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ABSTRACT 

Pseudomonas aeruginosa, a free living saprophyte, can cross 

phylogenic barriers, producing disease processes both in plants and 

animals. Extracellular toxins, particularly hemolysins and proteases, 

are responsible for cellular necrosis. Lesions, by this organism in 

tissue culture, using a fluid system were first demonstrated in 1965. 

The solid agar overlay cell culture technique used to produce viral 

plaques was modified in the present study to permit the investigation, 

of these bacterial lesions, since the fluid system, with its inherent 

limitations, was unsuitable. Confluent HeLa monolayers, propagated in 

one ounce prescription bottles, were infected with approximately 

50 bacteria suspended in 0.1 ml of adsorption fluid. This fluid 

consisted of cell culture growth medium, containing 10% newborn calf 

serum (NBCS) and 90% Eagle's basal medium (EBM). After adsorption, 

the monolayer sheet was covered with an agar matrix composed of 10% 

NBCS, 90% EBM, 1.5% Difco agar, and 3% neutral red (1:1000). Viral-

simulated plaques, indistinguishable from viral lesions, developed 

within 24-36 hours at 37 C. Optimal conditions for plaque development 

required a one hour adsorption period and the addition of 10% serum in 

both the adsorption fluid and overlay medium. 

Plaque formation was not affected by the type of serum in the 

adsorption fluid, but was affected by the type of serum added to the 

overlay medium. When newborn calf or adult bovine serum was added to 
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the overlay medium, in place of fetal or agamma calf serum, there was 

a reduction in the number and size of plaques. This suppression by 

NBCS, however, was not immunologically specific since neither repeated 

bacterial adsorptions nor complement inactivation affected bacterial 

multiplication in petri dishes containing the test organism, plate 

count agar, and 10% concentrations of these treated sera. 

When nutrient broth or plate count agar was substituted for EBM 

in the adsorption fluid and Difco agar in the overlay medium respec

tively, results were not significantly affected. However, when either 

serum or EBM was deleted individually from the overlay medium, neither 

plaques or colonies appeared following incubation. When both were 

deleted simultaneously, only bacterial colonies appeared. Furthermore, 

when amino acids, vitamins, and glutamine, components in the overlay 

medium, were deleted individually or in combination, both plaque and 

colony formation were affected significantly. Glutamine was the single 

most important plaque stimulator. 

Serum plays a paradoxical role within the overlay medium since 

it promotes plaque formation while suppressing colony development. 

This finding lends further support to the hypothesis that ]?. aeruginosa 

may produce viral-simulated plaques from a protected intracellular 

site within the HeLa cell. 

When the agar overlay technique was adapted for antibiotic 

sensitivity studies variable results were noted which were inconsistent 

with data obtained utilizing standard antibiotic sensitivity procedures. 

The practicality of this in vitro procedure to determine the drug 

susceptibility of P^. aeruginosa remains undetermined at this time. 



CHAPTER 1 

INTRODUCTION 

Pseudomonas aeruginosa is a saprophytic free-living microbe 

found primarily in fresh water and sewage. In man it can be readily 

isolated from the intestinal tract and normal skin surfaces. This 

organism has also been implicated in a variety of disease processes 

such as bronchopneumonia, liver abscesses, pyelonephritis, infantile 

diarrhea, skin lesions, and infections involving the joints, eyes, ears, 

and nose. Pseudomonad infections, often resulting in death, have also 

been reported in patients suffering from wounds, severe burns, and many 

debilitating diseases prompting many investigators to categorize it as 

an opportunistic organism. 

Gessard in 1882 first reported P^. aeruginosa as the etiological 

agent of "blue pus." Elrod and Braun (1) observed lesions on tobacco 

leaves produced by aeruginosa, thus demonstrating its unique ability 

to cross phylogenic barriers. However, the plant pathogen, Psuedomonas 

fluorescens, caused localized tissue necrosis in traumatized mouse 

extremities only when the body temperature of infected portions of the 

host was reduced below 34 C (2). Heart and lung cultures revealed a 

bacteremia in these asymptomatic mice, but their normal body temperature 

prevented a septicemia. 

