room temperature in a 1000 ml Erlenmeyer flask with magnetic stirring. 

Cultures were incubated overnight to obtain a final cell concentration of approximately 

IxlO5 cfu/ml prior to inoculating membranes.

Solid Media Preparation

Solid nutrient media was used in all colony growth experiments. Agar plates 

consisting of R2A (Difco) agar were used for all experiments other than those in which 

glucose was left out of the medium. Table 3 shows the composition of medium used for 

the experiments in which glucose was not included. Agar medium was sterilized by 

autoclaving prior to pouring. Plates were no older than two days when used in an 

experiment.

Membrane Preparation

Black polycarbonate filter membranes (Poretics Corp.) with a pore size of 0.2pm 

and a diameter of 25mm were used for all colony growth experiments. Membranes were 

wrapped in aluminum foil and sterilized by autoclaving at 121 0C for 15 minutes. Sterile 

membranes were then asceptically placed on the agar surface with the shiny side of the 

membrane facing up.
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Table 2: Composition of growth medium for ,batch inoculum culture of K. pneumoniae. -

Buffer -

Na2HPO4 3.056 g/L

KH2PO4 1.632 g/L

Substrate

MgSO4 o VH2O 0.064 g/L

KNO3 0.64 g/L

Glucose 0.05 g/L

Trace elements I ml

Trace elements

(NHzOeMo2 O24 o 4H20 44.8 mg/L

ZnSO4 o VH2O 4.544 g/L

MnSO4 o H2O 364.8 mg/L

CuSO4 o SH2Q 89.6 mg/L

Na2B4O2 o IOH2O 44.8 mg/L

FeSO4 o VH2O 5088 mg/L

(HOCOCH2)3N 6400 mg/L
I

Co(NO3)2 o H2O V3.6 mg/L
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Table 3- Conroosition of solid R2A media without glucose.

Bacto Yeast Extract 0.5 g/L

Protease Peptone #3 0.5 g/L

Bacto Casamino Acids 0.5 g/L

, Soluble Starch 0.5 g/L

Sodium Pyruvate , 0.3 g/L

Potassium Phosphate Dibasic 0.3 g/L

Magnesium Sulfate 0.05 g/L

Bacto Agar 15 g/L

/



15

Colony Growth Procedure

Each filter membrane was inoculated at the same time with one 5)0,1 drop from the 

batch culture described above. In a typical experiment, 20 to 25 membranes were used. 

Agar plates with inoculated filter membranes were then incubated under various 

conditions. Aerobic colonies were incubated at 35°C while anaerobe incubation 

temperatures ranged from 34°C to 40°C. Membranes were periodically sampled in order 

to determine viable cell counts as well as for cryoembedding.

Agar plates to be used in the anaerobic experiments were placed in an anaerobe 

tent overnight. Filter membranes were inoculated, while in anaerobe tent, with 5(il drops 

from an aerobic batch culture as described above. Forceps used in sampling were 

disinfected inside anaerobe tent using alO ppm bleach solution followed by a rinse with 

I % sodium thiosulfate (NazSzOg) solution and filter sterilized distilled water. The 

disinfected forceps were then used to remove the colony and filter membrane from the 

surface of the agar. All filter membranes and colonies used for embedding were removed 

from the agar surface before removing from the anaerobe tent.

Cell Enumeration
L

I

Cell enumeration was conducted by aseptically removing a filter membrane from 

the surface of the agar and placing it in a test tube containing 9 ml of phosphate buffer. 

The test tube was then vortexed for 5 minutes in order to remove cells from the surface of 

filter membrane. The resulting suspension was then serially diluted in sterile phosphate 

buffer. Cell enumeration was carried out using the drop plate method. Ten IOjil drops of
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the serially diluted sample were placed on the surface of R2A agar plates using a Rainin 

IOOjil automatic pipette. Duplicate plates for each dilution were incubated at room 

temperature for 24 hours before counting colony forming units from each filter membrane 

(CFU/Membrane).

Colony Crvoembedding

A croyembedding technique was used in order to maintain the structure of the 

colony (Yu et al, 1994). Figure I shows the steps for cryoembedding and cryosectioning 

the colonies. Colonies were embedded by aseptically removing a filter membrane from 

the surface of the agar. Filter membranes were placed on dry ice (COz) and the bacterial 

colony was covered with a small drop of colored embedding agent (Cryochrome,

Shandon) to be used as a marker. After the colored embedding agent was frozen, the 

membrane was covered with a clear embedding agent (Tissue-Tek OCT compound. Miles 

Inc.). When the embedding agent was frozen (it became opaque white), the 

polycarbonate filter membrane was removed by carefully peeling it away from the frozen 

embedding agent. The colony was then turned over and the bottom of the colony was 

embedded. The embedded colony was stored at -70°C until sectioning. Note that every 

time a colony was sampled to be embedded a second colony was sampled for 

enumeration as described above in order to estimate the number of colony forming units 

in the embedded colony

Cryosectioning Bacterial Colonies

Embedded colonies were sectioned using a cryostat (Reichert-Jung Cryocut 1800, 

Leica). The embedded colony was transferred to the cryostat and allowed to reach
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Figure I : Protocol for cryoembedding and cryosectioning

0.2 micrometer filter Kp colony

R2A Agar
__ ____ ____

CRYOEMBED OCT embedding

Dry Ice
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thermal equilibrium at -19°C. ,The colony was then placed on the chuck and sectioned. 

Cuts perpendicular to the colony using a disposable miroctome blade (#815, Reichert- 

Jung, Leica) were made through the specimen until the colored marker was observed. 

Subsequent 5pm thick cross sections were placed on polylysine coated microscope slides 

(Superfrost Plus, Fisher Scientific) and examined uncler phase contrast microscopy in 

order to confirm the presence of a cross section of the colony.

Fixation of Colony Cross Sections

Cross sections of the colonies were fixed for 10 minutes at 4°C in a fixative 

consisting of 10% formaldehyde, 5% glacial acetic acid and 85% ethanol (Pearse, 1980). 

Slides were then rinsed with two changes of 85% ethanol and allowed to air dry. Fixed 

sections were stored under refrigeration.

Staining of Colony Cross Sections

A stock solution of 0.02% acridine orange (Sigma) in phosphate buffer was 

formulated and incubated at 35°C overnight. The stock solution was then filtered through 

a 0.2pm syringe filter (Acrodisc, Gelman Sciences) to remove any undissolved 

particulates. From the stock solution, a fresh solution of 0.0004% acridine orange in 

phosphate buffer was prepared for colony staining. Colonies were stained by locating the 

cross section on the glass slide and placing 2 pi 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.
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Analysis of Stained Cross Sections
I

ConfocaI Microscopy

Stained sections were analyzed using a MRC BIO-RAD Confocal Scanning Laser 

Microscope equipped with a krypton/argon laser. Table 4 specifies the operating settings 

used. The bottom of the cross section was placed facing the left and parallel to the y-axis. 

The colony was scanned 5 times using the Kalman setting with 10% transmission.

Images were captured and stored as “.PIC” files. Stored images were then converted to 

“ Tip” files and analyzed using the Mark image analysis software package (Harkin and 

Shope, 1993). It should be noted that under intense scanning acridine orange exhibited 

some photobleaching.

Table 4 - Specifications for confocal imaging. Gain values in parentheses are secondary 

values that were used when the initial values did not produce emission fluorescence. The 

excitation wavelength was set at 488 nm with the aperture set on 15 (fully open).

Channel Black Level Gain Wave Length Transmission

PMTl 4.8 3.5(4.5) > 560 nm (Orange)

PMT2 4.8 I.5(3.0) 500-560 nm (Green)
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Image Analysis

Confocal images were imported into the Mark software and analyzed for 

variations in color and intensity across the colony. Colony images were oriented by their 

placement on the microscope stage so that the base of the colony was parallel to the 

ordinate with the abscissa corresponding to the width of the cross section. The intensities 

of each column of pixels were averaged to get an average intensity profile across the 

width of the biofilm. The procedure for this was as follows. When the Mark software 

was started, a window appeared containing the “File” option. When “Open File” was 

chosen another window containing a list of image files was opened. When a file was 

chosen, a large window appeared displaying the chosen image. The “Stats” option on the 

menu bar was then opened and “Cross Section” was selected. A rectangle was drawn, 

using the mouse, from the upper left hand comer to the lower right hand comer. The box 

that was drawn reflected the area to be analyzed. The portrait of the intensities was then 

presented and given a file name.

Statistical Analysis

The analyzed image file that was returned from Mark was converted to a 

spreadsheet delimited file. The data represented the average pixel intensity of each pixel 

column at each wavelength (526 nm/green and 650 nm/orange) as a result of staining the 

colony. The first step in analyzing image data was to determine which data values 

represented colony fluorescence and which values represented background fluorescence. 

The image profile from the orange fluorescence was graphed (average intensity vs. pixel
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column) and the points at the bottom of the curves where the slopes increased and 

decreased the greatest were considered the boundaries of the colony. If the curve from 

the orange values did not give a clear indication of the colony boundaries, then the green 

intensity values were used for this purpose. The mean pixel intensity across the entire 1 

cross section was then determined for both the green and orange intensities. This was 

done by summing the intensity values within the colony boundaries and calculating the 

average.

The average orange intensity value was then divided by the corresponding average 

green intensity value. Eaqh intensity ratio value corresponded to a specific sample time 

which had an estimated growth rate associated with it. The ratio value was then plotted 

versus its respective growth rate.

Determination of Growth Rate

Growth curves representing the number of colony forming units (CPU) as a 

function of time were used to determine the overall growth rates of each colony that was 

sampled for embedding and staining. Growth curves were generated by plotting the 

logarithm of the CFU/membrane values versus time. Every time a colony was sampled 

for embedding, a second colony was sampled for enumeration. This was done in order to 

estimate the number of cells in the colony that was embedded so that the overall growth 

rate of the embedded colony could be determined. A linear least squares regression was 

then used to determine the overall growth rate of the embedded colony. At each point on 

each growth curve where a colony was sampled for embedding a linear least squares
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regression was fit to the data surrounding that point. At least three data points from the 

growth curve, the embedded sample point and two other sample points, were used to fit 

the regression. Often more than three data points were used in determining the regression 

and whenever applicable several data points prior to the time a colony was sampled for 

embedding were used. This was done in order to reflect the growth rate history of the 

embedded colony. The slope of the linear regression that was fit to the data surrounding 

the point at which a colony was embedded was taken as the growth rate for the embedded 

colony sample.

Modeling

Growth of K. pneumoniae colonies was modeled using the Biofilm Accumulation 

Model (BAM) for aerobic growth and an original set of equations to model anaerobic 

growth. The values used for modeling are listed on Table 5. Aerobic colony growth was 

assumed to be governed by Monod kinetics as described by the equation

M- =
|1  max S
Ks+ S ( I)

where Jimax = maximum growth rate (hr"1), Ji = growth rate (hr"1), S = substrate 

concentration (g m"3) and Ks = half-saturation coefficient (g m"3). Oxygen was assumed 

to be the limiting substrate diffusing from the air-colony interface into the colony. When 

the initial biofilm thickness was defined to be less than I Jim BAM results were unstable. 

