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Abstract:
Experiments were performed to evaluate the comparative growth and physiology of Klebsiella oxvtoca
grown attached to granular activated carbon particles (GAC) or in liquid medium. Laboratory studies
showed that when this organism attached to GAC, the growth rate was enhanced more than 10 times in
the presence of glutamate, a substrate that adsorbed to the surface. No differences were observed if the
substrate was glucose, which did not attach to GAC. It was also shown that bacteria could be spawned
from the population of adsorbed cells and enter the bulk medium. These cells had enhanced growth that
appeared to have been conferred by their reversible association with the surface. Cellular
[3H]thymidine uptake was used to estimate DNA biosynthesis. Attached bacteria grown in a minimal
nutrient medium containing 20.0 mg/1 glutamate took up 5 times more.[3H]thymidine than cells grown
in suspension.

The uptake of [3H]uridine was used as a measure of RNA turnover. Attached cells were shown to
assimilate 11 times more [uridine than cells in liquid medium. Cell size measurements were performed
by differential filtration. Free-living cells grown in a minimal medium with 20.0 mg/1 glutamate were
smaller in size than attached cells, with 6296 of the total number passing through a 1.0 um filter after 9
days incubation. In the same period, 3996 of a cell population that was grown on GAC passed through
a 1.0 um filter. These studies indicate that GAC provides an interfacial environment for the enhanced
growth of K, oxytoca when glutamate is the substrate. 



THE EFFECT OF ATTACHMENT TO GRANULAR ACTIVATED CARBON 
ON THE GROWTH AND PHYSIOLOGY OF KLEBSIELLA OXYTOCA

by
DAVID GWILYM DAVIES

A thesis submitted in partial fulfillment 
of the requirements for the degree

Of

Master of Science 
in

Microbiology

MONTANA STATE UNIVERSITY 
Bozeman,Montana

March 1987



,VlAlN UB,

i i

APPROVAL

of a thesis submitted by

David Gwilym Davies

This thesis has been read by each member of the thesis 
committee and has been found to be satisfactory regarding 
content, English usage, format, citations, bibliographic 
style, and consistency. and is ready for submission to the 
College of Graduate Studies.

Date Chairperson, Graduate Committee

Approved for th Q Mainr Ponarfmnnt

Date Head, Major Department

Approved for the College of Graduate Studies

Graduate DeanDate



iii

STATEMENT OF PERMISSION TO USE

In presenting this thesis in partial fulfillment of 
the requirements for a master's degree at Montana State 
University, I agree that the Library shall make it 
available to borrowers under rules of the Library. Brief 
quotations from this thesis are allowable without special 
permission, provided that accurate acknowledgment of source 
is made.

Permission for extensive quotation from or 
reproduction of this thesis may be granted by my major 
professor, or in his absence, by the Director of Libraries 
when, in the opinion of either, the proposed use of the 
material is for scholarly purposes. Any copying or use of 
the material in this thesis for financial gain shall not be 
allowed without my written permission.

Signature

Dat e 2 0 » ^  / >  /f??



V

ACKNOWLEDGEMENTS
The author would like to express his sincere gratitude 

to Dr. Gordon A. McFeters for his guidance and assistance 
throughout this study and for his patience and kind heart 
without which he would not have survived. Sincere thanks 
are also due to Drs. Dave Ward, and John Robbins, for their 
contributions of ideas, advice, and analysis. Thanks are 
also due to Mark LeChevallier for his technical advice, and 
to Anne Camper, Ajaib Singh, and Barry Pyle, for advice and 
encouragement, and their ability to bring out in him what 
could never have been brought out on his own.

He would also like to express his thanks to the 
Department of Civil and Agricultural Engineering for the 
timely advice, the opportunity to see things from another 
perspective, and the unrestricted use of their 
laboratories.



TABLE OF CONTENTS

APPROVAL.........   ii
STATEMENT OF PERMISSION TO USE............    iii
VITA................................................... iv
ACKNOWLEDGEMENTS....................    v
TABLE OF CONTENTS .....................................  vi
LIST OF TABLES....................   vii
LIST OF FIGURES....................................... viii
ABSTRACT.... ............    x

Chapter
1. INTRODUCTION..................................  I
2. MATERIALS AND METHODS......................... 4

Organism and Culture Preparation.......... 4
Adsorption of Glucose by GAC..............  5
Adsorption of Glutamate by GAC............ 6
Growth Studies.............................  6
Desorption Efficiency.....................  8
Nucleotide Uptake.......................... 9
ATP Analysis...............................  11
Differential Filtration...................  13
Electron Microscopy........................ 14

3. RESULTS......    16
Adsorption of Glucose and Glutamate

by GAC .......................... i....... V  16
Growth Studies.............................  16
Nucleotide Uptake.......................... 23
ATP Analysis...............................  23
Differential Filtration................  44
Electron Microscopy........................ 44

4 . DISCUSSION................................. . . - 48

vi

LITERATURE CITED 75



vii
LIST OF TABLES

Table Page
1. Adsorption of glucose by granular

activated carbon.............................  17
2. Adsorption of glutamate by granular

activated carbon.......................... . 18
3. Uptake of radiolabeled thymidine by

Klebsiella oxytoca grown in mineral
salts medium with 20.0 mg/1 glutamate.......  38

4. Uptake of radiolabeled uridine by
Klebsiella oxytoca grown in mineral
salts medium with 20.0 mg/1 glutamate.......  39

5. Control for.ATP adsorption to granular
activated Carbon..................    41

6. Differential filtration of attached
and free-living Klebsiella oxytoca.......... 45



viii
LIST OF FIGURES

Figure Page
1 . Growth rates of Klebsiella oxvtoca in

mineral salts medium with glucose.. ........ 24
2. Growth curves of Klebsiella oxvtoca in

mineral salts medium with 0.5 mg/1
glucose............ . ............................ 25

3. Growth curves of Klebsiella oxvtoca in
mineral salts medium with 1.0 mg/1
glucose............................       26

4. Growth curves of Klebsiella oxvtoca in
mineral salts medium with 5.0 mg/1
glucose...........................................  27

5. Growth rates of Klebsiella oxvtoca in
mineral salts medium with glutamate......... 28

6. Growth curves of Klebsiella oxvtoca in
mineral salts medium with 2.5 mg/1
glutamate.......................................  29

7. Growth curves of Klebsiella oxvtoca in
mineral salts medium with 5.0 mg/1
glutamate.......    30

8. Growth curves of Klebsiella oxvtoca in
mineral salts medium with 10.0 mg/1
glutamate............................     31

9. Growth curves of Klebsiella oxvtoca in
mineral salts medium with 20.0 mg/1
glutamate...............   32

10. Growth curves of Klebsiella oxytoca in
mineral salts medium with 50.0 mg/1
glutamate............................  33

11. Growth rates of Klebsiella oxytoca in
mineral salts medium with 1.0 mg/1 
glucose................ ........... 34



ix
12. Growth rates of Klebsiella oxytoca in

mineral salts medium with 5.0 mg/1
glucose.... ....................................  35

13. Growth rates of Klebsiella oxytoca in
mineral salts medium with 2.5 mg/1,
5.0 mg/1, 10.0 mg/1, and 20.0 mg/1
glutamate........      36

14. Growth rates of Klebsiella oxytoca in
mineral salts medium with 50.0 mg/1
glutamate.......................................  37

15. Cellular ATP concentration of Klebsiella
oxytoca grown attached to granular
activated carbon in mineral salts medium
with 20.0 mg/1 glutamate....................... 42

16. Cellular ATP concentration of Klebsiella
oxytoca grown suspended in mineral
salts medium with 20.0 mg/1 glutamate........  43

17. Scanning electron micrographs of
Klebsiella oxytoca.............................  47



X

ABSTRACT
Experiments were performed to evaluate the comparative 

growth and physiology of Klebsiella oxvtoca grown attached 
to granular activated carbon particles (GAC) or in liquid 
medium. Laboratory studies showed that when this organism 
attached to GAC, the growth rate was enhanced more than 10 
times in the presence of glutamate, a substrate that 
adsorbed to the surface. No differences were observed if 
the substrate was glucose, which did not attach to GAC. It 
was also shown that bacteria could be spawned from the 
population of adsorbed cells and enter the bulk medium. 
These cells had enhanced growth that appeared to have been 
conferred by their reversible association with the surface. 
Cellular [^H]thymidine uptake was used to estimate DNA 
biosynthesis. Attached bacteria grown in a minimal 
nutrient medium containing 20.0 mg/1 glutamate took up 5 
times more.[^H]thymidine than cells grown in suspension.
The uptake of [^H]uridine was used as a measure of RNA 
turnover. Attached cells were shown to assimilate 11 times 
more [ uridine than cells in liquid medium. Cell size 
measurements were performed by differential filtration. 
Free-living cells grown in a minimal medium with 20.0 mg/1 
glutamate were smaller in size than attached cells, with 
6296 of the total number passing through a 1.0 um filter 
after 9 days incubation. In the same period, 3996 of a cell 
population that was grown on GAC passed through a 1.0 um 
filter. These studies indicate that GAC provides an 
interfacial environment for the enhanced growth of K , 
oxvtoca when glutamate is the substrate.
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Chapter I

INTRODUCTION

Granular activated carbon (GAC) is commonly used in 
the filtration of community water supplies due to its 
effectiveness in removing objectionable organic 
contaminants (Hassler, 1963; National Research Council, 
1980; Randke and Snoeyink, 1983). Bacteria colonize GAC in 
drinking water treatment facilities and have been isolated 
from carbon fines in finished water (Camper et al., 1986). 
Opportunistic pathogenic bacteria including salmonellae 
have been detected on a GAC water treatment filter 
(LeChevallier et al., 1984). Nearly 28% of the coliform 
bacteria found attached to GAC particles in drinking water 
exhibited the fecal biotype (Camper et al., 1986). In that 
study Kj. oxvtoca was predominant, accounting for 28.3% of 
247 coliform isolates. Other experiments showed that 
enteric pathogens colonized virgin GAC in the laboratory 
and maintained populations of IO^ to IO? CFU per gram for 
14 days in river water (Camper et al., 1985a). Furthermore, 
it has been found that bacteria attached to GAC, including 
coliforms and pathogens, are more resistant to chlorination 
than are unattached bacteria (LeChevallier, 1984). These
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findings indicate a possible health risk in the use of GAC 
in drinking water treatment, and point to the need for an 
increased understanding of the physiology of potential 
pathogens and indicator bacteria attached to GAC in 
nutrient limited waters.