1 
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The destructive extracellular fractions of _P. aeruginosa, 

producing tissue necrosis and toxemia, were studied extensively by Liu, 

Abe, and Bates (3), Liu and Mercer (4), and Liu (5,6). Utilizing 

!P. aeruginosa-infected cultures of tryptone-glucose extract agar 

covered with cellophane sheets, Liu et al. (3) isolated and identified 

four extracellular fractions. Each was tested in plants, animals, and 

HeLa cell cultures for toxicity revealing: 1) that pyocyanin (frac

tion la), dialyzable substances, other than pyocyanin (fraction lb), 

and slime (fraction IV) produced a delayed ill-defined cytopathogenic 

effect (CPE) in HeLa cell cultures; 2) that hemolysin (fraction II) and 

extracellular enzymes, the proteases (fraction III), produced total 

destruction of HeLa cell monolayers within a one hour contact period; 

and 3) that both fractions la and lb were non-toxic to mice while the 

latter produced necrosis in plants. Further elaboration of extra

cellular toxicity carried out by Liu (5) revealed that the presence of 

specific substances in the growth medium enhanced the production of 

selective toxins. For example, lecithinase production required the 

presence of 0.0003% phosphate, hemolysin production required 0.005% to 

0.01% phosphate, and protease production required a minimal of 0.01% 

to 0.2% phosphate. In addition, Liu noted that hemolysin and 

lecithinase production were enhanced by alpha alanine and glutamic acid, 

while aspartic acid favored protease production. Since these four 

amino acids are present in the tissues of man, the prerequisites for 

exotoxin production are readily available during disease processes. 

Intradermal injections of lecithinase into rabbits produced edema and 



induration, whereas, similar site injections of proteases produced 

hemorrhagic and necrotic lesions (6). During earlier studies, Liu and 

Mercer (A) reported that the virulence of _P. aeruginosa depended upon 

its ability to multiply in animal serum and produce extracellular 

toxins. No isolate lacking either qualification was ever found 

virulent to laboratory animals. Later, Liu (7) isolated a "lethal 

toxin" which differed significantly from other extracellular toxins 

identified by him. Unlike the others, this toxin was produced in serum 

and detected by its lethal effects in test animals. Recently, Liu and 

Hsieh (8) reported that ]?. aeruginosa isolates producing a virulent 

"lethal toxin" possessed low protease activity. Isolates demonstrating 

high protease activity were relatively avirulent since this enzyme 

destroyed the lethal toxin. 

The effects of specific extracellular toxins upon the host 

readily offers an insight into the destructiveness of this microbe. 

However, the effective elimination of the organism with drug therapy, 

requires a more complete understanding of its intracellular or extra

cellular realtionship within the host. Cell culture techniques permit 

the study of active cellular disease processes and benign carrier 

states with minimum variables. A wide range of organisms such as 

Salmonella typhosa. Pasteurella tulerensis, Brucella abortus, 

Mycobacterium tuberculosis, Streptococcus viridans, and Enterobacter 

aerogenes are capable of intracellular multiplication. Others produce 

latent diseases as malaria, syphilis, and herpes (9). An excellent 

understanding of antibiotic cell penetration was achieved with mouse 
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macrophage cultures (10) and mouse fibroblastic cell cultures (11,12), 

during antibiotic resistance studies using M. tuberculosis and 

S. typhosa, respectively. These investigators showed that antibiotics 

readily penetrate host cells altering the infective agent's metabolic 

properties. 

Although P_. aeruginosa-host cell interactions were studied 

extensively within macrophages (in vivo) by Nelson and Becker (13), 

cell culture models required for in vitro studies went unreported until 

1965. In that year, Ludovici and Christian (14), working with 

IP. aeruginosa, described virus-like plaques within HeLa monolayer 

cultures growing in a fluid medium. These investigators reported that 

although human amnion cell cultures were refractory, virus-like plaques 

did appear on cell cultures derived from human cervical carcinoma, human 

foreskin, and deer mouse muscle when infected with aeruginosa. To 

date, the significance of the bacterial plaque forming system remains 

only partially resolved. While extracellular toxins have been 

indirectly implicated as possible plaque producers in HeLa monolayers 

grown in a fluid medium (15) the microbe's location and plaque forming 

mechanism remains obscure. 

Since the fluid cell culture system for characterizing bacterial 

plaques had shortcomings similar to those observed with viral plaques, 

the present research problem was undertaken to develop an agar overlay 

plaquing technique which would overcome inherent problems experienced 

with liquid culture methods as well as to delineate those conditions 

essential for the formation of viral-simulated plaques and colonies. 



CHAPTER 2 

MATERIALS AND METHODS 

Cell Culture Techniques 

Growth Medium 

The growth medium utilized for cell propagation was 10% newborn 

calif serum (NBCS) and 90% Eagle's basal medium (EBM) containing Earle's 

balanced salt solution (BSS) (Grand Island Biological Company). Anti

biotics were omitted from the growth medium throughout this study to 

prevent masking of potential contaminants and adverse effects upon the 

test organism, P^. aeruginosa. 

Stock Cell Culture 

The HeLa S3 culture was obtained from the departmental tissue 

culture stock collection which is maintained frozen at -60 C in a Revco 

freezer. An ampule, containing cells, was thawed rapidly in a 37 C 

water bath. The contents were aseptically transferred to a milk-

dilution bottle containing 10 ml of growth medium and then incubated 

at 37 C for cell propagation. 