To avoid this problem exponential growth at the maximum specific growth rate was
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Table 5 - Physical and kinetic constants used in modeling -

Aerobic modeling (BAM)

Parameter Symbol Value Source

Growth rate M-max 36.5 day"1 Laboratory

Initial Biofilm Thickness Lf 3 x IO"9 m Laboratory

Substrate concentration S 7 g m'3 O2 saturation in air (1524 m)

Biomass density Xf 440,000 g m'3 (Bratbak and Dundas, 1984)

Oxygen diffusion coefficient Doxy 1.64 x IO"4 m2day"1 (Pin, 1967)

Rate coefficient Ks 0.25 g m"3 (Lewandowski et al, 1991)

Yield coefficient Yxs 0.79 g biomass produced / g O2 consumed

r (Siebel, 1987) ,

Anaerobic Model

Parameter Symbol Value Source

Growth rate M-max 18.9 day"1 Laboratory

Biomass density Xf 80,000 g m"3 (Bratbak and Dundas, 1984)

Glucose diffusion coefficient Deff 1 5.18 x IO"5 m2day"1 (Pirt, 1967)

Yield coefficient Yxs 0.214 g biomass produced / g glucose

(Teixeira de Mattos and Tempest, 1983)

Glucose diffusion

coefficient in agar Dagar 5.53 x 10"5 m: day1 .

(Westrin and Axelsson, 1991)
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assumed in order to calculate how long it would take for the initial colony thickness to 

reach I |xm. This time value was added to BAM time results.

Anaerobic growth was assumed to be controlled by the availability of a carbon 

source. Because of the nature of the solid nutrient media used in the experiments the 

actual limiting substrate was unknown. However many of the kinetic values used in the 

anaerobic modeling were based on glucose limiting growth. The approach to modeling 

anaerobic colony growth involved estimating the change in substrate concentration within 

the solid nutrient medium with respect to time (Figure 2). Substrate concentration at the 

agar-colony interface was estimated using the following equation.

(X max XfCl ^  ( 5 o  — Ss)Dagar
y2 “  2 , }

where Jimax = maximum growth rate (hr'1), a = thickness of the growing region (m), Xf = 

biomass density (g m'3), Yxs = yield coefficient (g biomass produced / g substrate 

consumed), d = agar diffusional boundary layer (m), Dagar = diffusivity of glucose in agar 

(m2 day"1), S0= substrate concentration in bulk agar (g m'3), Ss= substrate concentration at 

agar-colony interface (g m"3). Equation (2) represents the flux of substrate (neglecting the 

filter membrane) across the agar-colony interface. The right side of equation (2) states 

that the flux of substrate through the agar boundary layer equals the amount of substrate 

consumed by the colony The left side of equation (2) describes the amount of substrate 

consumed by the layer of cells actively growing in the colony, a, by accounting for 

diffusional effects and assuming zero order kinetics. Diffusional effects were accounted
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Figure 2 - Anaerobic colony model in which the growing region a is at the agar-colony 

interface. Substrate from the agar diffuses through the substrate depleted agar zone (agar 

boundary layer J)in the positive y direction where Ss is the concentration of substrate at 

the surface of the colony and S0 is the initial concentration of substrate in the agar.
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for in the left side of equation (2) by the estimation of the active layer thickness as

described by

a
(3)

S
IlS- (4)

m 2 (I ma* XfLf
DeffYxsSs

(5)

where a = depth which substrate penetrates the colony (m), to = ratio of active layer and 

overall colony thickness, Lf= colony thickness (m), tp = Thiele modulus, (Imax= maximum 

growth rate (hr"1), Xf = biomass density (g m"3), Ss = substrate concentration at agar- 

colony interface (g m"3), Yxs= yield coefficient (g biomass produced / g substrate 

consumed), Deff= effective diffusivity of substrate in the colony (m2 day"1). The 

relationship between substrate reaction effects and diffusion effects in the colony using 

zero order kinetics is given in Equation (5).

The thickness of the agar diffusional boundary layer, d, that separates the colony 

from the bulk substrate concentration (1500 mg I'1 )was estimated using a biomass mass 

balance.

LfXfA -  L0fXfA =  SodAYxs ( 6 )

where A = surface area of agar-colony interface (m2), Lf= colony thickness (m), L0f=

'3initial colony thickness (m), Xf = biomass density (g m ), Yxs= yield coefficient (g 

biomass produced / g substrate consumed), S0 = bulk agar substrate concentration (g m 3),
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d = agar diffusional boundary layer (m). Equation (6) indicates the change in the amount 

of biomass (left hand side) as a result of substrate consumption (right hand side). 

Equation (6) was then solved for d enabling one to relate colony thickness to boundary 

layer thickness.

Combination of equations (2), (3), (4), (5) and (6) result in a quadratic equation 

enabling one to find the concentration of substrate at the agar-colony interface. Knowing 

the substrate concentration at the interface, the change in colony thickness(dLf / dt) was 

calculated as follows.

a _ ISxDeffYxs . ( 7 )

jj, max Xf

with

if Lf < a (8) '
dt

or

*  = if Lf >a  (9)

Colony growth was modeled by numerically solving the above equations using a 

computer spreadsheet (Excel, Microsoft).
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Results

A method to estimate bacterial growth rates within a microbial aggregate was 

developed. This method involved eryoembeddihg the aggregate, cross sectioning it, 

staining it with the fluorescent nucleic acid stain acridine orange and analyzing it using 

confocal microscopy and image analysis software. The cryoembeding, croysectioning, 

staining and analysis procedures are explained in detail within the “Experimental System 

and Methods” section of this thesis.

Bacterial Colony Growth

Bacterial colonies similar to that shown in Figure 3 were sampled at various times 

for enumeration in order to generate K. pneumoniae colony growth curves. Growth 

curves from two experiments (Ml 11694 and Ml 12294) in which K. pneumoniae colonies 

were grown under aerobic conditions on R2A plates at 35 0C are presented in Figure 4. 

Growth curves similar to those in Figure 4 were obtained for aerobic colony growth for 

two experiments (M121594 and M123094) conducted at 35 0C in which glucose was left 

out of the solid R2A medium (Figure 5). Two anaerobic growth curves, M l 13094 and 

M120794, grown at average temperatures of 36° C and 34° C, respectively, are presented 

in Figure 6. Each growth curve details how the viable cell population per colony changed 

with respect to time. Also shown on all three figures are the points during the 

experiments that two colonies were sampled at the same time, one for enumeration and 

one for embedding. As stated in the “Experimental System and Methods” section of this 

thesis, two colonies were sampled to enable one to estimate the viable cell population of 

the embedded colony and to determine the overall growth rate of the embedded colony.

28
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Figure 3 : K. pneumoniae colony grown of R2A agar supported by a 0.2 pm 

polycarbonate filter membrane.
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Figure 4: Experiments Ml 11694 and Ml 12294 : K. pneum oniae  aerobic colony growth curves on
R2A at 35 °C. Arrows indicate when a colony was sampled for cryoembedding and staining.
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Figure 5: Experiments M 121594 and M 123094 : K. pneum oniae  aerobic colony growth curves on
R2A agar without glucose at 35 0C. Arrows indicate when a colony was sampled for
cryoembedding and staining.
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Figure 6: Experiments M120794 and Ml 13094 : K. pneum oniae anaerobic colony growth curves
on R2A agar at 34 0C and 36 0C, respectively. Arrows indicate when a colony was sampled for
embedding and staining.
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An experiment in which bacterial colonies were subjected to a substrate downshift 

followed by a substrate upshift (MO12095) as well as an experiment in which anaerobic 

colonies were transferred to fresh medium every 8 hours (MO11095) are presented in 

Appendix A. Overall growth rates for each embedded colony were estimated using the 

experimental growth curves. Estimates of the growth rates for experiment Ml 12294 at 

embedded sample times 5.17, 8.17, 20.2 and 30.42 hours were 1.7, 0.56, 0.16 and 0.086 

hr respectively (Figure 7). Overall growth rates for each embedded colony were 

estimated by fitting a linear regression to cell enumeration data as described in the 

“Experimental System and Methods” section of this thesis. A summary of each 

experiment indicating sample time and estimated growth rate is listed in Table 6.

Photomicrographs of Colony Cross Sections 

Photomicrographs of stained colony cross sections were taken using 

epifluoresence microscopy. When a colony was sampled and stained midway through the 

exponential growth phase, the colony was thin and all the cells appeared bright orange 

(Figure 8). This photomicrograph of a portion of the stained cross section Ml 12294: A 

was an aerobic colony that was 6.25 hours old with an estimated growth rate of 1.7 hr ~l . 

All growth rates for embedded and stained colonies were estimated as described in the 

“Experimental System and Methods” section of this thesis where a linear regression was 

fit to the viable cell data surrounding the point in time on the growth curves where a 

colony was embedded. The slope of that regression was taken as the growth rate. The 

thickness of this cross section was approximately 10 |im. This colony was made up of
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Figure 7: Experiment Ml 12294 : K. pneum oniae aerobic colony growth curve grown on R2A agar
at 35 0C with estimated growth rates of embedded colonies. Arrows indicate colonies that were
cryoembedded, filled symbols are colonies used for enumeration.
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Table 6 : Colony experiment, sample time, growth rate and confocal settings (Table 4) 

used to analyze colonies.

Experiment Sample Time (hr) Growth Ratefhr"1) Confocal Settings

M111694:M1 » 6.25 1.9 ±0.099 Standard

M111694:M2» 8.75 0.93 ±0.041 Standard

Ml 12294:A ♦ 5.17 1.7 ±0.026 Secondary

M112294:B <> 8.17 0.56 ±0.18 - Standard

M112294:C » 20.2 0.16 ±0.054 Standard

Ml 12294:D ♦ 30.42 0.086 ±0.051 Standard

M121594:NG1 * 7.0 1.2 ±0.15 Standard

M121594:NG2 * 8.83 0.61 ±0.23 Standard

M121594:NG3 * 13.13 0.10 ±0.031 Standard

M121594:NG4 * 23.87 0.10 ±0.031 Standard

M123094:NG8 * 6.08 1.2 ±0.11 Standard

M123094:NG9 *
I

8.22 0.40 ±0.15 Standard

M123094:NG10 * 10.93 0.25 ±0.024 Standard

M123094:NG11 * 27.58 0.11 ±0.016 Standard

Ml 13094: ANl ❖ 8.2 0.54 ±0.023 Standard

M113094:AN2»:* 10.28 0.20 ±0.19 Standard

M113094:AN3<* 24.12 0.053 ±0.044 Standard
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Table 6 - continued

M113094:AN4<* 27.08 0.053 ±0.044 Standard

M120794:TK- 6.75 0.59 ±0.18' Secondary

M120794:T2* 8.62 0.34 ±0.21 Secondary

M120794:T3* 29.25 0.028 ±0.028 Standard

M120794:T4* 49.77 0.028 ±0.028 Standard

MOl 1095:1 o 8.23 0.60 ±0.16 Standard

MOl 1094:2 o 10.17 0.15 ±0.013 Standard

MOl 1095:3 o 24 0.044 ±0.014 Standard

MOl 1095:4 o 26 0.044 ±0.014 Standard

MOl 1095:5 o 32 0.044 ±0.014 Standard

MOl 1095:6 o 33.9 0.044 ±0.014 Standard

* Aerobic colony experiment on R2A agar.