Knowledge of cellular activity in interfacial environ
ments is important to the water industry as well as to our 
understanding of the ecology of aquatic ecosystems. This 
physiology is receiving increasing attention (Bell and 
Albright, 1982; Bright and Fletcher, 1983; Simon, 1985• 
Ludwicka et al., 1985). In many cases, attachment to sur
faces appears to increase cellular activity, although it 
may alternatively have no effect or decrease activity (Bell 
and Albright, 1982; Bright and Fletcher, 1983; Bancroft et 
al, 1983; Kjelleberg, et al., 1983; Humphrey and Marshall, 
1984; Jeffrey and Paul, 1986). Much ambiguity thus exists 
regarding the physiology of organisms at solid/liquid 
interfaces. In order to clarify some of this disagreement, 
methods for analyzing the physiological status of attached 
organisms must be chosen with care. With this in mind, GAC 
is attractive as a substratum for the study of the activity 
of an attached microorganism.

GAC is a positively charged substance (Mattson and 
Mark, 1971). Bacteria have a net negative charge 
(Richmond, and Fisher, 1973), and are readily adsorbed to
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its surface (Weber, 1979) . This precludes the need for 
detailed studies on the process of attachment to the 
substratum. Furthermore, GAC is able to adsorb organic 
acids (Mattson and Mark, 1971), and also is used to purify 
glucose liquors (Hassler, 1963). Thus, it may be used to 
specifically adsorb some substrates such as glutamate, 
while it will not adsorb significant amounts of glucose. 
Finally, procedures have been developed for the desorption 
and enumeration of bacteria attached to GAC (Camper et al., 
1986). Cells cultured on the surface of GAC can be 
desorbed and their physiological status determined by 
techniques used for suspended cells. It is therefore 
possible to perform a meaningful comparative analysis of 
attached versus free-living bacteria using GAC as a 
substratum.

In this study, oxvtoca was chosen as the test 
organism because of its predominance among bacteria 
detected on carbon particles in drinking water, and because 
of its significance as an opportunistic pathogen (Krieg and 
Holt, 1984). The results show that the degree of 
interaction between the substrate and substratum can have a 
profound effect upon the physiology of an attached 
organism. This effect is markedly different if the 
organism is not associated with the surface.
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Chapter 2

MATERIALS AND METHODS

Organism and Culture Preparation 
A clinical isolate of Klebsiella oxvtoca was obtained 

from the culture collection of the Department of 
Microbiology at Montana State University. Stock cultures 
were prepared by inoculation of one tenth-strength standard 
plate count (0.1 SPC) agar (Difco Laboratories, Detroit,
MI) with incubation at 35°C overnight. Discrete colonies 
were transferred to 0.1 SPC agar, incubated, harvested in 
20% glycerol/2% peptone and then stored in vials at -70°C. 
All glassware was washed in chromic acid, rinsed once with 
tap water and twice with reagent grade water (Milli-Q, 
Millipore Corp., Bedford, MA). Culture flasks (250 ml 
Erlenmeyer) were sterilized at 180°C for 3 hours. Mineral 
salts medium (MSM), the basal medium for all growth 
experiments, consisted of the following ingredients per 
liter: K2HPO4 7.0g, KH2PO4 3.0g, (NH4)SO4 l.Og, MgSO4 O.lg. 
This medium was autoclaved at 121°C for 20 min. All 
cultures were incubated at 35°C and rotated at 175 rpm. 
Stock culture (0.1 ml) was used to inoculate 100 ml MSM 
supplemented with glucose or glutamate at twice the
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concentration to be used in each experiment. This was done 
in order to step down the nutrient concentration gradually. 
Flasks were incubated for 24 h . A 0,1 ml aliquot of this 
culture was used to inoculate 100 ml of MSM supplemented 
with glucose or glutamate at the final concentration to be 
used in each experiment and incubated for 24 hours.
Bacteria from these flasks were used as a working culture 
in the mid-log phase of growth for subsequent experiments.

Adsorption of Glucose by GAC 
Radiolabeled glucose was used in experiments to 

determine non-specific adsorption to GAC. Suspensions of 
0.1 g oven sterilized GAC CNuchar, 13x40 mesh; Westvaco 
Chemical Division, Covington, VA) were made in 10 ml MSM 
supplemented with 0, 0.1, 0.5, 1.0 and 5.0 mg/1 glucose and 
0.1 ml [l^C]-glucose (New England Nuclear, Boston, MA) at a 
concentration of 4.5 mCi/mmol. Suspensions were also made 
with reagent grade water instead of MSM. Controls were 
prepared without GAC or radioactive glucose. Triplicate 
suspensions were incubated at 35°C rotated at 175 rpm. 
Samples were prepared for radiometric analysis by 
transferring 1.0 ml of the supernatant liquid to 10.0 ml of 
Aquasol liquid scintillation cocktail (New England 
Nuclear). Radioactivity was determined with a Packard 
TriCarb 460 CD liquid scintillation system (Packard Inst.,
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Downers Grove, IL) and recorded as counts per min.

Adsorption of Glutamate by GAC 
Total organic carbon (TOC) analysis was used to 

quantify the adsorption of L-glutamate by GAC. Oven 
sterilized GAC (1.0 g) was added to acid washed flasks 
containing 100 ml MSM supplemented with 0, 20.0, 30.0, 40.0 
and 50.0 mg/1 L-glutamate. Controls without GAC consisted 
of MSM with glutamate at the above concentrations.
Triplicate samples were incubated for I hour at 35°C, rotated 
at 175 rpm. A Barnstead PhotoChem organic carbon analyzer, 
No. E3600, was used to determine the TOC concentration 
in the supernatant. Not all added organic carbon was 
detected by this method but the relative values at 
different carbon concentrations were consistent. The 
amount of organic carbon detected averaged 26.7% of the 
total glutamate added, with a standard deviation of 3.6% 
for four assays.

Growth Studies
MSM supplemented with 0.5, 1.0 and 5.0 mg/1 glucose, 

or 2.5, 5.0, 10.0, 20.0, and 50.0 mg/1 glutamate was used 
for all growth studies. Cultures were incubated at 35°C 
with shaking at 175 rpm and sampled at times appropriate to 
detect lag, log and stationary phases of growth. Colony
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forming units (CFU) were enumerated by the spread plate 
technique (American Public Health Association, 1985) using 
10 percent SPC agar.

Attached bacteria were prepared by adding 1.0 gram of 
GAC to culture flasks before sterilization. Sterile MSM 
(99 ml) was then added to each flask and inoculated with 
0.1 ml of a working culture. Cells were allowed to attach 
to the GAC by incubation at 35°C with shaking for 20 min. 
Supplementary experiments showed that 1% to 10% of cells 
attached to the GAC surface. The liquid medium was 
decanted, the colonized GAC washed twice with sterile MSM 
and resuspended in MSM supplemented with either glucose or 
glutamate. Samples of 0.1 g GAC were blotted on sterilized 
absorbant pads (Millipore Corp. Bedford, MA) and 
transferred to 9.8 ml sterile MSM with 0.1 ml blending 
solution (Camper et al., 1985). The suspension was homoge
nized at 16000 rpm (Omni-Mixer model 17150,
Dupont/Sorvall) for 3 min at 4°C and CPU's enumerated as 
above. Additional experiments showed that 70.596-106.3% 
(mean 81.5%, n=8) of cells attached to GAC were recovered 
by the spread plate method following homogenization.

The growth characteristics of bacteria present in the 
flask containing GAC but that were suspended in the bulk 
liquid phase, were also examined. These suspended cells 
were harvested prior to homogenization, and their numbers
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were determined by the spread plate method. Such bacteria 
will be referred to as the GAC suspended population.

In order to determine if the GAC suspended population 
would display growth different from the free-living 
population, a third group of organisms was examined. 
Cultures for this additional group were prepared by adding 
1.0 gram of oven sterilized GAC to flasks containing 99 ml 
sterile MSM supplemented with glucose or glutamate as 
above. Each flask was incubated for 24 hours at 35° C and 
shaken at 175 rpm. This was done to allow possible 
adsorption of the nutrient to the GAC. Following 
incubation, the bulk liquid was filtered through a 0.22 um 
filter (Millipore Corp.) to remove the GAC from the media. 
The filtrate was collected in a sterile culture flask and 
inoculated with 1.0 ml of working culture ca. IO^ CFU.
This control group will be referred to as the population of 
cells grown in media with nutrients depleted by GAC.

Free-living bacteria were prepared by inoculating 0.1 
ml of a working culture into 100 ml MSM supplemented with 
glucose or glutamate as above. These suspensions were incu
bated and enumerated as for attached bacteria.

' Desorption Efficiency
Experiments were performed in order to determine the 

efficiency of the procedure used to desorb bacteria from
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the surface of GAC. The concentration of working culture 
bacteria was enumerated by the spread plate method. An 
inoculum of 0.1 ml of this culture was added to a flask 
containing 1.0 g oven sterilized GAC in 99 ml HSM. The 
flask was rotated at 175 rpm for twenty minutes at 35°C to 
allow the bacteria to adsorb to the GAC. Following this 
incubation period the number of bacteria in the bulk liquid 
was enumerated by the spread plate method. Bacteria were 
desorbed from the surface of GAC by the technique described 
previously. These cells were then enumerated by the spread 
plate method. The theoretical number of bacteria adsorbed 
to the GAC was calculated by subtracting the number of 
bacteria in the supernatant liquid from the number of cells 
added to the flask. The efficiency of desorption was 
determined by dividing the number of bacteria desorbed from 
0.1 g GAC x 10 by the theoretical number of adsorbed cells, 
and expressed as a percentage value.