Cell Propagation and Storage 

Such milk-dilution bottles incubated at 37 C developed confluent 

monolayers after approximately three to four days. After discarding the 

exhausted growth medium the monolayer sheets were washed once with 

5 
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calcium and magnesium-free phosphate buffered saline (CMF-PBS) and 

harvested with a 0.25% trypsin solution prepared in CMF-PBS. After 

complete disruption of the monolayer sheet the cells were diluted in 

growth medium to a cell density of 10^ cells per ml. Ten ml portions 

were then dispensed into milk-dilution bottles for subsequent incuba

tion and cell propagation. Following the appearance of a confluent 

cell sheet, several bottles were harvested and subcultured as previously 

described. The remaining bottles were harvested and centrifuged at 

room temperature for 10 minutes at 250 x g decanted, and resuspended to 

a cell density of 2x10^ cells per ml in growth medium containing 5% 

glycerol. This cell suspension was divided into 1 ml quantities, 

sealed in ampules, frozen slowly in a Revco freezer, and utilized 

thereafter as the cell culture stock reserve. Experiments were done 

in one ounce prescription bottles (28.4 ml) seeded with 4 ml of 

growth medium containing 10^ HeLa cells per ml. All bottles were 

incubated at 37 C until confluent monolayers formed. In general, a 

three to four day incubation period was required. 

Bacteriology 

Test Organism 

The .P. aeruginosa strain utilized was obtained from Dr. Peter 

P. Ludovici, Department of Microbiology and Medical Technology, The 

University of Arizona. This organism was initially detected as a 

HeLa S3 pure culture contaminant producing viral-simulated plaques in 

cell culture systems with a fluid medium. Although this strain was 
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used exclusively for all standardization experiments other P_. aeruginosa 

isolates selected at random from infectious disease processes exhibited 

this same plaquing phenomenon. These random isolates, contributed by 

the United States Air Force Regional Hospital, Davis-Monthan Air Force 

Base, Tucson, Arizona were utilized for selective antibiotic assay 

studies based on suppression of plaque and colony formation by 

•P.* aeruginosa. 

Bacterial Propagation and Storage 

A working stock suspension of the test organism was initiated 

by inoculating cell culture growth medium with ]?. aeruginosa. After 

approximately five to six hours incubation at 37 C, the faintly turbid 

growth medium was uniformly dispersed, divided into 1 ml quantities, 

sealed in ampules, and frozen quickly in liquid nitrogen. Several 

days later a random ampule was thawed rapidly in a 37 C water bath, 

diluted serially in growth medium, and cultured in plate count agar 

using the standard pour plate technique. This assay procedure repeated 

five times indicated the sample variation. Once the mean sample 

population was established, working suspensions were produced by quickly 

thawing an ampule and diluting its contents to a predetermined volume. 

This cold storage and dilution technique became the method of choice 

despite occasional discrepancies between the observed and expected 

population end points. Some obvious variations were expected since 

stock suspensions were generally diluted ten thousand fold. This 

inherent dilution error was often overcome by performing critical 

experiments in triplicate utilizing ten fold low, medium, and high 
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bacterial populations. Other methods, to obtain stable reproducible 

populations, were attempted, but each possessed shortcomings. 

Agar Overlay Components 

Monolayer Selection 

One ounce prescription bottles with confluent monolayer cell 

sheets were utilized in all experiments. These cell sheets were 

usually confluent after three to four days incubation at 37 C. The 

bottles were inspected with the aid of a microscope and those with 

incomplete monolayers were discarded, whereas the others were drained, 

washed once with BSS, and inoculated as indicated below. 

Adsorption Fluid 

The standard adsorption fluid used was Eagle's basal medium 

(EBM) containing 10% NBCS and P^. aeruginosa. A 0.1 ml inoculum, 

containing 50-100 bacteria, served as the normal infective dose. The 

optimum conditions for bacterial adsorption were investigated by 

altering bacterial populations, serum concentrations, serum types, and 

adsorption fluids. The general procedure consisted of removing growth 

medium from the monolayers, washing with BSS, infecting with 

P. aeruginosa, and incubating the monolayers for one hour at 37 C to 

permit adsorption according to established virological procedures. The 

monolayer sheet was then washed again with BSS and overlaid with an 

agar matrix which maintained monolayer integrity while localizing the 

infective agent. 
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Overlay Medium 

Two agar overlay media formulations were utilized. The first, 

designated complete agar overlay constituents, contained 1.5% Difco 

agar, 90% EBM, 10% serum, and 3% neutral red (1:1000). The second, 

designated incomplete agar overlay constituents, contained only 1.5% 

Difco agar and 3% neutral red (1:1000). Following bacterial adsorp

tion, 4 ml of either the complete or incomplete overlay constituents, 

previously melted and cooled to 45 C, was added to the bottle's inner 

glass surface, opposite the infected monolayer sheet, and slowly rolled 

onto it. When the agar matrix solidified at ambient temperatures the 

bottles were inverted, agar side up, and incubated at 37 C until plaques 

or colonies appeared. Comparative antibiotic in vitro assay studies 

were conducted by adding one LD50 of neomycin or polymyxin B to either 

overlay medium and proceeding as described. 