* Aerobic colony experiment on R2A agar with glucose left out.

*  Anaerobic colony experiment on R2A agar.

o Anaerobic colony experiment where colonies were transferred to fresh agar every 8

hours.
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several smaller microcolonies that were not continuous along the length of the cross 

section. In time the bacterial colonies became thicker and slightly more homogeneous. 

Sample Ml 11694:M2 was taken just as the colony was entering the stationary phase of 

growth (Figure 9). The photomicrograph in Figure 9 is an image of the cells at the 

periphery of the colony. The colony was 8.75 hours old with an estimated growth rate of 

0.926 hr'1 and was a single continuous mass of cells that varied in fluorescent color and 

intensity. When samples were taken late in the stationary phase (Ml 11694:M3)„ cross 

sectioning and staining revealed thick, well developed masses of cells with bright orange 

cells around the perimeter of the cross section and green cells in the center of the colony 

(Figure 10). Figure 10 is also an image of cells in the colony periphery. At increased 

magnification one can see orange cells in many of the apparent channels in the cross 

section. Figure 11 presents the cells at the periphery of an anaerobic colony, 

M120794:T4,49.8 hours after inoculation. The overall growth rate for this embedded 

and stained colony sample was estimated, from a linear regression fit to the viable cell. 

data in Figure 6, to be 0.028 hr"1.

Image Analysis of Cross Sections

All embedded colonies were subjected to cryosectioning, staining and analysis 

using confocal microscopy and image analysis. Intensity profiles were obtained from all 

colony cross sections. Several typical profiles will be presented in this portion of this 

thesis; the remaining profiles can be found in Appendix A. The orange (650 nm) and 

■ green (526 nm) fluorescence emitted from a portion of the aerobic colony sample
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Figure 8 : Photomicrograph of a portion of a stained cross section from an aerobic K. 

pneumoniae colony that was 6.25 hours o ld .(--------------------------  100pm).

Figure 9 : Photomicrograph of a portion of a stained cross section from an aerobic K. 

pneumoniae colony that was 8.75 hours old . ( --------------------------  100pm).
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Figure 10 : Photomicrograph of a portion of a stained cross section from an aerobic K. 

pneumoniae colony that was 26.5 hours old . ( --------------------------  100pm).

Figure I I : Photomicrograph of a portion of a stained cross section from an anaerobic K. 

pneuomoiae colony that was 49.77 hours old . ( --------------------------  100pm).
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Ml 12294:A is shown in Figure 12. The profiles presented in Figure 12 were the average 

intensity profiles across the depth of the colony. The intensity profiles for Ml 12294:A 

were obtained using the secondary settings for the confocal microscope (Table 4). All 

intensity profile results presented here are oriented such that the substratum was on the 

left side and the air colony interface was on the right side. The orange to green intensity 

ratio profile for Ml 12294: A was then obtained by dividing the average orange intensity 

of each pixel column by its corresponding green intensity (Figure 13). The overall 

average intensity ratio for this sample was 3.6 while the estimated average growth rate for 

this colony was 1.7 hr"1. In older colonies, the green fluorescence was often the higher of 

the two intensities. The green intensity became greater than the orange intensity after 

about 8 hours of growth for experiment Ml 12294 (Figure 14). This was true for most 

colonies that were sampled at the beginning of stationary phase. Using the standard 

confocal settings, the ratios of the intensity values were determined for M l 12294:B.

Peaks in the intensity ratio profile at the substratum and the air colony interface often 

resulted (Figure 15). The profiles presented in Figures 14 and 15 represent an aerobic 

colony that was 8.17 hours old with a growth rate of 0.56 hr"1. Colonies that were 

embedded while in the late stationary phase generally had a higher green intensity than 

orange intensity (Figure 16). For sample Ml 12294:D, the green intensity values varied 

by a factor of eight, from a low of approximately 0.02 at the substratum to a high of 

approximately 0.16 near the air-colony interface. The orange intensity values showed only



Figure 12: Experiment Ml 12294:A : Intensity profiles using secondary confocal settings from a
portion of a K. pneum oniae  aerobic colony cross section that was 5.17 hours old with growth rate
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Figure 13: Experiment Ml 12294:A : Intensity ratio profile using secondary confocal setting from a 
portion of a K. pneumoniae aerobic colony cross section that was 5.17 hours old with a growth rate 
of 1.7 hr"1.
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Figure 14: Experiment M 112294:B : Intensity profiles from a portion of a K. pneum oniae aerobic
colony cross section that was 8.17 hours old with growth rate of 0.56 hr"1.
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Figure 15: Experiment M112294:8 : Intensity ratio from a portion of a K. pneum oniae aerobic
colony cross section that was 8.17 hours old with growth rate of 0.56 hr"1.

Air interface

0.8

0.4 - -----Orange/Green

Thickness (Jim)



ee
n 

In
te

ns
i

Figure 16: Experiment Ml 12294:D : Intensity profiles from a portion of a K. pneum oniae aerobic
colony cross section that was 30.42 hours old with a growth rate of 0.086 hr"1.
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a two fold difference across the cross section. The intensity ratio profile for this sample 

had values at the outer edges of the colony that were five to six times greater than in the 

interior of the colony (Figure 17). The average growth fate of this sample was 

approximately 0.086 hr"1 while the average intensity ratio value was 0.233.

Several anaerobic colony cross sections were also examined. The two examples 

presented here represent a colony in mid-log phase growth (8.62 hours) and a colony in 

late stationary phase growth (49.77 hours). Like the aerobic examples for colonies in 

exponential growth, sample M120794:T2 (using the secondary confocal setting) had 

higher orange intensity values than green intensity values (Figure 18). The intensity ratio 

varied only slightly across the thickness of the M120794:T2 cross section which had a 

growth rate of 0.34 hr"1 (Figure 19). Anaerobic colonies that were sampled in the late 

stationary phase, such as M120794:T4 (standard confocal settings), had an increased 

green intensity in the middle of the cross section (Figure 20). Taking the ratio of the 

intensities resulted in a profile with peaks at the substratum and air-colony interface 

(Figure 21). This sample was 49.77 hours old with a growth rate of approximately 0.028 

hr"1. Additional profiles can be found in Appendix A.

Growth Rate and Intensity Ratio

Four to six intensity profiles, similar to those in Figures 12, 14, 16, 18 and 20, 

were compiled from each embedded colony. Orange to green intensity ratios were 

determined for cross sections from experiments Ml 11694, Ml 12294, M 123094, 

M121594, MOl 1095, Ml 13094 and M120794. Each orange to green intensity ratio was



Figure 17: Experiment M 112294:D : Intensity ratio profile from a portion of a K. pneum oniae

aerobic colony cross section that was 30.42 hours old with a growth rate of 0.086 hr'1.
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Figure 18: Experiment M120794:T2 : Intensity profiles using secondary confocal settings from a
portion of a K. pneum oniae  anaerobic colony cross section that was 8.62 hours old with a growth
rate of 0.34 hr-1.
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Figure 19: Experiment Ml20794:T2 : Intensity ratio profile using secondary confocal settings from
a portion of a K. pneum oniae  anaerobic colony cross section that was 8.62 hours old with a growth
rate of 0.34 hr"1.
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Figure 20: Experiment Ml20794:T4 : Intensity profiles from a portion of a K. pneum oniae

anaerobic colony cross section that was 49.77 hours old with a growth rate of 0.028 hr'1.
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Figure 21: Experiment M120794:T4 : Intensity ratio profile from a portion of a K. pneum oniae

anaerobic colony cross section that was 49.77 hours old with a growth rate of 0.028 hr'1.
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averaged as described in “Experimental System and Methods” in order to get an average 

intensity ratio that corresponded to an average growth rate. These values were compiled 

and can be found in Appendix A. Figure 22 shows the average intensity ratios plotted 

versus growth rate. The values presented in Figure TL are those intensity ratios that were 

determined using only the standard confocal settings (Table 4). A linear regression was 

performed on the data in Figure 22 using the computer software Excel 5.0 (Microsoft 

Corp.). A line described by the equation

Y = 0.1073 + 1.8404*X (r2= 0.573) (10)

where Y -  orange/green intensity ratio and X  = average growth rate was fit to the data.

Intensity ratio profiles from all experiments including the previously mentioned 

substrate shift experiments (MO12095) were compiled and intensity ratios were 

determined. Figure 23 contains a linear regression (Excel 5.0, Microsoft Corp.) fit to the 

intensity ratios from all experiments versus their respective growth rates. Included in 

Figure 23 are those intensity values that were obtained using the secondary settings on the 

confocal microscope. The intensity values obtained using the secondary settings were 

scaled to compensate for the adjustments in the gain when they were included in Figure 

23. The scaling factors for adjusting the intensity profile values obtained using the 

secondary settings on the confocal microscope were as follows.

Secondary Green Intensity * (0.258) = Scaled Green Intensity

and

Secondary Orange Intensity * (0.289) = Scaled Orange Intensity



Figure 22 : Average intensity ratios and corresponding growth rates for K. pneum oniae colony
cross sections analyzed using standard confocal settings.

y = 1.8404x + 0.1073 
R2 = 0.5734
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Figure 23 : Average intensity ratios and corresponding growth rates for all stained K. pneum oniae
colony cross sections analyzed using either the standard confocal settlings or secondary settings.

y = 2.2234x + 0.0708 
R2 = 0.3582
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These scaling factors were obtained using the confocal microscope to determine the . 

intensity values from a small area on a cross section at several different gain settings. 

Changes in intensity were then related to changes in gain to obtain the scaling factor.

Estimated Growth Rate Profiles

An estimation of the spatial variations in the growth rate across a cross section 

was determined using equation (10) from Figure 22 and the profiles for the orange to 

green intensity ratio. Variations in growth rate across the thickness of a colony were 

estimated using equation 10 for samples Ml 12294:B and Ml 12294:D and are presented 

in Figures 24 and 25, respectively. Note that in Figure 25 the estimated growth rate gets 

very close to zero within the middle of the colony. In other cases (not shown) the 

estimated growth rate profile actually dips slightly below zero. 0

Thickness of Growing Region

The width of the growing regions were estimated by calculating the width of the 1 

peak half heights of the growth rate profiles. The growing region on the agar side of the 

aerobic colonies appeared to be approximately the same thickness as the growing region 

on the air side of the aerobic colonies (Table I). This was true for both the thin and thick 

colonies. The agar side of the older anaerobic colonies had a growing region that was at 

least twice as thick as the air side of the anaerobic colonies. The younger anaerobic 

colonies exhibited air side and agar side growing regions of comparable thickness.