Nucleotide Uptake
Thymidine and uridine uptake were used respectively to 

estimate DNA synthetic activity and RNA turnover of 
attached and free-living bacteria. Attached bacteria were 
prepared by inoculating 30 ml of HSM containing 0.3 g GAC 
with a working culture containing ca. IO^ CFU and allowing 
attachment for 20 mins. The colonized GAC was washed twice
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with MSM and resuspended in MSM containing 20.0 mg/1 
glutamate. After 20 hours incubation, radiolabeled 
nucleotide was added to each sample. [Methyl-^H] thymidine 
was added to obtain 0.25uCi/ml and the suspension was 
incubated with shaking for 6 hours. In a separate 
experiment, [S-^H]uridine was added to achieve 0.84uCi/ml
and the suspension was incubated with shaking for 24 hours. 
Samples of colonized GAC were homogenized with 196 blending 
solution and attached bacteria separated from GAC by 
filtering twice through a 0,5 um polycarbonate filter 
(Nuclepore Corp., Pleasanton, CA). Cells were enumerated 
in subsamples of the filtrate. Cells in the remaining 
filtrate were collected on 0.2 um Nuclepore polycarbonate 
filters and lysed in 1.0 ml lysis buffer [Tris HCl (5OmM), 
EDTA (10 mM) , SDS (496) , pH 12.4] . Filters were suspended 
in 10 ml Aquasbl scintillation cocktail and counted as 
previously described to determine the cellular uptake of 
radioactivity. .

Free-living bacteria were prepared by inoculating MSM 
containing 20.0 mg/1 glutamate with a mid-log phase working 
culture. Radiolabeled nucleotide was added and the culture 
was incubated as described above. The suspension was homo
genized with blending solution, filtered and treated as for 
attached bacteria. Controls of both attached and free- 
living bacteria were killed with 3.096 glutaraldehyde I hour
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before addition of nucleotide„ Radioactivity counts from 
this control group were subtracted from the test samples, 
in order to compensate nonspecific uptake of the label by 
cells as well as background counts.

ATP Analysis
ATP photometry was used to determine cellular ATP 

content for attached and free-living populations of K. 
oxvtoca. Attached bacteria were prepared by inoculating 98 
ml MSM containing 1.0 gram GAC with 1.0 ml of working 
culture containing ca. IO^ CFU and allowing attachment for 
20 minutes. The colonized GAC was washed twice with MSM 
and resuspended in 99 ml MSM supplemented with 20.0 mg/1 
glutamate. The flasks were incubated at 35° C and shaken 
at 175 rpm. Samples of 0.1 gram of GAC were homogenized as 
before. The homogenate was passed through a 5.0 um 
nitrocellulose filter (Millipore Corp. Bedford MA) that was 
prerinsed with blending solution (Camper et al., 1985) in 
order to remove particulate GAC. This was collected in a 
sterile polycarbonate centrifuge tube and kept on ice. A 
subsample of this filtrate was used to determine cell 
number by the spread plate technique (American Public 
Health Association, 1985)„ ATP was extracted from the 
remaining cells in the filtrate by the addition of an equal 
volume of releasing agent containing phosphatase inhibitor
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(Turner Designs, Mountain View, CA) and was left on ice for 

three minutes. Cellular debris and particulate material 

were removed from the filtrate by passage of the suspension 

through a 0.22 urn nitrocellulose filter (Millipore Corp.) 

that was prerinsed with blending solution (Camper et al., 
1985b) to prevent adsorption of ATP to the filter material.

Free-living cells were prepared by inoculating 99 ml 

MSM supplemented with 20.0 mg/1 glutamate. The flasks were 

incubated at 35° C and shaken at 175 rpm. Cells were 

homogenized, filtered, enumerated, and the ATP was released 

as per attached cells, with the exception that GAC was not 

used i
ATP measurements were performed using a Turner 

luminometer model TD-20e (Turner Designs). ATP standard 

was prepared by diluting lyophilized ATP in HEPES buffer 

(pH 7.75, Turner Designs) to 2.5 x 1 0 ~^ g/ml. Cellular ATP 

was measured by adding 0.05 ml luciferin (Turner Designs) 

to polycarbonate cuvettes at room temperature containing 

0.1 ml of cell extract plus releasing agent. To prevent 

denaturation, the luciferin had been frozen prior to use. 

The cuvettes were placed in the luminometer and 0.05 ml 

luciferase (Turner Designs) was injected into the cuvette 

and photo units were recorded. The luciferase was stored 

at -20°C and rehydrated shortly before use. Before 

each assay, fresh ATP standard was used to calibrate the
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number of photo units with a known ATP concentration. ATP 

content was calculated by multiplying the number of photo 

units yielded by the cell extract times the amount of ATP 

per photo unit, as determined from the standard. This 

number was divided by the number of CPU's per gram or ml to 

determine the mass of ATP per CFU.

In order to determine whether GAC would interfere with 

measurements of ATP, a control experiment was performed.

In that experiment, the effectiveness of blending solution 

at blocking ATP adsorption to GAC was examined„ 0.5 ml ATP

standard was added to 0.1 gram GAC in 9.8 ml MSM with and 

without 0.1 ml blending solution. The percentage of ATP 

was determined as described above, and compared with a 

predicted 100% recovery.

Differential Filtration

The relative sizes of attached and free-living bacteria 

were determined by differential filtration. Cultures were 

grown to mid-log phase in tryptone lactose yeast extract 

(TLY) broth [trypticase soy broth without dextrose (Difco 

Laboratories, Detroit, MI) supplemented with 1.0% lactose 

(Difco) and 0.3% yeast extract (Difco)3, centrifuged for 10 

min at 3020 x gravity and washed twice with MSM. Washed 

cells were allowed to attach to GAC as above and incubated 

in MSM containing 20.0 mg/1 glutamate. At 0, 24, 120 and
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216 hours, attached cells were harvested as before. In the 
preparation of free-living bacteria, washed cells were 

incubated in MSM containing 20.0 mg/1 glutamate. These 

suspensions were sampled at the same times as attached 
bacteria. Both attached and free-living samples (1.0 ml) 

were passed under pressure through Nuclepore polycarbonate 

filters with pore sizes of 0.6, 0.8 and 1.0 urn in 

presterilized Nuclepore filter holders. Filters were 

rinsed with nine, 10 ml volumes of sterile reagent grade 

water and cells in the filtrate were enumerated.

Electron Microscopy

K , oxytoca was prepared for analysis by scanning 

electron microscopy in order to investigate possible 

morphological differences between attached and free-living 

cells. These were contrasted with cells grown in rich 

nutrient media. Nutrient rich cells were grown for 48 

hours in tryptone lactose yeast extract (TLY) broth 

[trypticase soy broth without dextrose (Difco Laboratories, 

Detroit, MI) supplemented with 1% lactose (Difco)] at 35°C 

and shaken at 175 rpm. Attached and free-living bacteria 

were grown in MSM supplemented with 20.0 mg/1 glutamate and 

cultured at 35°C with shaking at 175 rpm for 120 hours. 

Cells were prepared following those methods used for growth 

studies. Both suspended populations were harvested on 0.22



15
um Nuclepore polycarbonate filters (Nuclepore Corp., 

Pleasanton, CA). Colonized GAC was blotted dry and cells 
were not desorbed from the surface. All samples were 

prepared for scanning electron microscopy by critical-point 

drying; the filters or GAC were mounted on copper stubs 

using graphite and were sputter coated with gold. Samples 

were examined at 8,000 x , and 10,000 x using a JEOL model 

JEM-100 scanning-transmission electron microscope.
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Chapter 3 

RESULTS

Adsorption of Glucose and Glutamate by GAC 

Glucose was not adsorbed by GAC when suspended in MSH 

and reagent grade water as shown in Table I. The amount of 

radioactivity in the liquid phase of these suspensions 

should have increased as non-radioactive glucose was added, 

if GAC was adsorbing glucose to its surface. That 

radioactivity was however not significantly changed with an 

increase in the amount of added glucose. The use of 

reagent grade water or MSM as suspending media had no 

significant effect on the amount of radioactivity in the 

supernatant. The amount of glutamate adsorbed to GAC 

suspended in MSM, detected as organic carbon, was from 

1009S with 20.0 mg/1 added glutamate to 83.89S with 50.0 mg/1 

added glutamate (Table 2). These results demonstrated that 

glutamate was adsorbed to the surface of GAC, while glucose 

showed no measurable interaction.

Growth Studies

The growth characteristics of oxytoca were 

analyzed. Four populations were examined so that
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Table I . Adsorption of glucose by granular activated 

carbon.

Glucose GAC Radioactivity in supernatant

Concentration added

mg/la g/10 ml cpm/mlb

MSMc Milli-Qd

0.0 0.0 15 575 19 178

0.0 0.1 15 324 17 454

0.1 0.1 18 129 16 897

0.5 0.1 15 731 16 337

1.0 0.1 16 306 18 828

5.0 0.1 15 920 16 985

a Each sample contained O 1I ml of 4.5 mCi/mmol 

[14c]-glucose.

b Each result is the mean of 12 replicates„

c Mineral Salts Medium.



18
d Reagent Grade Water.