The presence of neutral red in the overlay medium provided an 

indicator which permitted preliminary plaque or colony counts. For 

confirmation of plaque results as well as for a permanent record, mono

layers were treated with 10% formalin overnight at room temperature. 

The agar matrix was then carefully removed and the bottles washed twice 

with distilled water, stained with 1% crystal violet, and air dried. 

Bottles fixed and stained as described could be easily photographed or 

stored for future observations. 



CHAPTER 3 

RESULTS 

Initial data deal primarily with the standardization of 

essential constituents in the adsorption fluid and agar overlay matrix. 

Preliminary studies revealed that approximately 10% to 15% of the 

bacteria placed onto the cell sheet during the adsorption phase produced 

viral-simulated plaques. Throughout this study a concerted effort was 

made to detect methods to increase plaquing efficiency. Although 

plaquing efficiencies greater than 40% were never achieved, the agar 

overlay technique did provide reproducible, easily interpretable 

results which depended on the individual components used. These results 

provide an insight into the complexity of the plaquing phenomenon and 

demonstrate the variations achieved by changing constituents. 

Adsorption Fluid 

Effect of Altering Newborn Calf Serum Concentrations 

One ounce prescription bottles, containing confluent cell 

sheets three to four days old, were washed once with BSS to remove 

expended growth medium. Then, 0.1 ml of adsorption fluid containing 

2%, 5%, or 10% NBCS and a constant number of bacteria was placed onto 

the cell sheet and incubated for one hour at 37 C to permit bacterial 

adsorption. The bottles were rotated every 15 minutes to bathe 

adequately the monolayer. Following this step, the fluid was discarded, 

10 



11 

the cell sheet washed once with BSS, then covered with a complete agar 

overlay medium and incubated as previously described. Bacterial 

control plates were included using plate count agar to determine the 

bacterial inoculum. Table 1 shows the variations in plaque counts when 

various concentrations of NBCS were incorporated into the adsorption 

fluid. Sei-um levels between 2% and 10% are required for plaque forma

tion to occur, and the absence of NBCS dramatically decreased the 

plaque count. Based upon these results 10% NBCS became the standard 

concentration used in all subsequent studies. 

Effect of Adsorption Time on Plaque Production 

The plaquing efficiency (8.4%) obtained during the previous 

experiment suggested that organisms in the adsorption fluid may not have 

been in contact with the cell sheet long enough to be adsorbed by the 

cells. Thus, a similar study was performed using a constant 10% NBCS 

concentration and 0, 15, 30, 45, 60, and 120 minute adsorption times. 

Table 2 indicates the effect of bacterial adsorption time on plaque 

numbers. A minimum 30 minute adsorption period was required before 

plaques appeared. The optimal adsorption period was approximately 

60 minutes, as indicated by an average of seven plaques and a 9.1% 

plaquing efficiency. However, adsorption periods of 45 or 120 minutes 

were also effective. 

Effect of Serum Types in the Adsorption Fluid 

Adsorption fluids containing 10% newborn calf, agamma calf, or 

fetal calf serum and a standard number of bacteria were tested for 
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Table 1. Effect of various serum concentrations in the adsorption 
fluid on plaque formation by Pseudomonas aeruginosa. 

Serum in Adsorption Fluid3 

(percent) 
Plaque Number 3̂ Plaquing Efficiency0 

(percent) 

0 1.0 1.3 

2 5.5 7.1 

5 4.0 5.2 

10 6.5 8.4 

a. Newborn calf serum in Eagle's basal medium with Earle's balanced 
salt solution. 

b. Mean from duplicate monolayers after infection with 77 bacteria 
per 0.1 ml inoculum. 

c. Plaquing efficiency is an index of infectivity which is derived by 
dividing the theoretical plaquing population into the observed 
plaque count and multiplying by 100. 
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Table 2. Effect of Pseudomonas aeruginosa adsorption time on plaque 
number. 

Adsorption Time 
(minutes) 

Plaque Number3 Plaquing Efficiency*5 

(percent) 

0 0 0 

15 0 0 

30 2 2.6 

45 5 6.5 

60 7 9.1 

120 5 6.5 

a. Mean from duplicate monolayers after infection with 77 bacteria 
per 0.1 ml inoculum. 

b. Plaquing efficiency is an index of infectivity which is derived by 
dividing the theoretical plaquing population into the observed 
plaque count and multiplying by 100. 
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their effect upon plaque number and size. Following the normal one 

hour bacterial adsorption period all three groups were washed with BSS 

and covered with the complete agar overlay medium. The bottles were 

inspected for plaque determinations after 24 hours incubation at 37 C. 