I
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Figure 24 : Experiment M 112294:B : Estimated growth rate profile using equation 10 from a 
portion of an aerobic K. pneumoniae colony that was 8.17 hours old with an average growth rate of 
0.56 hr"1.
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Figure 25 : Experiment Ml 12294:D : Estimated growth rate profile using equation 10 for an 
aerobic K. pneumoniae colony that was 30.42 hours old with average growth rate of 0.086 hr"1.
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Table 7 : Thickness of the growing regions of K. pneumoniae colonies under various

conditions.

Experiment Asar side f (Ltm) Air side film) Total C(Ltm )

M112294:D - 30.42 hr.* 7.4 10 213

14 7.4 354

11 5.6 216

10 7.4 136

10 31 270

23 ■ 13 251

Average: 13 13 240

Standard Deviation: 5.5 9.6 72

M lli694:M l - 6.25 hr.* 27 30 42

* * 46

* * 39

Average: 22 42

Standard Deviation: 10 3.7
f
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Table 7: CconO

Experiment Aear side C|im) Air side Cfiml II

M112294:B - 8.17 hr.» 18 ) 31 145

1.3 13 , 73

- 28 13 73

Average: 20 19 97

Standard Deviation: 7.7 11 42

M123094:NG11 - 27.58 hr.* 28 15 130

11 16 116

16 17 143

7 17 112

Average: 16 16 125

Standard Deviation: 8.9 0.89 x 14

M120794:T4 - 49.77 hr.* 36 23 • 162

12 7.4 . 144

31 9.2 193

26 12 126

38 4.6 188

Average: 28 11 162

Standard Deviation: 10 7.1 28
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Table 7: (Conts)

Experiment Aear side film) Air side Cpm) Total film)

M120794:T2 - 8.62 hr * 13 17 30

N/A N/A 29

12 21 27 .

Average: 12 19 28
(

Standard Deviation: 0.67. 3.3 1.5

*  Only one peak in growth rate profile

» Aerobic colony experiment on R2A agar.

* Aerobic colony experiment on R2A agar with glucose left out.

*  Anaerobic colony experiment on R2A agar

v
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Modeling

The Biofilm Accumulation Model (BAM) was used to model the qualitative 

behavior of aerobic colony growth (Figure 26). The BAM model predicts exponential 

growth in colony height for 6 to 7 hours. BAM also predicts that the colony will be 40 to 

60 pm thick at this point of growth.

Using an initial substrate concentration of 1500 mg/1, the anaerobic model 

described previously exhibited exponential growth for approximately 10 hours (Figure 

27). The colony was predicted to be approximately 10 pm thick as it entered into the 

stationary phase of growth.

Combining the BAM model and the anaerobic model, growth rate profiles were 

predicted for aerobic colonies grown under dual limiting substrates (oxygen and carbon 

source). The predicted growth rate profiles across an aerobic colony that is 42 pm thick 

are shown in Figure 28. These models suggested that there was aerobic growth within the 

top 30 pm of the colony, with the remaining 10 pm experiencing anaerobic growth. 

Growth rate profiles predicted for a 150 pm thick colony in the stationary phase of 

growth show aerobic growth in the top 50 pm of the colony, no growth in the next 65 pm 

and anaerobic growth 20 pm above the substratum (Figure 29).

J
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Figure 26 : BAM prediction of aerobic K. pneum oniae colony growth.
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Figure 27 : Model of anaerobic growth for a K. pneum oniae colony.
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Figure 28 : Growth rate profiles estimated using BAM and anaerobic model in a K. pneum oniae
aerobic colony with a total thickness of 42 p.m. Substratum at is at 0 |im.
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Figure 29 : Estimated growth rate profiles using BAM and anaerobic model in K. pneumoniae 
aerobic colony with a thickness of 150 pm. Substratum is at 0 pm.
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Discussion

Growth Curves

Growth curves were highly reproducible and clearly indicated two different 

phases of growth associated with batch kinetics of microorganisms. Several factors may 

have contributed to the shift from exponential to stationary phase growth. First was 

nutrient depletion. For the case of aerobic growth the limiting nutrient was oxygen. 

Because of the geometry of the system oxygen diffused toward the colony-agar interface 

(negative y-direction) while the carbon source diffused toward the colony-air interface 

(positive y-direction). As a colony became thicker it experienced oxygen limitation at the 

bottom of the colony. Anaerobic growth was analogous to aerobic growth with the 

exception of the diffusional direction of the limiting substrate. The anaerobic colonies 

had to ferment glucose and other carbon sources which were found beneath the colony. 

Thus, the colony would experience depletion of carbon sources towards the top of the 

colony. Another factor that may have contributed to the shift from exponential to 

stationary phase growth was the build up of inhibitory products. As colonies became 

thicker, products could not leave the interior of the colony as readily. This may have 

caused changes in the microenvironment that could adversely effect bacterial growth.

Photomicrographs

Photomicrographs of all young colonies exhibited greater orange intensity than 

green (Figure 8) All cells making up mid-exponential phase samples were orange. This 

indicated significant RNA content and relatively high growth rates. As colonies became
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thicker and began experiencing substrate limitations, the cells in the interior of the colony 

exhibited a shift in coloration and intensity from orange to yellow or green (Figure 9). 

Photomicrographs of thick stationary phase colonies indicate obvious variations in color, 

and hence growth rate, across the colony (Figure 10). Cells on the perimeter of the 

colony are orange and thus appear to be growing at increased rates because these cells are 

exposed to the highest substrate.concentrations. The photomicrographs of mature aerobic 

colonies reveal a layer of orange cells at the agar-colony interface. Because the interior 

cells are green, it is believed that cells at the agar-colony interface are fermenting glucose 

and other carbon sources rather than respiring aerobically. There may have been several 

reasons that the interior cells remained green. One possibility was that oxygen penetrated 

only 25 to 50 pm into the colony. Cells that were deep in the colony experienced oxygen 

limitation and were forced to rely on their facultative abilities. However as substrate 

diffused upward, cells at the agar-colony interface utilize the preferred fermentable 

carbon sources forcing interior cells to metabolize the least favored fermentable carbon 

sources. Cells in the middle of the colony, therefore, experienced the slowest growth 

rate. They had relatively low levels of RNA and so appeared green. Another factor that 

may have resulted in a decreased local growth rate and the shift of cell color from orange 

to green was the production of inhibitory products by surrounding cells.

Photomicrographs of the cross sections from anaerobic colonies showed cells in 

the interior of the colony that were clearly green while a thick band of orange cells 

formed at the agar-colony interface. It was expected that cells in the bottom of the colony

)
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would have the highest growth rate because they were exposed to the highest substrate 

concentrations. The thin layer of orange cells at the air-colony interface was thought to be 

. a result of some aerobic respiration due to imperfect operation of the anaerobe tent. As 

stated in the “Experimental System and Methods” section of this thesis anaerobic 

colonies that were to be embedded were lifted from the agar surface prior to removing 

them from the anaerobe tent. It should be noted that there was never more than 2 to 3 

minutes between the time a colony was removed from the anaerobe tent and when it was 

embedded.

It was believed that the structure of the colonies appeared to be maintained during 

the cryoembedding and cryosectioning process. As stated in the “Results” section, the 

apparent channels than can be seen in the photomicrograph of the oldest aerobic colony 

(Figure 10) was often lined with orange cells after being stained. This is an indication 

that there was increased growth as a result of cells being exposed to increased oxygen 

concentrations as a result of voids within the colony. Another factor that indicated that 

the structure of the colony was maintained during embedding and sectioning was that 

when the colony cross section was examined as a whole, the symmetry of the colony was 

very obvious.

Intensity Profiles

Changes in color and intensity of stained colony cross sections were quantified 

using confocal laser microscopy. Colonies that were embedded while in the mid

exponential phase showed the highest orange intensity values as well as the largest orange
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to green intensity ratios. A comparison of intensity ratio profiles of aerobic and anaerobic 

colonies in exponential growth showed that the higher growth rates of aerobic growth 

corresponded to higher orange to green intensity ratios.

Quantification of intensities supports the hypothesis of nutrient or product 

transport limitation. Intensity ratio profiles of most colonies entering the stationary phase 

show dramatic differences between the values at the two interfaces and the interior 

values. Many of these profiles have peaks at the agar and air sides of the colony 

indicating areas of increased growth, presumably as a result of increased concentrations 

of the limiting substrate. Meanwhile the interior of the colonies were experiencing little 

or no growth caused by inadequate substrate concentrations and possible product 

inhibition.

As a colony grew older and its overall growth rate decreased, the average intensity 

ratio also decreased. This decrease was a result of the combination of green intensity 

values increasing and orange intensity values decreasing with slowing growth. As a 

result the ratio of the intensities generally increased or decreased in proportion to the 

growth rate. A statistical correlation between the average green intensity values and 

growth rate was observed (Figure 30). However, while the p-value (null hypothesis of 

zero correlation) of the correlation is significant, due to the variability in green intensities 

at the lower growth rates and the few data points at the higher growth rates, the reliability 

of the correlation is questionable. There was no significant correlation between orange 

intensities and growth rates (Figure 31).
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Figure 30: Average green intensities and corresponding growth rates for K. pneumoniae colony 
cross sections analyzed using the standard confocal settings. Linear regression fit to data with R2 
and p-value.

R squared = 0.186 
p-value = 0.000
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Figure 31 : Average orange intensities and corresponding growth rates for K. pneum oniae colony
cross sections analyzed using standard confocal settings. Linear regression fit to data with R2 and p-
value.

R squared = 0.014 
p-value = 0.094
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Quantified intensity results indicated that there was a considerable amount of variability 

among samples. As stated previously, several samples that were analyzed were done so 

using a secondary gain setting in order to get the stained cross section to fluoresce. The 

intensity profiles from the substrate shift experiment (MO12095) showed even more 

variability from sample to sample (Appendix A). Most of those cross sections were 

analyzed using the secondary gain settings while some samples would not fluoresce at all. 

This fact may have been a consequence of unpredictable changes in nucleic acid 

concentrations during the rapid changes in substrate concentrations. This possibility is 

supported by results of others indicating that during starvation nucleic acid 

concentrations vary dramatically (Moyer et al, 1990). The variability observed indicates 

that this technique may be limited to well-defined systems in which environmental 

changes are slow.

Growth Rate and Intensity Ratio

Intensity ratio versus growth rate data indicated there was a qualitative trend of an 

increased growth rate resulting in an increased intensity ratio (Figure 22). The intensity 

ratio/growth rate data exhibited a considerable amount of variability within a cross 

section especially at higher growth rates. It was difficult to offer an explanation for this 

variability other than the fact that the staining itself was highly variable in the colors and 

intensities produced.

A linear regression was calculated to relate the intensity ratio of a colony cross 

section to the estimated growth rate (Equation 10). However when the data are carefully
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examined it appears that the intensity ratios corresponding to the I to 2 hr"1 growth rate 

range have a tremendous effect on the slope of the line fit to the data. It also appears that 

the mid-range intensity ratios and their corresponding growth rates (0.2-1.0 hr"1) show 

little correlation between samples. This suggests that the most significant data are at the 

upper and lower growth rates, and it would be difficult to make a quantitative distinction 

between intensity ratio/growth rate values that are close together.