Table 2. Adsorption of 

carbon.

glutamate by granular activated

Glutamate Organic carbon recovered Organic Carbon

added in supernatant mg/la Adsorbed as % 
of total added

mg/1 No GAC GAC

l.Og/lOOml

0.0 . NDb -C

0.0 - ND -

20.0 1.8 ND >97.1

30.0 3.5 0.3 91.4

40.0 4.3 0.6 86.0

50.0 6.2 1.0 83.8

a Each result is the mean of 3 replicates.

b Not detected (minimum detectable carbon = 0.05 mg/1)

c No data
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differences which might occur between attached and free- 
living cells could be determined. These were: bacteria

adsorbed to GAC, daughter cells , free-living cells, and 

cells in media with nutrients depleted by GAC. Each of 

these was cultured using glucose, a substrate that showed 

no significant interaction with the substratum, and 

glutamate, a substrate that adsorbed to the surface.

Several nutrient concentrations were used for each 

substrate.

Growth was measured for each of these populations at 

intervals which would indicate lag, log, and the onset of 

the stationary phase. Stationary and decline phases were 

not recorded, because the conditions which determine these 

stages of growth can not easily be equated with those in 

natural systems.
The results of these experiments were interpreted 

graphically as growth curves and growth rates. Each growth 

curve shown represents the results of a single experiment 

rather than an average of replicates. The number of 

replicates for each nutrient concentration is indicated in 

the legends of Figures 11-14. The curves are accurate 

representations of observed data, and are typical of 
replicates performed under the same conditions. The growth 

rate, u, was calculated from that region of each growth 

curve which best represented the logarithmic phase of
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growth. These data represent an average of the total 

number of replicates performed under each of the varying 

conditions.

When glucose was used as a substrate, no significant 

differences were observed in the rates of growth of . 

attached and free-living bacteria (Figure I). The growth 

curves for glucose (Figures 2, 3, and 4) show that the lag 

phase for adsorbed populations was generally longer in 

duration than that of the suspended cells. Log phase 

growth and maximum cell yield were similar for the two 

populations at all three glucose concentrations.

By contrast, the growth rates on glutamate were 

higher for adsorbed cells than for cells in suspension at 

2.5 mg/1, 5.0 mg/1, 10.0 mg/1, and 20.0 mg/1 (Figure 5). 

This difference was most pronounced at 20.0 mg/1. The 

growth curves for the same concentrations of glutamate 

(Figures 6, 7, 8, and 9) show that the duration of the 
log phase of attached cells was always substantially longer 

than the log phase of free-living bacteria. The cell yield 

of the attached population was similarly consistent in 

being greater than that for suspended bacteria. In the one 

graph where a lag phase is evident (Figure 8), the 

adsorbed cells required more time to enter log phase growth 

than did suspended cells. This observation was made for 

all concentrations of glutamate when the lag phase was
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detected (Figures 8, and 10), and is similar to what has 
been noted for cells of the same populations grown on 

glucose (Figures 2, 3, and 4).

When oxytoca was grown on 50,0 mg/1 glutamate no 

significant differences were detected in the growth rates 

of attached and free-living populations (Figure 10). The 

growth curves at this concentration are similar, and the 

two groups produced the same cell yields after 24 hours 

incubation. There is little characteristic difference 

between the growth curves for attached and free-living 

cells grown on 50,0 mg/1 glutamate and the three 

concentrations of glucose.

Daughter cells which were grown in flasks containing 

GAG, were compared with attached cells, and control cells 

grown in suspension in media with nutrients depleted by 

GAC .

When glucose was used as a substrate, no 

significant differences were observed in the log phase 

growth rates of daughter cells, attached cells and control 

cells (Figures 11, and 12). The growth curves for glucose 

(Figures 2, 3, and 4) show that the lag phase of the 

daughter cell population was less extensive than both the 

attached and control cell populations at all concentrations
i

examined. The log phase growth and maximum cell yield were 

similar in the three groups.
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When, grown on glutamate, log phase growth rates of the 

daughter cell population were similar to those of the 

control group, and less than those of attached cells at 2.5 

mg/1, 5.0 mg/1, 10.0 mg/1, and 20.0 mg/1 (Figure 13). When 

the growth curves of these populations were examined, no 

conclusions about the lag phase of growth could be made 

(Figures 6, 7, 8, and 9). The log phase of the 

daughter cell population was consistently longer than that 

of the control group and similar in duration to the 

attached bacteria, in all cases, lasting 120 hours or more 

compared with less than 30 hours for the control group.

Cell yields for the daughter cell population were not 

determined because maximum cell counts were not reached by 

the end of each 120 or 140 hour experiment. This 

increase in cell number was however, always greater for 

daughter cells than for control cells, with daughter cells 

growing at least two logs in 120 hours and control cells 

growing less than two logs.
When grown on 50.0 mg/1 glutamate, no significant 

differences were observed in the growth rates of daughter 

cells, attached cells and control cells (Figure 14). The 

growth curve at 50.0 mg/1 displays the same characteristics 

as the growth curves for glucose (Figure 10). There was no 

pronounced lag phase for the daughter cell population, 

while both attached cells and control cells show that phase
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of growth clearly. Log phase growth and cell yields were 
the same in all populations„

Nucleotide Uptake

Differences which might occur in the uptake of 

radiolabeled nucleotides by attached and free-living K ■ 

oxytoca were investigated for the growth of those 

populations in MSM supplemented with 20.0 mg/1 glutamate. 

[^H]-thymidine was used as a measure of nucleotide 

incorporation into DNA , and [̂ H]—uridine for nucleotide 

incorporation into the RNA fraction. The results of these 

experiments showed that thymidine was taken up by attached 

cells at a rate 5.1 times greater than suspended cells 

(Table 3). This indicated that cells adsorbed to the 

surface of GAC had higher rates of DNA synthetic activity 

than did cells grown in suspension. Uridine uptake was 

11.6 times greater in adsorbed cells than in free-living 
bacteria. This is evidence that RNA turnover exceeded the 

rate of DNA synthesis by more than a factor of two, and that 

this turnover was more rapid in cells on the surface than 

in bacteria in the liquid medium (Table 4).

ATP Analysis

Experiments were performed to determine cellular ATP 

content in populations of Kj, oxyt oca attached to GAC and
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Figure I. Growth rates of ■■ - ,,mineral salts medium with glucose. Shaded bars: cells
attached to granular activated carbon; open bars: cells 
grown in liquid medium. Error bars represent 95% 
confidence limits based on triplicate results.
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0.5 MG/L

TIME (HOURS)

Figure 2. Growth curves of Klebsiella oxytoca cultured 
in mineral salts medium with 0.5 mg/1 glucose. Circles 
represent cells attached to granular activated carbon; 
hexagons, cells grown in liquid medium; triangles, 
crranular activated carbon daughter cells; and squares, 
daughter cell control.
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1.0 MG/L

TIME (HOURS)

Figure 3. Growth curves of Klebsiella oxytoca cultured 
in mineral salts medium with 1.0 mg/1 glucose. Circles 
represent cells attached to granular activated carbon; 
hexagons, cells grown in liquid medium; triangles, 
granular activated carbon daughter cells; and squares, 
daughter cell control.
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5.0 MG/L

10 =

TIME (HOURS)

Figure 4. Growth curves of Klebsiella oxytoca cultured 
in mineral salts medium with 5.0 mg/1 glucose. Circles 
represent cells attached to granular activated carbon; 
hexagons, cells grown in liquid medium; triangles, 
granular activated carbon daughter cells; and squares, 
daughter cell control.
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Figure 5. Growth rates of Klebsiella oxytgca in
mineral salts medium with glutamate. Shaded bars 
attached to granular activated carbon; open bars: 
grown in liquid medium. Error bars represent 95% 
confidence limits based on triplicate results.

cells
cells
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2.5 MG/L

100 120 140

TIMF (HOURS)

Figure 6. Growth curves of Klebsiella oxytoca cultured
in mineral salts medium with 2.5 mg/1 glutamate. Circles 
represent cells attached to granular activated carbon; 
hexagons, cells grown in liquid medium; triangles, 
granular activated carbon daughter cells: and squares, 
daughter cell control.
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5.0 MG/L

100 120 M O
TIME (HOURS)

Figure 7. Growth curves of Klebsiella oxytoca cultured
in mineral salts medium with 5.0 mg/1 glutamate. Circles 
represent cells attached to granular activated carbon: 
hexagons, cells grown in liquid medium; triangles, 
granular activated carbon daughter cells; and squares, 
daughter cell control.
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10.0 MG/L

80 100 120 140
TIME (HOURS)

Figure 8. Growth curves of Klebsiella oxvtoca cultured 
in mineral salts medium with 10.0 mg/1 glutamate.
Circles represent cells attached to granular activated 
carbon; hexagons, cells grown in liquid medium; 
triangles, granular activated carbon daughter cells; and 
squares,daughter cell control.
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20.0 MG/L

IO1=

100 120 140
TIME (HOURS)

Figure 9. Growth curves of Klebsiella oxytoca cultured 
in mineral salts medium with 20.0 mg/1 glutamate.
Circles represent cells attached to granular activated 
carbon; hexagons, cells grown in liquid medium; 
triangles, granular activated carbon daughter cells; and 
squares, daughter cell control .
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50.0 MG/L

TIMF (HOURS)

Figure 10. Growth curves of Klebsiella oxvtoca cultured 
in mineral salts medium with 50.0 mg/1 glutamate.
Circles represent cells attached to granular activated 
carbon; hexagons, cells grown in liquid medium; 
triangles, granular activated carbon daughter cells; and 
squares, daughter cell control.
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Figure 11. Growth rates of Klebsiella oxytoca in mineral 
salts medium with 1.0 mg/1 glucose. Shaded bar, cells 
attached to granular activated carbon; open bar. cells 
grown in liguid medium; diagonal bar, granular activated 
carbon daughter cells ; vertical bar, daughter cell 
control. Error bars represent 95% confidence limits 
on triplicate results.
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Figure 12. Growth rates of Klebsiella gxytoca in mineral 
salts medium with 5.0 mg/1 glucose. Shaded bar, cells 
attached to granular activated carbon; open bar, cells 
grown in liquid medium; diagonal bar, granular activated 
carbon daughter cells; vertical bar, daughter cell 
control. Error bars represent 95% confidence limits 
based on triplicate results.
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Figure 13. Growth rates of Klebsiella oxytoca in

mineral salts medium with 2.5, 5.0, 10.0, and 20.0 mg/1 
glutamate. Shaded bar, cells attached to granular 
activated carbon; open bar, cells grown in liquid medium; 
diagonal bar, granular activated carbon daughter cells; 
vertical bar, daughter cell control. Error bars 
represent 95% confidence limits for triplicate results 
for 2.5, 5.0 and 10.0 mg/1 glutamate, and on four 
replicates for 20.0 mg/1 glutamate.