Table 3 clearly demonstrates that neither plaque number nor size varied 

when different bovine sera were incorporated into the adsorption fluid. 

Effect of Different Adsorption Fluids 
upon Plaque Numbers 

Previous studies were directed towards providing an optimal 

cellular environment. In this experiment the adsorption fluid was 

altered to provide optimal conditions for the test organism. This 

alteration, it was anticipated, would prove less deleterious to the 

organism during the adsorption phase and thus increase plaque produc

tion and efficiency. 

For this study a stock seed of ]?. aeruginosa was prepared from 

nutrient agar slants by washing off bacterial growth with a solution 

containing equal parts of horse serum and nutrient broth after 18 hours 

incubation at 37 C. This suspension was then homogenized, divided 

into 1 ml quantities, sealed in ampules, and frozen in liquid nitrogen. 

Following the titration of several random samples in plate count agar, 

the organisms were diluted in nutrient broth containing 10% NBCS and 

0.1 ml was placed onto the cell sheet for subsequent adsorption. 

Bottles treated with the standard adsorption fluid served as controls. 

From this point on, standard overlay procedures were followed. Table 4 

presents the data from this study. Circular plaques of similar diameters 
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Table 3. Effect of various sera incorporated in the adsorption fluid 
on plaque number and size in HeLa monolayers infected with 
Pseudomonas aeruginosa. 

Serum in Adsorption Fluid3 

10% 
Plaque Number** Plaque Size 

mm 

Agamma 7 1-2 

Fetal 8 1-2 

Newborn 9 1-2 

a. Serum component added to Eagle's basal medium with Earle's balanced 
salt solution. 

b. Mean from duplicate monolayers after infection with 28 bacteria 
per 0.1 ml inoculum. 
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Table 4. The effect of different adsorption fluids on plaque formation 
in HeLa monolayers infected with Pseudomonas aeruginosa. 

Adsorption Fluid3 Plaque Number*3 Plaquing Efficiency0 

(percent) 

Nutrient broth 6 6.1 

Eagle's basal medium 6 5.3 

a. Nutrient broth and Eagle's basal medium both contained 10% newborn 
calf serum. 

b. Mean of duplicate monolayers. The nutrient broth inoculum contained 
98 bacteria per 0.1 ml. The standard adsorption fluid, Eagle's 
basal medium, contained 114 bacteria per 0.1 ml. 

c. Plaquing efficiency is an index of infectivity which is derived by 
dividing the theoretical plaquing population into the observed 
plaque count and multiplying by 100. 



developed on both groups of cultures. Although the plaque counts were 

slightly greater using nutrient broth adsorption fluid, it was well 

within the variation observed during previous studies with the standard 

adsorption fluid. 

Overlay Medium 

Conditions Influencing Plaque and Colony Development 

Monolayer cell sheets adsorbed with P^. aeruginosa and covered 

with complete overlay constituents developed viral-simulated plaques 

when incubated for 24 hours at 37 C. Such monolayers were completely 

devoid of bacterial colonies. Infected monolayers, however, covered 

with either 1.5% Difco agar (incomplete overlay constituents) or plate 

count agar alone produced only bacterial colonies. This phenomenon of 

selective inhibition is demonstrated in Table 5. The plate count agar 

with and without 10% NBCS and 90% EMB served as a control. Plate 

count agar was more conducive to plaque formation. However, occasional 

bacterial growth caused an overall cloudy effect, producing interpretive 

difficulties. 

Figure 1 illustrates the appearance of viral-simulated plaques 

and colonies. In Figure 1C the typical virus-like plaques, one to two 

millimeters in diameter, contained clear central areas of dead cells 

which did not take up the neutral red vital stain. In contrast, the 

bacterial colonies, Figure IB, located at the cell sheet-agar interface 

did take up the stain, thus producing red colonies. The third bottle, 

Figure 1A, demonstrates the appearance of viral-simulated plaques on 
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Table 5. Components of the overlay medium required for the formation 
of Pseudomonas aeruginosa plaques or colonies on HeLa 
monolayers 

Medium Component Number of Plaques3 Number of Colonies3 

Difco agar 0 11 

Plate count agar 0 13 

Difco agar plus 10% 
NBCS-EBMC 9 0 

Plate count agar plus 
10% NBCS-EBM 22 0 

a. Mean from duplicate monolayers after infection with 105 bacteria 
per 0.1 ml inoculum. 

b. Incomplete overlay constituents composed of 1.5% Difco agar and 
3% neutral red (1:1000). 

c. Complete overlay constituents composed of 1.5% Difco agar, 90% 
Eagle's basal medium, 10% newborn calf serum, and 3% neutral red 
(1:1000). 
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Figure 1. HeLa monolayers infected with Pseudomonas aeruginosa and 
covered with a solid agar overlay medium. 