When intensity ratios obtained using the secondary gain settings are included in 

the intensity ratio/growth rate correlation, even greater variability within a sample and 

among samples exists (Figure 23). This result indicates the importance of analyzing 

samples using identical settings on the confocal microscope.

Growth Rate Profiles

Using equation (10) growth rate profiles were calculated from intensity ratio 

profiles (Figures 24 and 25). Results indicated that the growth rate profiles across a 

section were qualitatively correct. However, when the growth rate profiles were 

subjected to statistical analysis it was determined that the quantitative results are 

inconclusive. This fact was a result of the inherent variability in the relationship between 

staining and growth rate. The profiles did indicate that the greatest amount of growth 

occurred at the agar-colony and air-colony interfaces.

It was expected that the least amount of growth would occur in the interior of the 

colony as a result of transport limitations of substrate. The results from the growth rate 

profiles confirmed this expectation.
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For some late exponential and stationary phase aerobic samples (Figure 25), the 

estimated growth rate on the agar side of the colony (fermentative growth) was greater 

that the estimated growth rate on the air side (aerobic growth). In quantitative terms this 

appeared to be true but due to the uncertainty associated with equation (10) it is incorrect 

to assume an absolute difference between estimated agar side and air side growth rate 

values because the estimated growth rate values were so close.

Estimated growth rate profiles for stationary phase anaerobic colonies (not shown) 

also showed increased growth rates at the agar-colony and air-colony interfaces, however 

the air-colony interface peak was generally smaller that the agar side peak. The agar- 

colony peak was consistent with expectations of increased growth at the agar surface as a 

result of higher substrate concentrations. The air side peaks indicated that conditions 

were not completely anaerobic.

Thickness of Growing Region

A summary of the growing region thickness values presented in Table 6 is given 

in Figure 32. The average growing region thickness of three different aerobic and two 

different anaerobic colonies, determined from estimated growth rate profiles was found 

(Figure 32). As the thickness of the region of minimal growth (interior) increased the 

thickness of the air side and agar side layers of growth appeared to remain approximately 

the same. Regardless of the thickness of the aerobic colonies the air side and agar side 

growing regions remained 10 to 30 pm thick. The air side growing region thickness was 

close to a measured thickness of the layer of orange cells in the photomicrographs of 20
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Figure 32 : Average thickness of growing regions measured in K. pneumoniae colony cross 
sections.

El Air side growth 
■  Interior (minimal growth) 
□  Agar side growth
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to 30 gin. Also if the aerobic growing region thickness was approximately equal to the 

depth of oxygen penetration, the thickness of the air side growing region was close to the 

25 to 30 (im previously measured using microelectrode probes (Wimpenny and Coombs, 

1983).

The thickness of the growing regions of mature anaerobic colonies indicated the 

primary contributor to colony growth was the anaerobic layer of growth at the agar- 

colony interface (Figure 32). Note that there was an air side layer of growth in the mature 

colony, however the thickness was considerably smaller than the agar side layer of 

growth. Younger anaerobic colonies appeared to have a thicker growing region on the 

surface of the colony than near the substratum. This was because the peaks in the growth 

rate profiles at the air-colony interface were too close to the peaks at the agar-colony 

interface to obtain the true thickness. In some cases the air-colony peaks overlapped the 

agar-colony peaks. The most plausible explanation for the existence of the air side layer 

of growth in the anaerobic colonies was the fact that ideal anaerobic conditions were not 

maintained.

. Modeling

Klebesiella pneumoniae colony growth was modeled using the Biofilm 

Accumulation Model for aerobic growth and a set of equations relating the substrate 

diffusional boundary layer in the agar below a colony to colony thickness for anaerobic 

growth. Each model predicted the qualitative behavior of colony growth under their 

respective conditions (Figures 26 and 27). Thickness measurements of aerobic colony
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cross sections (M12294:B) showed a colony thickness of approximately 100 pm after 6 to 

7 hours of exponential growth (Table I). Growth curves indicated that after 6 to 7 hours 

of exponential growth, the aerobic colony began to enter the stationary phase of growth. 

BAM predicted the colony thickness was approximately 65 pm after 7 hours of growth. 

Although this value is approximately half of the actual value, BAM does not account for 

any anaerobic growth at the agar-colony interface. If the original thickness of 100 pm 

were adjusted to exclude approximately 20 pm of anaerobic growth (Table 7), the BAM 

approximation would be much closer to observation.

The anaerobic model predicted a thickness of 11 pm after approximately 10 hours 

of exponential growth. This compares to a measured colony thickness of approximately 

30 pm after 9 hours of growth. This underestimation in growth was due to several 

reasons. First, the model only accounts for substrate diffusion in the y-direction. In 

reality it is likely that substrate also diffused into the agar boundary layer radially. This 

would increase the substrate concentration at the agar-colony interface. Second, the 

model used only one yield coefficient and one maximum growth rate for a multiple 

substrate medium. Finally as the photomicrographs and intensity profiles indicated, there 

may have been a small amount of aerobic growth occurring near the air-colony interface 

resulting in a thicker colony.

Using both models, growth rate profiles were predicted for a colony growing 

under aerobic conditions (Figures 28 and 29). The predicted profile for a colony that had 

a total thickness of approximately 40 pm is given in Figure 28. This profile corresponded
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to an aerobic colony that was 6.25 hours old with an approximate thickness of 40 pm.

The model predicted the top 25 pm of the colony growth would depend on oxygen 

penetration while the bottom 15 pm would be anaerobic growth. The corresponding 

experimental thickness for the aerobic and anaerobic layers were not calculated because 

the estimated growth rate profile had only one peak. A colony that was predicted to be 

approximately 150 pm thick had a 50 pm aerobic region and a 15 pm anaerobic region 

(Figure 29). Experimental profiles of an aerobic colony that was 8.17 hours old 

(Ml 12294:B) showed a 100 pm thick colony that had an estimated growing region 20 pm 

for both aerobic and anaerobic regions (Table I).

78
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A Summary and Conclusions

A technique to visualize and quantify the spatial pattern of nucleic acid staining 

within bacterial colonies was developed. Using a cryoembedding technique and the 

fluorescent stain, acridine orange, spatial variations in color and intensity were observed 

throughout K. pneumoniae colonies grown on R2A agar. The changes in color and 

intensity within the colonies were quantified using confocal microscopy and image 

analysis. Orange (RNA) to green (DNA) fluorescent intensity ratio profiles were 

generated. Intensity ratio profiles suggested that there were increased growth rates at the 

agar-colony and air-colony interfaces for all colonies that were analyzed. Average 

intensity ratios were shown to increase with increasing growth rates. Although highly 

variable a quantitative relationship between fluorescent intensity ratio and growth rate 

was determined. This quantative relationship was used to estimate qualitative spatial 

variations in growth rate across a cross section. A combination of aerobic and anaerobic 

growth models resulted in predicted growth rate profiles with the same qualitative 

behavior as was observed experimentally.

The following conclusions were made based on the results presented in this thesis.

1) K. pneumoniae growth curves of membrane-supported colonies on agar media 

were reproducible and exhibited batch kinetic behavior.

2) Thick colony cross sections that were stained with acridine orange indicated 

spatial variations in color patterns.
■J

3) Increased colony growth rates resulted in increasing orange to green intensity
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ratios when cross sections were stained with acridine orange and analyzed.

4) Preliminary mathematical models captured qualitative behavior of colony 

growth.

5) The correlation between orange to green intensity ratios and growth rate, while 

significant, was not strong enough to make accurate predictions of absolute 

values of growth rates based on staining. The technique is acceptable for 

discerning qualitative trends in growth patterns within microbial aggregates.

6) The dimensions of the growing regions in colonies was on the order 

of 10-30 pm.



81

Recommendations

A significant correlation between growth and orange to green intensity ratios was 

determined. However the slope of the linear regression fit to the data (Figure 21) may 

have been biased by the data at the higher growth rates (I to 2 hr"1). The quantity of data 

in the higher growth rate range was smaller than the amount from the middle and low 

ranges. As a result it is recommended that additional average intensity ratio values at 

higher growth rates be obtained to strengthen the correlation between growth rate and 

intensity ratio. While it would be easy to conduct additional experiments to obtain more 

data, analyzing the data and combining it with data complied in this thesis would be 

difficult because of the lack of identical analyzing procedures.

Growth rate profiles of colony cross sections were estimated using a relationship 

between growth rates and orange to green intensity ratios. Although these profiles are 

suggestive the quantitative values represented by the profiles are not reliable. In order to 

develop a more quantifiable growth rate profile, an estimate in the error associated with 

the quantification of fluorescence intensities is needed. Therefore it is recommended that 

if additional experiments are conducted using the techniques described in this thesis, a 

concerted effort should be made to estimate the error associated with the quantification of 

fluorescence intensities. Such an effort would need to include quantification of the effect 

of repeated exposure to the excitation light and the effect of changing the settings on the 

confocal laser microscope.



82

There appeared to be a correlation between the depth of oxygen penetration as 

measured by others (Wimpenny and Coombs, 1983) and the thickness of the aerobic 

growth regions reported in this thesis. It is recommended that in future studies a oxygen 

microelectrode probe be used in conjunction with the staining technique described in this 

thesis in order to determine whether a correlation between depth of oxygen penetration 

and estimated aerobic growth regions exists.

This technique could be very useful in correlating biocide efficacy and growth of 

biofilms. As suggested in the “Literature Review” section of this thesis, a slower 

growing biofilm may be more resistant to biocide than a rapidly growing biofilm. 

Therefore future work should include applying this technique to a K. pneumoniae biofilm 

and correlating biocide efficacy and spatial growth rate patterns within a biofilm. If this 

technique were to be used on any biofilm, it is recommended that the experimental 

conditions be well controlled and used only on a monopopulation biofilm of well 

characterized bacteria.

Because of the inherent variability associated with the techniques reported in this 

thesis, it is recommended that all cross sections should be analyzed under identical 

conditions. All possible sources of variability, such as staining concentration, staining 

time and confocal microscope settings be standardized.
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Appendices

The appendix section of this thesis contains data that was not presented in the 

main body of this thesis as well as a brief description of the development of the technique

presented. The data that is presented in Appendix A will be presented in the following
x

manner. . . ">

Growth curves: Two additional experiments that were not discussed in detail were 

conducted. The first (MO11095) was an anaerobic K. pneumoniae colony growth 

experiment during which all colonies were transferred to fresh R2A agar every 8 hours 

(Figure 33). The second experiment (MO12095) was an aerobic K. pneumoniae colony 

experiment during which the colonies were subjected, at two different points in the 

growth curve, to a substrate downshift and a substrate upshift (Figure 34) Figures 33 and 

34 present the respective growth curve, the points in time that colonies were embedded 

and the growth rates of the embedded colonies.