37

2 .000 -1

1.7 5 0 -

1.5 0 0 -

=3
111 1.2 5 0 —

50.0 MG/L

<
ocx
f-
5
OOC
O

1.000-

0 .7 5 0 -

0 .5 0 0 -

0 .2 5 0 -

0.000
Figure 14. Growth rates of Klebsiella oxytoca in mineral 

salts medium with 50.0 mg/1 glutamate. Shaded bar, cells 
attached to granular activated carbon; open bar, cells 
grown in liquid medium; diagonal bar, granular activated 
carbon daughter cells; vertical bar, daughter cell 
control. Error bars represent 95% confidence limits 
based on duplicate results.
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Table 3. Uptake of radiolabeled thymidine by Klebsiella

oxytoca err own in mineral salts medium with 20.0 mg/1

glutamate. -

Sample Expt . Uptake of Radioactivity

cpm/cfu/h x 10-2

Expt . Sample 95% C .I .

Meana Mean

Attached A 1.119
I I B 0.470 0.804 0.255-0.135
I I C 0.823

Suspended A 0.123
I I B 0.171 0.159 0.106-0.212
I I C 0.183

a Represents- the mean of three replicates.
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Table 4. Uptake of radiolabeled uridine by Klebsiella 

oxytoca grown in mineral salts medium with 20.0 mg/1 

glutamate.

Sample Expt. Uptake of Radioactivity

cpm/cfu/h x 10-3

Expt. Sample 95% C .I .

Meana Mean

Attached" A 3.29

" B 4.27 3.47 2.24-4.69
I I ■ C 2.85

Suspended A 0.188

B 0.313 0.301 0.198-0.482

C 0.402

a Represents the mean of three replicates.
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free-living in the bulk liquid phase. In these experiments

20.0 mg/1 glutamate was used because it was the substrate 

and concentration which yielded the most dramatic 

differences in growth, and uptake of radiolabeled 

nucleotides between adsorbed and suspended cells. It was 

assumed that if differences also exist between attached and 

free-living cells with respect to ATP content, they would be 

manifest most profoundly using the’ above conditions.

A summary of triplicate experiments designed to 

assay cellular ATP content in attached and free-living 

populations respectively, is given in Figures 15, and 16.

The results show that no significant differences existed in 

the ATP content of the two populations over the 48 hour 

interval investigated. Both populations demonstrated a 

decrease in ATP levels during that period. Each point 

represents the mean of triplicate results. The error bars 

denote the 95% confidence interval for three experiments.

The efficiency of blending solution in blocking 

adsorption of ATP to GAC was examined in order to determine 

the percent recovery of nucleotide triphosphate. The 

results of this experiment are given in Table 5, and show 

that homogenization with blending solution is 100% 

effective in removing ATP from the surface of GAC. This 

suggests that blending solution is 100% effective in 

preventing the readsorption of ATP to the surface of GAC.
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Table 5. Control for 

carbon.
ATP adsorption to granular activated

Condition

ATP Concentration^

Observed value Percent recovery

ATP Standard13 12.97-15.09 -

GACc with MSMd 0.532-0.658 4.l%-4.4%

GAC with MSM plus 

blending solution® 13.47-16.04 104%-106%

a All values denote number of photo units 

ranges represent 95% C 1I . 
b ATP, 0.5 ml (concentration: 2.5 x IO-8 g/ml). 

c Granular Activated Carbon, 0.1 g . 

d Mineral Salts Medium, 9.8 ml. 

e Blending solution, 0.1 ml.
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ATTACHED

TIME (HOURS)

Figure 15. Cellular ATP concentration of Klebsiella 
oxytoca grown attached to granular activated carbon 
in mineral salts medium with 20.0 mg/1 glutamate. Error 
bars represent 95% confidence limits based on triplicate 
results.
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FREE
LIVING

TIME (HOURS)

Figure 16. Cellular ATP concentration of Klebsiella 
oxytoca grown suspended in mineral salts medium with
20.0 mg/l glutamate. Error bars represent 95% confidence 
limits based on triplicate results.



44

Differential Filtration

Cell suspensions of ca. IO^ CFU/ml were filtered 

through polycarbonate membranes ranging in pore size from 

0.4 to 1.0 urn to determine differences between the size of 

cells grown in the bulk medium, and those grown on the 
surface of GAC. All cells were retained on 0.4 urn filters 

(data not shown). No cells that were grown while attached 

to GAC were recovered in the filtrates from 0,6 urn filters 

(Table 6). Little difference in cell number was observed 

in the filtrates of attached and free-living populations 

following 0 and I days of incubation. During nine days 

incubation, ah increasing proportion of cells passed 

through membranes with mean pore sizes of 1.0 and 0.8 um. 

The numbers of free-living bacteria recovered in the 

filtrates were consistently greater than those of attached 

bacteria. These results indicated that the miniaturiza

tion of oxytoca grown for 9 days in batch culture

containing 20 mg/1 glutamate, was mitigated by the 

organism's association with GAC. This was supported by 

electron microscopic examination.

Electron Microscopy

Scanning electron microscopy was used to examine 

differences between suspended cells grown in rich media and 

attached and suspended cells grown for 120 hours in MSM
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Table 6. Differential filtration of attached and 

Free-living Klebsiella Oxytgcaa .

Incubation % of cells in suspension detected in filtrate*3 

time

Attached Free-living

d

Filter pore sizes urn

O
 

I—
I O CO 0.6 1.0

I

COO 0.6

0 20.0 <0.01 <0.01 16.0 <0.01 <0.01

I 20.0 0.77 <0.01 23.0 0.01 <0.01

5 39.0 1.30 <0.01 25.8 2.54 0.06

9 39.0 1.60 <0.01 62.0 8.30 0.11

a Grown in mineral salts medium with 20.0 mg/1 glutamate 

to ca. IO8 CFU/ml.

b Each result is the mean of 3 replicates
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with 20.0 mg/1 glutamate. The results of these experiments 

showed that cells grown in rich media (Figure 17 A) were 

bacillus shaped, had the appearance of being covered with 

exocellular polymeric substance (EPS), and uniform in size 

with dimensions of approximately 0.5 urn x 1.6 urn. Cells 
adsorbed to the surface of GAC (Figure C) were bacillus 

shaped, showed the presence of EPS, and were similar in 

size to cells grown in TLY broth. In the upper middle-left 

of the micrograph, two cells can be seen in the process of 

division (see arrow). The appearance of the free-living 

bacteria (Figure 17 B) was markedly different from that of 

the other two populations examined. The micrograph shows 

that they were less electron dense than either the bacteria 

grown in rich media, or the attached cells. This indicated 

that their surfaces were of a different character than the 

other two populations. The free-living cells were coccoid 

with a diameter of approximately 0.4 urn and were therefore 

noticeably smaller than either the cells in (Figure 17 A, 

or C). Evidence of cell division in the suspended bacteria 

populations was not apparent.
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am
Figure 17. Scanning electron micrograph of Klebsiella 

oxytoca; A, suspended cells grown in nutrient rich 
broth for 48 hours, magnified 8,000 diameters; B, 
suspended cells grown in mineral salts medium with 20.0 
mg/1 glutamate for 120 hours, magnified 8,000 diameters;
C , cells attached to granular activated carbon grown in 
mineral salts medium with 20.0 mg/1 glutamate for 120 
hours, magnified 10,000 diameters. Bars represent 1.0 urn. 
Arrows indicate single bacteria.
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Chapter 4 

DISCUSSION

A large proportion of the physiological activity of 

bacteria in aquatic habitats has been attributed to cells 

attached to particulate material. Attached bacteria in 

Lake Mendota (WI) were larger, had higher growth rates, 

and used more acetate than free-living cells (Pedros-Alio 

and Brock, 1983). Particle-bound bacteria in a salt marsh 

were shown to account for about 63% of the respiring 

population (Harvey and Young, 1980)„ Aggregates and 

"aufwuchs" from lakes in Germany contained high proportions 

of respiring bacteria (Zimmermann, et al., 1978). 

Environmental studies such as these demonstrate the 

significance of attached microorganisms in aquatic 

ecosystems.
In attempting to understand what influences attach

ment has upon bacteria, it is necessary to conduct
\

experiments under controlled conditions. Numerous 

studies have been used to characterize the influence of 

solid surfaces on bacterial activity. Some of these 

investigations have shown physiological activity to be 

higher for cells attached to the substratum than for cells
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grown in suspension. The molar growth yield of EX coli 

was shown to be greater for cells adsorbed to an ion 

exchange resin, than for free-living cells (Hattori and 
Hattori, 1983) . The respiration and assimilation of amino 

acids by a marine pseudomonad was enhanced if the organisms 

were growing at a solid/liquid interface (Bright and 

Fletcher, 1983; Fletcher, 1979; Fletcher, 1986 ). A burst 

in activity as measured by microcalorimetry was shown to 

occur when a marine Vibrio sp. attached to a dialysis 

membrane (Humphrey and Marshall, 1984). While these 

studies support a generally accepted view that surfaces 

enhance physiological activity, others show that adsorbed 

cells are less active than suspended cells. A periphytic 

marine bacterium attached to hydroxyapatite, had lower 

rates of respiration and assimilation of glucose or 

glutamate than cells in suspension (Gordon et al., 1983). 