(A) Appearance of viral-simulated bacterial plaques after 
an overnight fixation with 10% formalin and subsequent 
staining with aqueous 1% crystal violet. (B) Neutral red 
uptake by bacterial colonies multiplying at the agar-cell 
sheet interface. (C) Typical viral-simulated plaques 
producing clear circular zones of dead cells not staining 
with neutral red. Monolayers required a 24 hour incuba
tion period at 37 C before plaques or colonies appeared. 
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monolayers previously fixed overnight in 10% formalin, the overlay 

removed, and the monolayer of cells stained with 1% aqueous crystal 

violet. Plaques in Figure 1A represent dead cells which sloughed from 

the glass during the rinsing and staining process resulting in clear 

unstained circular lesions. 

Effects of Omitting Various Components 
of the Overlay Medium 

In this study the requirement for EBM and its four basic com

ponents, namely, amino acids, vitamins, and glutamine, were investigated 

to determine which parameters were responsible for plaque and colony 

development. Mat', re monolayer sheets were adsorbed with bacteria, 

overlaid, and incubated as previously described. Table 6 lists the 

effects upon plaque and colony development when these various components 

were deleted from the overlay medium individually and in combination. 

When all overlay components were present, 10 plaques but no colonies 

appeared in confirmation of previous findings (Table 5). Neither 

plaques nor colonies developed when either NBCS or EBM was deleted 

individually, indicating dependence upon both these supplements for 

plaque formation and suppressive properties for both against colony 

development. When NBCS and complete EBM, or NBCS and three of the 

four basic components of EBM (amino acids, vitamins, and glutamine) 

were omitted from the overlay medium, no plaques developed, but 9 and 

15 colonies appeared, respectively. These results clearly indicate 

that NBCS and the amino acids, vitamins, and glutamine portion of EBM 

inhibited colony formation. Other results presented in Table 6 suggest 
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Table 6. Effect of omitting various components of the overlay medium 
on the formation of plaques and colonies. 

Component Omitted3 Number of Plaques Number of Colonies^ 

None 10 0 

NBCS 0 0 

EBM 0 0 

AA, V, G 0 0 

NBCS, EBM 0 9 

NBCS, AA, V, G 0 15 

AA 4 0 

V 6 0 

G 2 0 

AA, V 5 0 

AA, G 2 0 

y, G 2 0 

a. The complete overlay medium consisted of 1.5% Difco agar, 10% new
born calf serum, NBCS, and 90% Eagle's basal medium [EBM containing 
amino acids (AA), vitamins (V), glutamine (G) , and Earle's balanced 
salt solution]. 

b. Mean of duplicate monolayers infected with 42 bacteria per 0.1 ml 
inoculum. 

/ 



22 

that glutamine was the most important chemical in EBM for plaque 

production, whereas vitamins were less important. 

Effect of Bovine Sera on Colony Formation 
in the Absence of HeLa Monolayers 

This study was performed to demonstrate the effects of treated 

and untreated NBCS as well as untreated fetal, agamma, and adult bovine 

serum upon bacterial colony formation. Untreated sera refers to the 

sterile contents as supplied by the manufacturer. Two treatments were 

performed on NBCS in the hopes of clarifying its colony inhibitory 

properties. One portion of NBCS was heated at 56 C for 30 minutes to 

inactivate complement whereas the other portion was adsorbed for six 

hours at 37 C with live and dead ]?. aeruginosa using standardized 

adsorption techniques. Treated and untreated NBCS was mixed with 

molten plate count agar at 45 C to produce a 10% serum concentration. 

This mixture was then poured into petri dishes previously seeded with 

]?. aeruginosa and allowed to solidify at room temperature. After 

24 hours incubation at 37 C all petri dishes were inspected for 

bacterial colony formation. Table 7 presents the effects of various 

treated and untreated sera upon colony development. No HeLa monolayers 

were employed in this study. Neither untreated NBCS nor adult bovine 

serum permitted bacterial colony formation, a fact previously observed 

with NBCS. The inhibitory properties exhibited by NBCS are apparently 

nonspecific since the adsorption procedure with live and dead bacteria 

failed to eliminate the suppression. Furthermore, the inhibitory 

property was not complement-dependent, since colony suppression was 
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Table 7. Effect of various bovine sera on the formation of Pseudomonas 
aeruginosa colonies in plate count agar without HeLa mono
layers . 