Intensity profiles: The orange and green intensity profiles from all stained colony cross 

sections that were analyzed.

Average intensity ratios and corresponding growth rates: The average orange to green 

intensity ratio from every sample analyzed with the corresponding growth rate.
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Appendix A

Growth Curves

Figure 33 : Experiment MOl 1095 : Transfer 
anaerobic K. pneumoniae colonies to fresh R2A 
agar every 8 hours. Arrows indicate embedded 
colonies.
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Figure 34 : Experiment M012095 : Aerobic K. 
pneumoniae colony down shift and up shift R2A 35 
0C.
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Intensity Profiles

Figure 35 : Experiment M011095:! : Green intensity 
profiles of several areas from an anaerobic K. 
pneumoniae colony that was 8.23 hours old. Colonies 
were transferred to fresh agar every 8 hours.
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Figure 36 : Experiment MOl1095:1 : Orange intensity 
profiles of several areas from an anaerobic K. 
pneumoniae colony that was 8.23 hours old. Colonies 
were transferred to fresh agar every 8 hours.
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Figure 37 : Experiment M011095:2 : Green intensity 
profiles of several areas from an anaerobic K. 
pneumoniae colony that was 10.17 hours old. Colonies 
were transferred to fresh agar every 8 hours.
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Figure 38 : Experiment M011095:2 : Orange intensity 
profiles of several areas from an anaerobic K. 
pneumoniae colony that was 10.17 hours old. Colonies 
were transferred to fresh agar every 8 hours.
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Figure 39 : Experiment M011095:3 : Green intensity
profiles of several areas from an anaerobic K.
p n e u m o n ia e  colony that was 24 hours old. Colonies were
transferred to fresh agar every 8 hours.
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Figure 40 : MOl 1095:2 : Orange intensity profiles of 
several areas from an anaerobic K. pneumoniae colony 
that was 24 hours old. Colonies were transferred to fresh 
agar every 8 hours.
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Figure 41 : Experiment MOl 1094:4 : Green intensity
profiles of several areas from an anaerobic K.
p n e u m o n ia e  colony that was 26 hours old. Colonies were
transferred to fresh agar every 8 hours.
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Figure 42 : Experiment M011095:4 : Orange intensity 
profiles of several areas from an anaerobic K. 
pneumoniae colony that was 26 hours old. Colonies were 
transferred to fresh agar every 8 hours.
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Figure 43 : Experiment M011095:5 : Green intensity
profiles of several areas from an anaerobic K.
p n e u m o n ia e  colony that was 32 hours old. Colonies were
transferred to fresh agar every 8 hours.
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Figure 44 : Experiment M011095:5 : Orange intensity 
profiles of several areas from an anaerobic K. 
pneumoniae colony that was 32 hours old. Colonies were 
transferred to fresh agar every 8 hours.
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Figure 45 : Experiment M011095:6 : Green intensity
profiles of several areas from an anaerobic K.
p n e u m o n ia e  colony that was 33.9 hours old. Colonies
were transferred to fresh agar every 8 hours.
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Figure 46 : Experiment M011095:6 : Orange intensity 
profiles of several areas from an anaerobic K. 
pneumoniae that was 33.9 hours old. Colonies were 
transferred to fresh agar every 8 hours.
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Figure 47 : Experiment M111694:M1 : Green intensity
profiles of several areas from an aerobic K. p n e u m o n ia e
colony that was 6.25 hours old with a growth rate of 1.9
hr'1.
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Figure 48 : Experiment M111694:M1 : Orange intensity 
profiles of several areas from an anaerobic K. pneumoniae 
colony that was 6.25 hours old with a growth rate of 
1.9 h r'1.
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Figure 49 : Experiment M111694:M2 : Green intensity
profiles of several areas from an aerobic K. p n e u m o n ia e
colony that was 8.75 hours old with a growth rate of
0.926 h r1.
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Figure 50 : Experiment M111694:M2 : Orange intensity 
profiles of several areas from an anaerobic K. pneumoniae 
colony that was 8.75 hours old with a growth rate of 
0.926 h r 1.
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Figure 51 : Experiment Ml 12294:Al : Green intensity
profiles of several areas from an aerobic K. p n e u m o n ia e
colony that was 5.17 hours old with a growth rate of
1.7 h r1.
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Figure 52 : Experiment M112294:A : Orange intensity 
profiles of several areas from an aerobic K. pneumoniae 
colony that was 5.17 hours old with a growth rate of 
1.7 h r 1.
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Figure 53 : Experiment M112294:B : Green intensity
profiles of several areas from an aerobic K. p n e u m o n ia e

colony that was 8.17 hours old with 0.56 hr'1.
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Figure 54 : Experiment M112294:B : Orange intensity 
profiles of several areas from an aerobic K. pneumoniae 
colony that was 8.17 hours old with a growth rate of 
0.56 h r'1.
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Figure 55 : Experiment M112294:C : Green intensity
profiles of several areas from an aerobic K. p n e u m o n ia e
colony that was 20.2 hours old with a growth rate of
0.16 h r1.

Figure 56 : Experiment M112294:C : Orange intensity 
profiles of several areas from an aerobic K. pneumoniae 
colony that was 20.2 hours old with a growth rate of 
0.16 hr*1.
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Figure 57 : M112294:D : Green intensity profiles of
several areas from an aerobic K. p n e u m o n ia e  colony that
was 30.42 hours old with a growth rate of 0.086 hr'1.
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Figure 58 : Experiment M112294:D : Orange intensity 
profiles of several areas from an aerobic K. p n eu m o n ia e  
colony that was 30.42 hours old with a growth rate of 
0.086 hr'1.
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Figure 59 : Experiment 120794:T1 : Green intensity
profiles of several areas from an anaerobic K.
p n e u m o n ia e  colony that was 6.75 hours with a growth
rate of 0.59 hr"1.

Figure 60 : Experiment M120794:T1 : Orange intensity 
profiles of several areas from an anaerobic K. p n e u m o n ia e  
colony that was 6.75 hours old with a growth rate of 
0.59 hr"1.
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Figure 61 : Experiment M120794:T2 : Green intensity
profiles of several areas from an anaerobic K. p n e u m o n ia e
colony that was 8.62 hours old with a growth rate of
0.34 h r1.
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Figure 62 : Experiment M120794:T2 : Orange intensity 
profiles of several areas from an anaerobic K. p n e u m o n ia e  
colony that was 8.62 hours old with a growth rate of 
0.34 h r1.
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Figure 63 : Experiment M120794:T3 : Green intensity
profiles of several areas from an anaerobic K.
p n e u m o n ia e  colony that was 29.25 hours old with a
growth rate of
0.028 h r1.
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Figure 64 : Experiment M120794:T3 : Orange intensity 
profiles of several areas from an anaerobic K. 
p n e u m o n ia e  colony that was 29.25 hours old with a 
growth rate of 
0.028 h r1.
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Figure 65 : Experiment M120794:T4 : Green intensity
profiles of several areas from an anaerobic K.
p n e u m o n ia e  colony that was 49.77 hours with a growth
rate of O.OZShr’1.
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Figure 66 : Experiment M120794:T4 : Orange intensity 
profiles of several areas from an anaerobic K. 
p n e u m o n ia e  colony that was 49.77 hours old with a 
growth rate of 0.028hr'1.
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Figure 67 : Experiment M113094:AN1 : Green intensity
profiles of several areas from an anaerobic K.
p n e u m o n ia e  colony that was 8.2 hours old with a growth
rate 0.536 hr"1.
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Figure 68 : Experiment M113094:AN1 : Orange intensity 
profiles of several areas from an anaerobic K. 
pneumoniae colony that was 8.2 hours old with a growth 
rate of 0.536 hr"1.
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Figure 69 : Experiment M113094:AN2 : Green intensity
profiles of several areas from an anaerobic K.
p n e u m o n ia e  colony that was 10.28 hours old with a
growth rate of 0.204 hr'1.
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Figure 70 : Experiment M113094:AN2 : Orange intensity 
profiles of several areas from an anaerobic K. 
pneumoniae colony that was 10.28 hours old with a 
growth rate of 0.204 hr'1.
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Figure 71 : Ml 13094:AN3 : Green intensity profiles of
several areas from an anaerobic K. p n e u m o n ia e  colony
that was 24.12 hours old with a growth rate of 0.0527 hr'1.
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Figure 72 : Experiment M l 13094:AN3 : Orange intensity 
profiles of several areas from an anaerobic K. pneumoniae 
colony that was 24.12 hours old with a growth rate of 
0.0527 hr'1.
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Figure 73 : Experiment M113094:AN4 : Green intensity
profiles of several areas from an anaerobic K.
p n e u m o n ia e  colony that was 27.08 hours old with a
growth rate of 0.053 hr'1.
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Figure 74 : Experiment M l 13094:AN4 : Orange intensity 
profiles of several areas from an anaerobic K. 
pneumoniae colony that was 27.08 hours old with a 
growth rate of 0.053 hr'1.
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Figure 75 : Experiment M123094:NG10 : Green intensity
profiles of several areas from an aerobic K. p n eu m o n ia e
colony grown on R2A without glucose that was 10.93
hours old with a growth rate of 0.25 hr"1.
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Figure 76 : Experiment M123094:NG10 : Orange 
intensity profiles of several areas from an aerobic K. 
pneumoniae colony grown on R2A without glucose that 
was 10.93 hours old with a growth rate of 0.25 hr"1.

2 0.08 --

2 0.02

Thickness (pm)

---------- Area I
Area 2

---------Area 3
—  — Area 4
.............Area 5
" “ “ Area 6



I l l

Figure 77 : Experiment M123094:NG11 : Green intensity
profiles of several areas from an aerobic K. p n e u m o n ia e
colony grown on R2A agar without glucose that was 27.58
hours old with a growth rate of 0.106 hr"1.

Thickness (pm)

Figure 78 : Experiment M123094:NG11: Orange 
intensity profiles of several areas from an aerobic K. 
pneumoniae colony grown on R2A agar without glucose 
that was 27.58 hours old with a growth rate of 0.106 hr"1.
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Figure 79 : M121594:NG1 : Green intensity profiles of
several areas from an aerobic K. p n e u m o n ia e  colony that
was grown on R2A agar without glucose and was 7.0
hours old with a growth rate of 1.22 h r1.
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Figure 80 : M121594:NG1 : Orange intensity profiles of 
several areas from an aerobic K. pneumoniae colony that 
was grown on R2A agar without glucose and was 7.0 
hours old with a growth rate of 1.22 h r'1.
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Figure 81 : M121594:NG2 : Green intensity profiles of
several areas from an aerobic K . p n e u m o n ia e  colony that
was grown on R2A agar without glucose and was 8.83
hours old with a growth rate of 0.61 hr'1.
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Figure 82 : Experiment M121594:NG2 : Orange intensity 
profiles of several areas from an aerobic K. pneumoniae 
colony that was grown on R2A agar without glucose and 
was 8.83 hours old with a growth rate of 0.61 hr'1.
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Figure 83 : M121594:NG3 : Green intensity profiles of
several areas from an aerobic K. p n e u m o n ia e  colony that
was grown on R2A agar without glucose and was 13.13
hours old with a growth rate of 0.102 hr"1.
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Figure 84 : M121594:NG3 : Orange intensity profiles of 
several areas from an aerobic K. pneuomoniae colony that 
was grown on R2A agar without glucose and was 13.13 
hours old with a growth rate of 0.102 h r'1.
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Figure 85 : M121594:NG4 : Green intensity profiles of 
several areas from an aerobic K. pneumoniae colony that 
was grown on R2A agar without glucose and was 23.87 
hours old with a growth rate of 0.102 h r 1.
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Figure 86 : M121594:NG4 : Orange intensity profiles of 
several areas from an aerobic K. pneumoniae colony that 
was grown on R2A agar without glucose and was 23.87 
hours old with a growth rate of 0.102 h r 1.