The respiration rates of a number of organic susbstrates 

was lower in EX. coli attached to resins than for 

unattached cells (Hattori and Furusaka, 1960).

In this study GAC was used as the substratum to 

investigate differences in growth and physiology between 

attached and free-living populations of Kj. oxytoca . GAC is 

an highly porous material with a large surface area and a 

net positive charge (Mattson and Mark, 1971). It has been 

noted that bacteria have a net negative surface charge; a
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characteristic due largely to the phosphate groups in the 

cell's outer membrane (Richmond and Fisher 1973). Studies 

showed that bacteria are readily adsorbed to the surface of 

GACj a phenomenon which is best described by the 

interactions of opposing charges between the two 
participants (Weber, 1979). Previous experiments in this 

lab showed that 20% of a population of Ejl coli . growing 

exponentially, attached to 1.0 gram of GAC in twenty 

minutes when the flask containing GAC in MSM was shaken at 

175 rpm at 35°C . (unpublished data) . Most bacteria, 

including K_j_ oxvtoca cultured under the conditions of 
these experiments, take more than twenty minutes to undergo 

cell division during log phase growth. The duration of the 

attachment procedure, therefore, indicated that a 

population of cells could be adsorbed to the surface of GAC 

while all of its members are at the same stage in their 

growth cycle. The advantages of such a situation are that 

a uniform population of attached organisms can be examined 

at the start of an experiment and that these organisms need 

not be actively involved in the attachment process. This 

is of some significance because the process of attachment 

is often complex and may involve elements such as motility 

and chemotaxis (Silverman et al., 1984), the elaboration of 

adhesive substances which firmly cement bacteria to the 

surface (Marshall, et al., 1971), or specialized adhesive
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cell components including pili, fimbriae, flagella, 

appendages and prosthecae (Fletcher and Marshall, 1982).

The presence of these elements can lead to confusion in 

interpreting the results of microbial activity at surfaces 

when their involvement is not satisfactorily considered.
By avoiding the need for bacteria to be actively involved 

in the attachment process, some confusion in comparing the 

activity of attached and free-living bacteria can be 

avoided.

Procedures have been developed for the desorption and 

enumeration of bacteria form the surface of GAC (Camper et 

al., 1985b). High shear forces within an homogenization 

vessel are used in this technique to remove the organisms 

from attachment to the substratum. By maintaining the 

temperature of the vessel at 4°C, heat from shear forces 

during the operation is not generated in sufficient 

quantity to affect the viability of the organisms within. 

Readsorption of cells to the surface of GAC is prevented by 

the addition of blending solution to the homogenization 

mixture. It has been hypothesized that blending solution 

carries a negative charge greater than that found at the 

surface of bacteria, and that as a consequence the 

components of the solution are adsorbed to those sites on 

the GAC which were occupied by cells, neutralizing the 

charged substratum, and preventing readsorption of the
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bacteria (Camper et al., 1985b). In an experiment designed 

to determine whether blending solution could prevent 

readsorption of ATP to the surface of GAC, it was shown 

that 100% of ATP adsorbed to GAC could be removed from that 

surface in the presence of blending solution, but that only 

4% of the ATP could be recovered in its absence. This 

further substantiated the belief that blending solution 

occupies positively charged sites on the surface of GAC.

Of those oxytoca adsorbed to GAC it has been 

shown that an average of 81.5% can be cultured following 

detachment from the substratum. It is therefore possible 

to desorb the majority of a population from the surface. 

Therefore, physiological studies which could include 

measurements' of cell contents and morphological analyses, 

as well as enumerations, may be performed on desorbed 

bacteria.
Additionally, the properties of GAC can be employed in 

a differential manner with respect to substrate 

interaction. Some organic carbon substrates such as 

glucose are known to not interact with GAC. The sugar 

industry has capitalized upon this property by Using GAC to 

remove undesired color and odors from glucose liquors 

because GAC will adsorb organic acids but not glucose 

(Hassler, 1963). This differential adsorption capability 

allows an investigator to examine the activity of organisms
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The combination of attributes of GAC make it a 

useful model system for a detailed study of the growth and 

physiology of bacteria in an interfacial environment.

These attributes also permit the opportunity to 

characterize several of the details which are poorly 

understood in work with uncharged surfaces. These include 

the process by which cells adsorb to the substratum, the 

interaction of substrates with the substratum, and the 

ability to characterize the growth and physiology of 

attached organisms on a per cell basis.

Experiments were performed to confirm that glucose did 

not adhere to the surface of GAC. In those experiments 

increasing amounts of glucose were added to a mixture of 

GAC in MSM or reagent grade water, with a constant 

concentration of [l^C]-glucose. If radioactivity in the 

bulk liquid increased with an increasing concentration of 

nbn-radioactive glucose added to the mixture, then GAC 

would have adsorbed glucose. The results of these 

experiments were that no increase in radioactivity was 

measured, reaffirming that glucose does not interact with 
GAC. Subsequently, glucose was used as the sole organic 

carbon source in experiments designed to examine the growth

on G A C  in t h e  p r e s e n c e  of a s u b s t r a t e  t h a t  is a d s o r b e d  to

its s u r f a c e  a n d  in t h e  p r e s e n c e  of one t h a t  is not a d s o r b e d

to its s u r f a c e .
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For the purposes of comparison, an organic substrate 

which would be adsorbed by GAC was sought. Glutamate was 

investigated as the substrate of choice due to its 

involvement in many metabolic pathways and because it 

carries a negative charge at physiological pH (Lehninger, 

1975). A series of experiments was conducted to confirm 

the assumption that glutamate would interact with GAC. In 

those experiments, a total organic carbon analyzer was used 

to detect glutamate in the supernatant liquid of flasks 

containing GAC in MSM, and in flasks with MSM alone. The 

results of those experiments showed that GAC adsorbed 

glutamate. The amount of organic carbon recovered as a 

percent of organic carbon added averaged 26.7% of the 

predicted value. However, these results were consistent 

with a standard deviation of 3.6% for all of the 

concentrations examined. The amount of glutamate adsorbed 

decreased with increasing concentration. This was 

possibly due to glutamate occupying an increasing number 

of adsorption sites on the surface of GAC with the result 

that more glutamate as a percent of the total amount added 

remained in the bulk liquid fraction. Subsequent to these 

experiments glutamate was used as the sole carbon source in 

studies designed to examine the growth and physiology of

of o x y t o c a  on G A C  in t h e  p r e s e n c e  of a s u b s t r a t e  that

w a s  not a d s o r b e d  b y  t h e  s u r f a c e .
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In experiments using glucose as the sole carbon/energy 

source for the growth of Ki oxytoca. no significant 

differences were observed in the growth rates of cells 
attached to GAC and in suspension (Figure I). This result 

indicated that GAC, as a substratum, either had no effect 

on the growth rate of the organism in the presence of 

glucose, or that it had a stimulatory or inhibitory affect 

that was compensated by nutrient availability.

While it has been demonstrated that GAC does not 

adsorb glucose, nutrient availability to attached cells may 

nonetheless be greater at the surface of an attached 

microcolony than within the microcolony. The possibility 

that cells may be deprived of nutrients within a 

microcolony on the surface of GAC, precludes the 
possibility that glucose would be.more available to 

attached cells than to free-living bacteria. Glucose' would 

therefore be available to the population of cells growing 

on the surface of GAC at levels similar to, or less than, 

what is available to the population of cells growing in 

suspension. If the substratum had any substantial 

inhibitory affect upon the growth of attached organisms, 

such an affect would have been manifest as a slower rate 

of growth for attached cells than suspended cells. Since

o x y t o c a  on G A C  in t h e  p r e s e n c e  of a s u b s t r a t e  t h a t  a d s o r b e d

to t h e  s u r f a c e .
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attached and suspended populations had similar rates of log 

phase growth, this could not be the case. This 

demonstrated that GAC does not by itself inhibit the growth 

rate of oxytoca to an observable extent„

It is still possible that GAC stimulates the growth of 

Kj. oxytoca on its surface, but that this effect is 

nullified by a comparative limitation of available glucose 

to this population, relative to the glucose available to 

cells in suspension. If GAC did stimulate the growth of K . 

oxytoca attached to its surface, then it may be assumed 

that a constant amount of GAC would provide a constant 

degree of stimulation. The stimulation of growth by GAC 

should remain fixed while the concentration of nutrients 

is increased. . If this were done, the degree of stimulation 

by GAC should decrease relative to the amount of 

stimulation,due to the substrate alone. If the growth 

rates of attached and suspended populations were similar at 

one concentration of glucose, the rates should therefore 
be different when that concentration is increased, with 

suspended cells growing faster than attached cells. It was 

shown that this phenomenon did not occur. The growth rates 

of attached and free-living cells in MSM with 1.0 mg/1 

glucose were similar. When the concentration of glucose 

was increased five fold, the increase in the growth rates 

of both populations was 1.5 fold. This demonstrated that
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GAC did not itself stimulate growth of Ki oxytoca. and that 

the availability of glucose was the same for cells adsorbed 

to the surface and those in suspension.

In experiments using glutamate as the sole 

carbon/energy source, the growth rates of attached cells 

were always significantly higher than suspended cells at 

2.5, 5.0, 10.0, and 20.0 mg/1. Since GAC was shown not to 

be directly responsible for enhancing the growth rate of 

attached cells, a possible explanation for this observation 

could be that the substrate was more available to those 

cells than to bacteria in suspension. This was predicted 

by the fact that GAC was shown to adsorb glutamate.