Serum Type Serum Pretreatment Number of Colonies3 

10% 

Newborn None 0 

Newborn Inactivated, 56 C, 
0.5 hour 

0 

Newborn Adsorbed with 
P. aeruginosa 

0 

Adult None 0 

Fetal None 15 

Agamma None 14 

None None 21 

a. Mean of duplicate monolayers infected with 50 bacteria per 0.1 ml 
inoculum. 
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not eliminated by heat inactivation of complement. Finally, both 

fetal and agamma calf serum did not possess such an inhibitory substance 

since colony counts of 15 and 14 were close to the theoretical count of 

21 observed in the control plates. 

Effect of Various Bovine Sera on Plaque Numbers and Size 

Table 8 presents data on the effects of various bovine sera 

incorporated into the agar overlay on plaque number and size. When 

NBCS or adult bovine serum was used the plaque number was six to nine 

with plaque diameters ranging from one to two mm. However, when fetal 

or agamma calf serum was present in the overlay medium plaque numbers 

and diameters were approximately double the previous values. Although 

fetal and agamma calf sera gave higher plaque numbers and greater 

plaquing efficiencies in the order of 54-79%, they were most 

unsatisfactory for routine use since both colonies as well as plaques 

appeared during the first 24 hours of incubation causing swarming and 

cloudiness. 

Effect of Bacterial Populations on Plaque 
and Colony Development 

Using techniques previously described, one ounce prescription 

bottles were infected in quadruplicate with bacterial populations 

ranging from 34 to 1065 bacteria per 0.1 ml inoculum. Following the 

established one hour adsorption period, the cell sheets were washed 

once with BSS and divided into two groups, each containing duplicate 

bottles over the complete infectivity range. One group was covered 

with complete agar overlay constituents while the other received 



25 

Table 8. Effect of various bovine sera incorporated in the agar over
lay on plaque number and size. 

Serum Type Plaque 

Agar-EBM Overlay 
10% 

Number3 Size 
mm 

Newborn 9 1-2 

Newborn 8 1-2 

Newborn 7 1-2 

Adult 6 1-2 

Fetal 22 4-5 

Fetal 15 4-5 

Agamma 18 2-3 

a. Mean of duplicate monolayers infected with 28 bacteria per 0.1 ml 
inoculum. 
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incomplete agar overlay constituents. Thereafter, each group was 

incubated for 24 hours at 37 C and inspected for the formation of 

plaques or colonies. Plate count agar petri dishes inoculated during 

seeding served as bacterial population controls. Figure 2 illustrates 

the results obtained. A straight line relationship is observed when 

the inoculum contained approximately 50 to 400 bacteria per 0.1 ml. 

Bacterial populations in the adsorption fluid in excess of 500 bacteria 

per 0.1 ml produced overcrowding with fusion of adjacent colonies or 

plaques. The plaquing efficiency varied between 5.4% and 7.5% in the 

linear portion of the curve, somewhat lower than anticipated. 

Direct Application 

Effect of Antibiotics on the Suppression 
of Plaque and Colony Formation 

Comparative in vitro assay studies based on plaque and colony 

suppression of the stock isolate and three randomly selected 

P^. aeruginosa isolates from clinical specimens were performed on HeLa 

monolayers. Neomycin and polymyxin B were selected for testing since 

neither demonstrated HeLa-cytotoxicity at the drug concentrations 

employed. That concentration of antibiotic inhibiting 50% of the 

bacterial population after 24 hours incubation at 37 C was utilized 

as one LD50. However, this concentration varied among aeruginosa 

isolates (2.6-6.2 yg/ml of neomycin and 9.4-33.5 yg/ml of polymyxin B). 

Petri dishes, devoid of HeLa monolayers, containing only the test 

organisms and plate count agar with and without one LD50 dose of 
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Figure 2. Effect of Pseudomonas aeruginosa density upon plaque 
and colony formation on HeLa monolayers after 24 hours 
incubation at 37 C. 



antibiotic served as controls. These plate count agar controls were 

compared with monolayer cell cultures which were first infected with 

the various test organisms and then overlaid with complete and 

incomplete agar overlay constituents each containing one LD50 dose 

of antibiotic. Tables 9 and 10 indicate the reduction percentages 

obtained after 24 hours incubation at 37 C. Comparative drug suppres

sion utilizing plate count agar containing antibiotics was relatively 

consistent among isolates indicating similar in vitro patterns. 

However, the extreme plaque and colony suppression range observed 

among isolates on HeLa monolayers prevented any valid interpretation 

of results. 
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Table 9. Effect of neomycin suppression of plaque and colony formation 
by Pseudomonas aeruginosa. 