0 50 100 150 200 250 300

Thickness (pm)



116

Figure 87 : Experiment M123094:NG8 : Green intensity
profiles from a aerobic K. p n e u m o n ia e  colony that was
grown on R2A agar without glucose and was 6.08 hours
old with a growth rate of 1.2 hr"1.
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Figure 88 : M123094:NG8 : Orange intensity profiles of 
several areas from an aerobic K. pneumoniae colony that 
was grown on R2A agar without glucose and was 6.08 
hours old with a growth rate of 1.2 hr"1.
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Figure 89 : E xperim ent M 123094:N G 9 : G reen intensity
profiles o f  several areas from  an aerobic K. pn eu m on iae
golony that w as grow n on R2A agar w ithout glucose and

w as 8.22 hours old w ith a grow th rate o f  0 .40 hr'1.
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Figure 90 : Experiment M123094:NG9 : Orange intensity 
profiles from an aerobic K. pneumoniae colony that was 
grown on R2A agar without glucose and was 8.22 hours 
old with a growth rate of 0.40 h r'1.
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Figure 91 : Experiment M012095:S1A : Green intensity
profile of a cross sectional area from an aerobic K.
p n e u m o n ia e  colony 0.9 hours after substrate downshift
with a growth rate of 0.233 hr'1.
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Figure 92 : Experiment M012094:S1A : Orange intensity 
profile of a cross sectional area from an aerobic K. 
p n eu m o n ia e  colony 0.9 hours after substrate downshift 
with a growth rate of 0.233 hr"1.
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Figure 93 : Experiment M012094:S1B : Green intensity
profile of a cross section from an aerobic K. p n e u m o n ia e
colony 2 hours after a substrate downshift with a growth
rate of 0.23 hr'1.
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Figure 94 : Experiment M012095:S1B : Orange intensity 
profile of a cross sectional area from an aerobic K. 
p n eu m o n ia e  colony 2 hours after substrate downshift 
with a growth rate of 0.23 hr"1.
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Figure 95 : Experiment M012095:S1C : Green intensity
profiles of two cross sectional areas from an aerobic K.
p n e u m o n ia e  colony 5 hours after substrate downshift just
prior to substrate upshift with a growth rate of 0.23 hr'1.

Figure 96 : Experiment M012095:S1C : Orange intensity 
profiles of two cross sectional areas from an aerobic K. 
p n e u m o n ia e  colony 5 hours after a substrate downshift 
just prior to substrate upshift with a growth rate of 0.23 
hr"1.
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Figure 97 : Experiment M012095:S1D : Green intensiy
profiles of several cross sectional areas from an aerobic K.
p n e u m o n ia e  colony 5 hours after substrate downshift and
1.1 hours after substrate upshift with a growth rate of
0.82 hr'1.
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Figure 98 : Experiment M012095:S1D : Orange intensiy 
profiles of several cross sectional areas from an aerobic K. 
p n e u m o n ia e  colony 5 hours after substrate downshift and 
1.1 hours after substrate upshift with a growth rate of 
0.82 hr'1.
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Figure 99 : Experiment M012095:S1E : Green intensity
profiles of cross sectional areas from an aerobic K.
p n e u m o n ia e  colony 5 hours after substrate downshift and
3 hours after substrate upshift with a growth rate of
0.21 h r1.
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Figure 100 : Experiment M012095:S1E : Orange intensity 
profiles of several cross sectional areas from an aerobic K. 
p n e u m o n ia e  colony 5 hours after substrate downshift and 
3 hours after substrate upshift with a growth rate of 
0.82 h r1.
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Figure 101 : Experiment M012095:S2 : Green intensity
profiles of several cross sectional areas from an aerobic
K. p n e u m o n ia e  colony that was 8.0 hours old with a
growth rate of 0.79hr \
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Figure 102 : Experiment MOl2095:S2 : Orange intensity 
profiles of several cross sectional areas from an aerobic K. 
p n e u m o n ia e  colony that was 8.0 hours old with a growth 
rate of 0.79 hr*1.
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Figure 103 : Experiment M012095:S2A : Green intensity
profiles of several cross sectional areas from an aerobic K.
p n e u o m o n ia e  colony 1.08 hours after a substrate downshift
with a growth rate of 0.13 hr"1.
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Figure 104 : Experiment M012095:S2A : Orange intensity 
profiles of several cross sectional areas from an aerobic K. 
p n e u m o n ia e  colony 1.08 hours after a substrate downshift 
with a growth rate of 0.13 hr"1.
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Figure 105 : E xperim ent M 012095:S2B  : G reen intensity
profiles o f  several cross sectional areas from  an aerobic
K. pn eu m on iae  colony 2.05 hours after a substrate
dow nshift w ith a grow th rate o f  0 .13 hr*1.

0.03 
-  0.025

--------- Area I
Area 2

---------Area 3
—  — Area 4

0 50 100 150

Thickness (pm)

Figure 106 : Experiment M012095:S2B : Orange intensity 
profiles of several cross sectional areas from an aerobic K. 
pneuomoniae colony 2.05 hours after substrate downshift 
with a growth rate of 0.13 hr*1.
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Figure 107 : E xperim ent M 012095:S2C  : G reen intensity
profiles o f  tw o cross sectional areas from  an aerobic K.
pn eu m on iae  colony 3.9 hours after a substrate dow nshift
w ith a grow th rate o f  0.13 hr"1.

Figure 108 : Experiment M012095:S2C : Orange intensity 
profiles of two cross sectional areas from an aerobic K. 
pneumoniae colony 3.9 hours after a substrate downshift 
with a growth rate of 0.13 hr'1.
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Figure 109 : M012095:S2D : Green intensity profiles of 
several cross sectional areas from an aerobic K. 
pneumoniae colony 3.9 hours after a substrate downshift 
and 1.0 hours after a substrate upshift with a growth rate 
of 0 .21hr\
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Figure HO : Experiment M012095:S2C : Orange intensity 
profiles of several cross sectional areas from an aerobic K. 
pneumoniae colony 3.9 hours after a substrate downshift 
and 1.0 hours after a substrate upshift with a growth rate 
of 0.21 h r 1.
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Figure 111 : Experiment M012095:S2E : Green intensity 
profiles of several cross sectional areas from an aerobic 
K. pneumoniae colony 3.9 hours after a substrate 
downshift and 3.0 hours after a substrate upshift with a 
growth rate of 0.21 hr"1.
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Figure 112 : M012095:S2E : Orange intensity profiles of 
several cross sectional areas from an aerobic K. 
pneumoniae colony 3.9 hours after a substrate downshift 
and 3.0 hours after a substrate upshift with a growth rate 
of 0.21 hr"1.
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Table 8: Average intensities and intensity ratios with corresponding growth rates.

Green Orange
Experiment Growth rate (1/hr) Intensity Intensity Orange/Green

Aerobic Conditions

Ml 11694 : Ml 1.87 0.00305823 0.02554 8.35123
1.87 0.00831644 0.0221557 2.66408
1.87 0.00438978 0,0139318 3.17368
1.87 0.00968385 0.0297414 3.07124
1.87 0.0044607 0.0264153 5.92178
1.87 0.00157322 0.0064591 4.10567

Ml 11694 : M2 0.926 0.03911176 0.024414. 0.62421
0.926 0.07455183 0.0254273 0.34107
0.926 0.02197173 0.0117365 0.53417

. 0.926 0.05514246 0.0186588 0.33837
0.926 0.05599785 0.0252043 0.45009

Ml 12294 : A* 1.7 0.002337 0.038626 16.528
1.7 0.010519 0.033605 3.1947
1.7 0.076123 0.041491 0.54505
1.7 0.066909 0.039097 0.58433

Ml 12294 : B 0.555 0.0198991 0.0121606 0.61111
V' 0.555 0.01734049 0.0273179 1:57538

0.555 0.02809182 0.0097989 0.34882
0.555 0.0418926 0,0309305 0.73833
0.555 0.01854999 0.0074427 0.40122
0.555 0.05032351 0.0266327 0.52923

Ml 12294 : C 0.157 0.04441876 0.0014865 0.03347
0.157 0.07825354 0.0231521 0.29586
0.157 0.08384696 0.0142384 0.16981
0.157 0.06586329 0.0201737 0.3063
0.157 0.05919779 0.0154725 0.26137
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Table 8: (cont.)

Experiment
Green

Growth rate (1/hr) Intensity
Orange
Intensity Orange/Green

Ml 12294: D 0.086 0.09178888 0.005169 0.05631
0.086 0.10313399 0.0056566 0.05485
0.086 0.08562806 0.0119688 0.13978
0.086 0.07169227 0.0245517 0.34246
0.086 0.10492311 0.0030774 0.02933
0.086 0.08781525 0.020467 0.23307

Anaerobic Conditions

M113094: ANl 0.536 0.138337 0.073317 0.52999
0.536 0.089665 0.062379 0.69569

■ 0.536 0.217655 0.067903 0.31198
0.536 0.088673 0.046436 0.52368
0.536 0.146081 0.041338 0.28298
0.536 0.085663 0.047237 0.55143

Ml 13094 : AN2 0.204 0.085771 0.063834 0.74424
0.204 0.098015 0.072377 0.73843
0.204 0.107445 0.065023 0.60517
0.204 0.125999 0.065458 0.51951
0.204 0.146232 0.087531 0.59858
0.204 0.119283 0.053749 0.4506

Ml 13094 : AN3 0.0527 0.225882 0.07103 0.31446
0.0527 0.200885 0.054509 0.27134
0.0527 0.264658 0.089837 0.33945
0.0527 0.236354 0.062972 0.26643
0.0527 0.190868 0.066335 0.34754
0.0527 0.209158 0.057885 0.27675

Ml 13094 : AN4 0.0527
I

0.179897 0.058685 0.32621
0.0527 0.281175 0.090318 0.32122
0.0527 . 0.225346 0.073837 0.32766
0.0527 0.247234 0.114704 0.46395
0.0527 . 0.336619 0.105563 0.3136
0.0527 0.392209 0.089927 0.22928
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Table 8: (cont.)