While nutrients may be present at a surface they are 

not necessarily utilizable. Macromolecular substrates, 

such as proteins, are often too tightly bound to surfaces 

to be utilized by attached bacteria (Stotzky and Rem,

1966). Small molecular weight compounds however, are less 

tightly bound and appear to be utilizable. For example, 

amino acids adsorbed to clays were taken up by adsorbed 

organisms (Zvyagintsev and Velikanov, 1968) . Fatty acids 

were assimilated more readily, when they were adsorbed to a 

substratum along with bacteria (Kefford, Kj elleberg and 

Marshall, 1982) . However, it was shown that neither 

cysteine nor aspartate adsorbed to clays could be 

assimilated by bacteria (Stotzky and Burns 1982). Since



58

cells growing at the surface of GAC in the presence of 

glutamate had higher growth rates than cells in suspension, 

it is probable that the increased growth resulted from an 

increase in available substrate to the attached organisms. 

It would therefore appear that glutamate at the surface of 

GAC was utilizable by the adsorbed bacteria. The enhanced 

growth of attached organisms may be due to a higher 

relative concentration of substrate on the surface of the 

substratum, as well as the ability of the substrate to be 

assimilated by bacteria after it had been adsorbed to the 

surface.

When Kjl oxytoca was grown on glutamate the differences 

in growth rates of attached and suspended cells was. 

greatest at 20.0 mg/1. That attached cells growing at 

concentrations less than 20.0 mg/1 showed less difference 

when compared to their suspended counterparts (Figure 13), 

seems to contradict the observation that the percent of 

total glutamate on the surface decreased with increasing 

concentration. Such a situation should result in less 

relative available nutrient for the attached population so 

that a steady decrease in the differences between these 

populations should have been observed with an increase in 

glutamate added to the culture flasks.

It is possible that at low concentrations of 

glutamate, the available levels of the substrate are higher



than the amount which is utilizable. Such an explanation 
would be consistent with the greater relative amount of 

glutamate at the surface, and the finding that from 2.5 

mg/1 to 20.0 mg/1, the differences between adsorbed cells 

and free-living cells did not decrease. While no 

experiments were performed to determine if and why 

glutamate is relatively less utilizable at low 

concentrations, it is plausible to speculate that 

interactions between the substrate and the surface were 

responsible for the anomalous results. ^It is also possible 

that the uptake mechanisms of the organism were in some way 

altered by interaction with the substratumhowever, 

since evidence to support such modification was not 

available, it will not be discussed.

The effect of surface adsorption of low molecular 

weight compounds on accessibility to attached bacteria is 

not clear (Fletcher, 1984). Low molecular weight compounds 

such as sugars and amino acids, are adsorbed and desorbed 

in an equilibrium. The residence time for these molecules 

at the surface is finite (Savage and Fletcher, 1985) . It 

may however be, that the initial molecules of glutamate 

that are adsorbed to the surface of GAC, are more tightly 

bound to that surface than glutamate that interacted with 

the surface later. If layers of glutamate molecules form on 

the surface, then the amount of charge from the substratum
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that could interact with the outermost molecules, would 

decrease as the layer becomes thicker. These outermost 

molecules would be in a more rapid equilibrium with the 

bulk liquid than the innermost molecules. The amount of 

utilizable substrate could therefore be greater as the 

concentration of that substrate is increased, even though 

the relative amount of substrate at the surface decreases.

An alternate, though not exclusive explanation for the 

increase in difference between the growth rates of bacteria 

adsorbed to the substratum and cells in suspension, could 

have to do with the location of nutrient on the surface of 

GAC relative to the location of cells on that surface. It 

has been noted that GAC is an highly porous material. If 

nutrients were adsorbed to sites deep within pores smaller 

in size than Ki oxytoca. those nutrients may become 

inaccessible to the cells. It is likely that to some, 

extent, this phenomenon occurs, but whether it is important 

enough to account for observations of unexpected growth 

rates, was not determined.
When the concentration of glutamate was increased to

50.0 mg/1, differences between attached and free-living 

cells.became insignificant. The lack of observed 

differences between attached and suspended organisms at 

elevated nutrient concentrations has been shown previously. 

An Achromobacter sp. adsorbed to chitin particles had an
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increased oxygen consumption over suspended cells in the 
presence of 0.5 mg/1 peptone but no differences were 

observed with 5.0 mg/1 peptone (Jannasch and Pritchard, 

1972). Zobell noted that the beneficial effect of glass on 

the growth of bacteria became more pronounced as the 

concentration of nutrients was decreased. The growth rates 

of cells adsorbed to glass were found to be higher than 

suspended cell growth rates only when the concentration of 

organic nutrients was less than 5 mg/1 to 10 mg/1 (Zobell, 

1943) .

At an elevated concentration of glutamate, oxytoca

grew at the same rate whether it was adsorbed to the 

surface of GAC or in suspension. This coincides with 

previous observations that at elevated nutrient 

concentrations attached and free-living bacteria grow at 

equivalent rates. Such a phenomenon is consistent with 

data that showed a decrease in the percentage of glutamate 

on the surface of GAC, relative to the total amount added 

as the concentration was increased (Table 2). A possible 

explanation for the observed decrease in the percent of 

adsorbed glutamate, is that with increasing concentrations 

of that substrate, the ability of GAC to adsorb more 

substrate is decreased. This may be due to the 

availability of fewer adsorption sites at higher substrate

concentrations,
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When an organism on a surface is growing on nutrient 

adsorbed to that surface, the organism serves as a sink for 

the nutrient, and thus sets up a diffusion gradient 

(Fletcher, 1984), This phenomenon probably occurred when 

K . oxytoca was grown attached to GAC in the presence of 

glutamate. The substratum would interact with the 

nutrient, adsorbing it to the surface. The organism might 

then utilize glutamate from the surface, liberating 

attachment sites on GAC that could be occupied subsequently 
by other molecules of glutamate. Such a situation would 

result in a long term availability of nutrient. In those 

experiments where the growth of attached cells was greater 

than suspended cells, the suspended cells entered 

stationary phase while the attached population continued 

log phase growth (Figures 6, 7, 8, and 9). Attached cells 

continued to grow exponentially up until the time the 

assays were terminated. This supports the view that 

glutamate was adsorbed by GAC for an extended period of 

time.
It appears from the results of experiments examining 

the growth of K. oxytoca on GAC, that attached cells can 

have an advantage over suspended bacteria in media at the 

same concentration. This advantage seems to occur when the 

substrate is adsorbed by the substratum, and at low 
nutrient concentrations. The importance of concentrated
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assimilable nutrients on the surface and bacterial growth 

as the result of interaction with that surface may, 
however, be underemphasized. Bacterial attachment to GAC 

may be dynamic in character. Cells growing at a surface 

could possibly detach and spend part of their lives in 

suspension. As reversibly attached cells, they may display 

activity that is different from their freely suspended 

counterparts. The work of Hermansson and Dahlbach (1983) 

demonstrated that exchange of nutrients between surface and 

bulk phase could be a significant factor at the air-water 

interface. Hermansson and Marshall (1985), showed that 

bacteria in bulk liquid in beakers incorporated 

radiolabeled fatty acid derived from glass cylinders coated 

with [l^C]-stearic acid, and that the activity of 

reversibly attached bacteria was greater than cells that 

did not interact with the surface. From the standpoint of 

understanding total bacterial activity in relation to GAG, 

it is necessary to determine whether reversible attachment 

occurs at the surface, and if so, what the significance of 

the daughter cells might be.
Experiments were performed to determine whether K . 

oxytoca that was attached to GAC could desorb from the 
surface, and if these reversibly adsorbed cells displayed 

different growth characteristics from.their free-living 

counterparts. It was first recognized that there might be
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some influence by GAC on the growth of free-living cells in 
media where that substratum was present. In order to 

determine whether GAC could effect the growth of cells that 

had never been exposed to its surface, a control population 

of bacteria was examined. These cells were grown in 

glutamate supplemented media that had initially been 

incubated with GAC for 24 hours. The GAC was then removed 

by filtration. If these bacteria were to show growth 

characteristics different from the population of cells 

grown in similar media that had not been exposed to GAC, it 

could be assumed that GAC was capable of modifying the 

media. It was predicted from experiments on the uptake of 

glutamate that cells in this control population would 

display a decrease in growth rate and enter stationary 

phase at a time earlier than the normally treated free- 

living population. The results of these experiments showed 

that when glutamate was used as the carbon/energy source, 

growth of the control population was similar to growth of 

free-living cells or slightly but not significantly faster 

(Figure 13). This observation may indicate that GAC 
elaborated some substance into the medium that enhanced the 

growth of oxytoca. It is possible that while no 

organics were on the surface of the GAC before it was used 

in these experiments (the material was oven sterilized at 

180°C for three hours), there may have been trace elements
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adsorbed to its surface that could subsequently enter the 

aqueous phase. The observation that no differences were 

noted when glucose was used as a substrate, however, 

detract from such an argument (Figures 11 and 12). It is 

also possible that GAC less than 0.22 um in size was able 

to pass through the filter used to collect that material, 

and that a small degree of reversible attachment of 

bacteria to and from these particles influenced the growth 

of the control population.

Reversibly attached cells were analyzed by removing 

samples of the bulk liquid from flasks containing colonized 

GAC1 In order to ensure that no free-living cells were 

present in the flasks at the beginning of these 

experiments, the GAC was rinsed twice with MSM to remove 

associated but non-adherent cells from the surface, and 

then placed in fresh media supplemented with either glucose 

or glutamate. The growth characteristics of these 

reversibly attached bacteria were similar to the attached 

population of cells when glucose was used as the substrate. 