Experiment
Green

Growth rate (1/hr) Intensity
Orange
Intensity Orange/Green

M120794 : Tl* 0.586 0.023284 0.049484 2.12524
0.586 0.025431 0.045706 1.79726
0.586 0.107398 0.127 1.18252
0.586 0.039031 0.124245 3.18324
0.586 0.009041 0.043212 4.77956

M120794:T2* 0.34 0.101676 0.109163 1.07364
0.34 0.162602 0.191167 1.17567
0.34 0.10234 0.078806 0.77004
0.34 0.100036 0.147036 1.46983
0.34 0.081914 0.153878 1.87853
0.34 0.063398 0.139645 2.20267

M120794 : T3 0.028 0.161703 0.01937 0.11979
0.028 0.33032 0.069223 0.20956
0.028 0.34464 0.056962 0.16528
0.028 0.155285 0.049708 0.32011
0.028 0.182253 0.029633 0.16259
0.028 0.193426 0.035488 0.18347

M120794 : T4 0.028 0.163183 0.008093 0.04959
0.028 0.098442 0.020602 0.20928
0.028 0.193304 0.023337 0.12073
0.028 0.136916 0.022918 0.16739
0.028 0.153806 0.029175 0.18969
0.028 0.168269 0.018467 0.10975

Aerobic Conditions: R2A without glucose

M121594 : NGl 1.22 0.042685 0.066536 1.55877
1.22 0.01164 . 0.025398 2.18196
1.22 0.022382 0.026485 1.18332
1.22 0.017133 0.020938 1.22209

> V. 1.22 0.019173 0.036709 1.91462
1.22 0.003404 0.019867 5.83637
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Table 8: (cont.)

Experiment
Green

Growth rate (1/hr) Intensity
Orange
Intensity Orange/Green

M121594 : NG2 0.608 0.034767 0.029986 0.86248
0.608 0,049015 0.023541 0.48028
0.608 0.017846 0.023875 1.33783
0.608 0.023705 0.039179 1.65277
0.608 0.082714 0.044194 0.5343
0.608 0.034305 0.027515 0.80207

M121594 : NG3 0.102 0.056167 0.027419 0.48817
0.102 0.098569 0.038407 0.38965
0.102 0.098571 0.062278 0.63181
0.102 0.084813 0.044301 0.52234
0.102 0.071775 0.018964 0.26421
0.102 0.089627 0.017083 0.1906

M121594: NG4 0.102 0.071759 0.014695 0.20478
0.102 0.024881 0.000539 0.02166
0.102 0.066787 0.012076 0.18081
0.102 0.062401 0.023038 0.36919
0.102 0.02686 0.014398 0.53604
0.102 0.042897 0.012903 0.30079

M 123094 : NG8 1.163 0.0276536 0.0539919 1.95244
1.163 0.01657526 0.0345261 2.08299
1.163 0.02334436 0.0239016 1.02387
1.163 0.0145418 0.031603 2.17325
1.163 0.01528206 0.0344776 2.25608
1.163 0.01946926 0.0237708 1.22094

M123094 : NG9 0.405 0.074731 0.005696 0.07622
0.405 0.066927 0.bl4582. 0.21788
0.405 0.070415 0.019096 0.27119
0.405 0.048687 0.029193 0.59961
0.405 0.058081 0.014137 0.2434
0.405 0.053727 0.017891 0.333
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Table 8: (cont.)

Experiment
Green

Growth rate (1/hr) Intensity
Orange
Intensity Orange/Green

M123094 : NGlO 0.247 0.060844 0.051222 0.84186
0.247 0.037189 0.024133 0.64893
0.247 0.040353 0.036688 0.90918
0.247 0.068963 0.035674 0.51729

{ 0.247 0.033836 0.018405 0.54395
0.247 0.027572 0.032128 1.16524

M123094 : NGl I 0.106 0.05822391 0.0076515 0.13141
0.106 0.09763559 0.0286061 0.29299
0.106 0.03728363 0.0076809 0.20601
0.106 0.08296615 0.0078818 0.095
0.106 0.10715316 0.0261866 0.24438
0.106 0.07864486 0.0126254 0.16054

Anaerobic Conditions: Transfer colonies to fresh agar every 8 hours

MOl 1095 : I 0.603 0.004969 0.013802 2.77762
0.603 0.01587 0.028199 1.77687
0.603 0.004663 0.012641 2.71092
0.603 0.062149 0.081301 1.30816
0.603 0.009344 0.027188 2.90967
0.603 0.012866 0.026755 2.07951

MOl 1095 : 2 0.15 0.027117 0.023034 0.84943
0.15 0.024066 0.025253 1.04932
0.15 0.028443 0.024332 0.85547
0.15 0.033199 0.041701 1.25609
0.15 0.010643 0.011941 1.12196
0.15 0.017989 0.026772 1.48824

MOl 1095 :.3 0.044 0.052054 0.006423 0.12339
0.044 0.084383 0.029569 0.35041
0.044 0.087005 ’ 0.030379 0.34916
0.044 0.073144 0.028356 0.38767
0.044 0.073508 0.01334 0.18148

- 0.044 0.116493 0.023776 0.2041
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Table 8: (cont.)

Experiment
Green

Growth rate (1/hr) Intensity
Orange
Intensity Orange/Green

MOl 1095 :4 0.044 0.037593 0.006055 0.16107
0.044 0.062541 0.006095 0.09746
0.044 0.111163 0.065388 0.58822
0.044 0.064638 0.008889 0.13752
0.044 0.081088 0.028383 0.35003
0.044 0.075594 0.012972 0.1716

MOl 1095 : 5 0.044 0.050079 0.013145 0.26249
0.044 . 0.081766 0.030584 0.37404
0.044 0.059019 0.017422 0.29519
0.044 0.088988 0.029084 0.32683
0.044 0.062646 0.037476 0.59822
0.044 0.066558 0.014358 0.21572

MOl 1095 : 6 0.044 0.075913 0.052414 0.69045
0.044 0.046537 0.021028 0.45186
0.044 0.102794 0.023378 0.22743
0.044 0.084702 0.045321 0.53506
0.044 0.089383 0.019323 0.21618
0.044 0.080799 0.024944 0.30872

Aerobic Conditions: Substrate downshift and upshift
t

MO12095 : S1A* 0.233 0.000649 0.017042 26.2589

MO12095 : SIB* 0.233 0.000574 0.004132 7.19861

MO12095 : SIC* 0.233 0.002039 0.004413 2.1643
0.233 0.016053 0.022072 1.37495

MO12095 : SID* 0.82 0.006668 0.029063 4.35858
0.82 0.012468 0.031066 2.49166
0.82 0.015911 0.03534 2.2211
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Table 8: (cont.)

Experiment
Green

Growth rate (1/hr) Intensity
Orange
Intensity Orange/Green

MOl2095 : SlE 0.82 0.014238 0.020182 1.41747
0.82 0.0168 0.035342 2.10369
0.82 0.033553 0.015529 0.46282
0.82 0.010426 0.018127 1.73863
0.82 0.012092 0.012718 1.05177
0.82 0.014892 0.040733 2.73523

MO 12095 : S2 0.79 0.035321 0.024023 0.68013
0.79 0.049873 0.031545 0.63251
0.79 0.058789 0.019194 0.32649
0.79 0.116446 0.132328 1.13639
0.79 0.033406 0.017767 0.53185
0.79 0.025763 0.019295 0.74894

MO12095 : S2A* 0.13 0.051303 0.076554 1.49219
0.13 0.076133 0.071716 0.94198
0.13 0.019614 0.040372 2.05833

MO12095 : S2B 0.13 0.009698 0.022386 2.30831
0.13 0.020463 0.028193 1.37775
0.13 0.013183 0.027911 2.1172
0.13 0.010197 0.017812 1.74679

MO12095: S2C 0.13 0.009517 0.022915 2.4078
0.13 0.010667 0.025466 2.38736

MO12095 : S2D 0.21 0.044314 0.028977 0.6539
' 0.21 0.012012 0.015557 1.29512
0.21 0.009912 0.022511 2.27109
0.21 0.01741 0.026902 1.5452
0.21 0.050231 0.034592 0.68866
0.21 0.056308 0.040233 0.71452
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Table 8: (cont.) 

Experiment 

MO 12095 : S2E *

Green
Growth rate (1/hr) Intensity

Orange
Intensity Orange/Green

0.21 0.061881 0.020638 0.33351
0.21 0.0668 0.029297 0.43858
0.21 0.03675 0.023125 0.62925
0.21 0.07705 0.034624 0.44937
0.21 0.071834 0.025784 0.35894
0.21 0.063733 0.02361 0.37045

* Samples that were analyzed with secondary settings on confocal microscope. 
These intensity values have not been scaled to the standard settings.
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Appendix B : Notes on Method Development

Fluorescent Stains

. A variety of nucleic acid stains were tested prior to the selection of acridine 

orange. The first was the RNA specific stain pyronin Y. Pyronin Y had been used 

successfully by Monbouquette et al (1990) to estimate the RNA content of bacteria 

immobilized in calcium-alginate gel beads. The DNA stain DAPI (4\6-diamidino-2- 

phenylindol) was tested in combination with pyronin Y in an effort to quantify the 

RNAZDNA ratio. Poulsen et al (1993) had previously shown that DAPI fluorescence 

correlated well with cellular DNA amounts. The fluorescence from cells that were 

stained with pyronin Y and DAPI was highly variable and inconsistent. A dramatic 

photobleaching affect of DAPI was also noticed using standard epifluorescence 

microscopy. After further review of the literature it was determined that pyronin Y was 

inherently variable (Berdalet and Dortch, 1991). Therefore pyronin Y and DAPI were no 

longer considered.

Ethidium bromide was also considered for estimating the amount of total nucleic 

acids (Kerkhof and Ward, 1993). It was later determined that ethidium bromide is 

membrane impermeant (Haugland, 1992). Because of the possibility of varying degrees 

of stain penetration into the cell, ethidium bromide was discarded. Acridine orange was 

chosen because of its metachromatic effect and the fact that it is membrane permeant 

(McFeters et al, 1991 Haugland, 1992).
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Microscopy

Epifluorescence microscopy using American Innovision Videometric 150 image 

analysis software (American Innovision, Inc.), an American Innovision Color CCD 1.5 

Lux camera and an Olympus BH-2 microscope with fluorescent light was used to 

quantify fluorescent intensity initially. However, uneven illumination, high background 

fluorescence and software problems presented too many obstacles to obtain consistent 

high quality images. As a result, confocal microscopy was used.

Experimental Protocols

A variety of experimental protocols were investigated. Planktonic (batch and 

chemostat) grown cells were either isolated and embedded in OCT, filtered onto a 0.2 Jim 

black polycarbonate filter membrane or heat fixed to a microscope slide prior to staining. 

All of these methods resulted in poor staining, uneven cell distribution, high background 

fluorescence and highly variable fluorescence intensity values.

In an attempt to avoid problems associated with analyzing planktonic cells,
.

biofilms were grown. These experiments resulted in very thin or contaminated biofilms. 

Because of inconsistent biofilm results, long experimental run times and uncontrollable 

variation in growing conditions, the bacterial colony method was used.