This was expected because attached and suspended cells 
displayed similar growth characteristics (Figures 11 and 

12). When glutamate was used as the substrate, the growth 

rates of daughter cells were similar to or slightly greater 

than the control cells (Figure 13), and the length of the 

log phase was similar to the attached population (Figures
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6, 7, 8, and 9). This indicated that cells in the bulk 

phase of flasks containing GAC and glutamate had enhanced 

growth as the result of the presence of GAC. That 

enhancement resulted in an increase in cell numbers two 

logs greater than that of the control group. Furthermore, 

where a lag phase could be detected, it was less pronounced 

for cells grown in bulk with GAC in MSM with both glucose 

and glutamate, when compared with either the attached or 

control populations. ^The results of these experiments 

indicate that at least some cells can experience reversible 

attachment to GAC, and that these cells display a different 

physiology than free-living cells.^
When considering the activity of reversibly adsorbed 

bacteria, it is important to note that cells in the bulk 

liquid fraction of flasks containing GAC may either be the 

daughters of cells attached to the surface, or daughters of 

free-living cells. When these bacteria were examined, the 

two-populations' were analyzed together. Therefore, the 

increased activity of cells desorbed from the surface was 

likely to have been mitigated by the presence of less 

active free-living cells. This is what would be expected 

in nature, where cells from the surface detach and enter 

the bulk environment where they exist with free-living 

organisms.
The results of the growth studies on Kul oxytoca grown
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attached to GAC, and free-living in the bulk liquid medium, 

indicated that attachment to the substratum can have a 

pronounced effect on the organism. The consequences of 

attachment depend upon the type of nutrient present, and its 

concentration. . When glucose was used, no substantial 

differences were noted in the characteristics of growth for 

attached and suspended bacteria. When glutamate was used 

differences were dramatic, and indicated that the growth 

characteristics of attached and free-living organisms can 

be markedly different. Supplementary experiments designed 

to determine the physiological status and possible 

differences between attached and free-living cells were 

performed to further investigate those differences. For 

these experiments it was decided to use glutamate at 20.0 

mg/1; the nutrient and concentration which produced the 

most dramatic differences during the growth studies.

The uptake of radiolabeled nucleotides and nucleic 

acids provide a meaningful experimental approach to the 

study of the physiology of surface associated 

microorganisms. The uptake of thymidine and uridine have 

been widely used as measurements of DNA and RNA synthesis, 

respectively (Winn and Karl, 1984) . Several problems exist 

in determining the actual amounts of DNA or RNA synthesized 

by bacteria from measurements of incorporation of 

radiolabeled thymidine and uridine. These include, isotopic
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dilution of the introduced nucleotide into existing 

substrate pools (Pollard and Moriarty, 1984), and de novo 

synthesis of nucleotides (Karl,1982). In order to avoid 
complicated controls and the extraction of cold acid 

insoluble DNA and RNA, it was decided to conduct a simple 
series of experiments designed to analyze only the 

differences in the uptake of thymidine and uridine by 

attached and free-living Kjl oxytoca.

In these experiments, attached or suspended bacteria 

were incubated with glutamate until log phase growth was 

attained. Radiolabeled thymidine or uridine was then added 

to the flask and incubation was continued for 6 hours or 24 

hours. In order to correct for the nonspecific uptake of 

the nucleotides, a control group of cells was killed with 

glutaraldehyde prior to incubation with the labeled 

compounds. When the radioactivity of the cells was 

determined, the number of counts from the killed cells was 
subtracted from the test population's radioactivity. ^The 

results of these experiments showed that attached cells 

were 5.1 times more radioactive than suspended cells when 

both were incubated with thymidine (Table 3). While it can 

not be definitively concluded that the rates of the DNA 

synthetic activity of adsorbed cells was 5.1 times greater 

than that of the free-living cells, it is nonetheless 

clear that attached cells were more active in their uptake
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of thymidine than were suspended cells, and the evidence is 

strong that they synthesized DNA at a higher rate. When 

the two populations of bacteria were incubated in the 

presence of uridine, the attached cells were 11.6 times 

more radioactive than their free-living counterparts (Table 
4). This suggested that the attached cells were 

synthesizing RNA and perhaps protein at a higher rate than 

were free-living cells .J

In addition to supplying the pools for nucleic acid 

syntheses, nucleotides are used in energy metabolism, 

providing the elements of a rapid and specific system for 

the mobilization of cellular energy. ATP is the most 

common of the nucleotides to perform this function (Karl, 

1980). It was discovered by Chapman et al. (1971) that the 

level of ATP in a cell can be used as an index of 

viability. It was subsequently discovered that under 

starvation conditions, the level of cellular ATP can 

decrease (Montague and Dawes, 1974). In the present study, 

it was decided to examine cellular ATP content to determine 

if differences existed between attached and suspended 

populations of Kjl oxytoca grown on 20.0 mg/1 glutamate.

Both populations of bacteria experienced a decrease in 

cellular ATP content over the course of the experiment, 

but there was no significant difference between attached 

and free-living cells. In the populations examined in this
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study, the decrease in ATP occurred most dramatically 

during the first 24 hours, and subsequently was less 

pronounced (Figures 15 and 16). A similar observation was 
made for the starvation of an Arthrobacter sp., where one 
population had a growth rate three times the rate of a 

different form of the same organism, but that both 

organisms had the same intracellular ATP concentration 

following an initial drop during the first 24 hours (Leps 

and Ensign, 1979). It was subsequently found that when 

glucose of succinate was added, the concentration of 

cellular ATP increased. This indicated that a decrease in 

ATP could result from nutrient restriction. While the 
attached population of cells in the present study were 

shown to have higher growth rates than their suspended 

counterparts, it is nonetheless possible that they too may 

have been experiencing starvation conditions though not to 

the same degree as free-living cells. Therefore, the ATP 

experiments in this study neither confirm nor deny the 

possibility that Kj. oxytoca displays an enhanced 
physiological status when it is adsorbed to the surface of 

GAC in the presence of glutamate.

While considering the possibility that the enhanced 

growth of Kj oxytoca attached to GAC was a result of 

nutrient availability, it became important to consider 

whether free-living bacteria growing at slower rates were

V
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experiencing nutrient limiting conditions. In the natural 

environment, most of the microorganisms exist in a state of 

famine, and nutrient starvation might be considered the 
"normal" state (Morita, 1985). It was found by Schaetcher 

et al. (1958), that when cells were deprived of an 

exogenous supply of nutrients they became smaller. This 

starvation pattern has been noticed by other investigators 

(Novitsky and Morita, 1977; Kjelleberg et al,, 1982). In 

the present study, experiments were performed in order to 

examine whether diminution of cell size existed, and if so, 

to what extent.
The experiments designed to determine the sizes of 

attached and free-living cells made use of differential 

filtration to determine the approximate size of oxytoca 

grown under different conditions. Attached and free-living 

bacteria were cultured for nine days in 20.0 mg/1 glutamate 

in batch culture. At intervals, samples were taken and 

passed through filters of decreasing pore size, and 

enumerated. The results of these experiments showed that 

the cell sizes of the two populations were different. 

Free-living bacteria passed through filters with a mean 

pore size of 6.0 urn, while attached cells did not, and the 

percentage of attached bacteria that passed through filters 

less than 1.0 urn was consistently less than what was 

observed for the free-living population (Table 6).
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The relative.sizes of attached and free-living 

bacteria may be an indication of nutrient availability at 

the solid/liquid interface and in the bulk liquid phase. 

From these results it may be concluded that both 

populations of bacteria were undergoing nutrient 

restriction but that the free—living cells experienced 

starvation to a greater degree than cells at the GAC 

interface.

To lend further evidence to the observation that free- 

living bacteria were reduced in size when compared to those 

attached to the substratum, electron microscopic 

examinations were performed on cells grown for five days in

20.0 mg/1 glutamate. For the purpose of comparison, a 48 

hour culture of free-living bacteria was grown on nutrient 

rich media. These examinations showed that oxytoca grew 

as a bacillus-shaped organism at high nutrient levels, and 

when under prolonged growth at the surface of GAC. When 

grown in suspension however, the organism became coccus

shaped and had decreased in size 1.5 times when compared 

with either the cells grown in rich broth, or 20.0 mg/1 

glutamate while attached to GAC (Figure 17).

The development of small size and spherical shape by 

an organism have been interpreted as strategies that 

enhance survival in low nutrient environments (Novitsky and 

Morita, 1977). Such morphological changes result in an
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increase in the surface/volume ratio of the organism. This 

change gives a greater adsorptive surface to the organism 

relative to its size, and therefore may enhance its ability 
to take up nutrients from the environment. That the 

attached bacteria were bacillus-shaped indicated that they 

did not require this increased capacity for nutrient 

transport. This is most likely the result of high levels 

of glutamate still present at the surface after 120 hours 

of incubation. ,
(jhe results of this study indicated that attachment 

can have profound consequences for the organism. These 

consequences included increased rates of growth, increased 

DNA biosynthesis and rates of RNA turnover, and increased 

cell size, when compared to the same organism grown in 

suspension. These factors appeared to be largely 

influenced by the availability of nutrients which was 

greater on the surface of GAC, when the substrate was 

adsorbed to the surface of this material, than in the 

liquid medium^ These observations are supported by the 

lack of difference in growth rates of attached and free- 

living organisms when glucose was used as a substrate, 

since glucose was not adsorbed to the surface of GAC. 

Furthermore, bacteria were shown to reversibly bind to the 

surface and enter the bulk liquid phase. These cells had 

longer periods of exponential growth and a greater net
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increase in their numbers than did free-living bacteria.

It appears that with the appropriate substrate, GAC 

can enhance the physiological status of a microorganism.

This can have important implications for the use of GAC in 

industries where microbiological quality is a concern. In 

drinking water treatment facilities, where GAC has found 

popular application, it has been noted that carbon fines 

can penetrate treatment barriers and enter finished drinking 

water. These particles can be colonized by bacteria, and 

opportunistic pathogens have been isolated from some . 

samples (Camper et al. 1986). Furthermore, disinfection 
procedures have been shown to have little effect on the 

viability of cells attached to GAC (LeChevallier et al.

1984). It is therefore of possible health significance 

that cells attached to GAC may display an enhanced 

physiology over cells in suspension, as has been 

demonstrated with Ki oxytoca in this study.
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