Percent Reduction 

Isolate3 

Plate Count 
Agar*3 

Complete Agar 
Overlay 

Constituents0 

Incomplete Agar 
Overlay 

Constituents^ 

Ps no. 1 38 24 8 

2 30 0 0 

3 56 19 40 

4 38 13 20 

a. Pseudomonas aeruginosa isolates. Ps no. 1 represents the stock 
organism while Ps nos. 2, 3, and 4 represent random isolates from 
clinical specimens. 

b. Mean percent reduction from duplicate petri dishes after infection 
with 425 bacteria per 0.1 ml inoculum. 

c. Mean percent reduction of plaques from duplicate monolayers after 
infection with 425 bacteria per 0.1 ml inoculum. Complete overlay 
constituents composed of 1.5% Difco agar, 90% Eagle's basal medium, 
10% newborn calf serum, and 3% neutral red (1:1000). 

d. Mean percent reduction of colonies from duplicate monolayers after 
infection with 425 bacteria per 0.1 ml inoculum. Incomplete overlay 
constituents composed of 1.5% Difco agar and 3% neutral red (1:1000). 
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Table 10. Effect of polymyxin B suppression of plaque and colony 
formation by Pseudomonas aeruginosa. 

Isolate3 

Percent Reduction 

Isolate3 

Plate Count 
Agarb 

Complete Agar 
Overlay 

Constituents0 

Incomplete Agar 
Overlay 

Constituents^ 

Ps no. 1 55 30 43 

2 54 100 4 

3 64 43 4 

4 58 35 9 

a. Pseudomonas aeruginosa isolates Ps no. 1 represents the stock test 
organism while Ps nos. 2, 3, and 4 represent random isolates from 
clinical specimens. 

b. Mean percent reduction from duplicate petri dishes after infection 
with 387 bacteria per 0.1 ml inoculum. 

c. Mean percent reduction of plaques from duplicate monolayers after 
invection with 387 bacteria per 0.1 ml inoculum. Complete overlay 
constituents composed of 1.5% Difco agar, 90% Eagle's basal medium, 
10% newborn calf serum, and 3% neutral red (1:1000). 

d. Mean percent reduction of colonies from duplicate monolayers after 
infection with 387 bacteria per 0.1 ml inoculum. Incomplete overlay 
constituents composed of 1.5% Difco agar and 3% neutral red (1:1000). 



CHAPTER 4 

DISCUSSION 

The agar overlay techniques designed and developed during this 

study provide another approach to the investigation of the interactions 

between P^. aeruginosa and its human host. The working model developed 

was based upon techniques used for viral studies employing an agar 

overlay procedure (16). 

This procedure successfully produced viral-simulated plaques 

when HeLa monolayers were exposed to ]?. aeruginosa under closely 

controlled laboratory conditions. Plaques which developed after 

24 hours incubation at 37 C were well delineated circular areas 

completely devoid of bacterial colonies. These plaques were 

indistinguishable from viral plaques and were observed as clear 

unstained areas surrounded by healthy HeLa cells which took up the 

neutral red present in the overlay medium. By removing specific 

inhibitors from the overlay matrix, bacterial colonies in place of 

viral-simulated plaques appeared at the agar-cell sheet interface. 

The agar overlay technique possessed many advantages over the 

fluid assay system previously utilized by Ludovici and Christian (14), 

and Coleman, Janssen, and Ludovici (15). The agar matrix prevented 

satellite plaque formation by restricting bacterial mobility. Bacterial 

overgrowth, which invariably destroyed liquid assay monolayer sheets 
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after 30 hours incubation at 37 C, was suppressed for approximately 

48 hours with this technique before breakthrough occurred. P^. aeruginosa 

strains producing viral-simulated plaques or bacterial colonies under 

the agar matrix could be easily cloned for subsequent studies when pure 

culture isolates were desired. Monolayer sheets could be examined 

macroscopically for viral-simulated plaques or bacterial colonies in 

contrast to the tedious microscopic examination required in the liquid 

assay system. Finally, cultures of special interest could be stored 

at A C for several days, or stained with crystal violet and retained 

indefinitely as a permanent record. The agar overlay technique, 

however, did require large quantities of HeLa cells to seed bottles 

as well as large quantities of growth media. Despite these short

comings, the numerous advantages made this technique a desirable 

experimental tool to study the plaquing phenomenon exhibited by 

I>. aeruginosa. 

Serum must be present in the adsorption fluid for plaques to 

develop. This finding confirms earlier studies by Ludovici and 

Christian (14), in fluid assay systems. Serum concentrations between 

2% and 10% enhanced plaque formation while plaque production was 

decreased when serum was completely removed from the adsorption fluid. 

Agamma, fetal, or newborn calf serum, when added to the adsorption 

fluid, performed equally well in permitting plaque formation by 

]?. aeruginosa. Apparently each serum contained similar plaque promoting 

factors. Thus, the requirement for serum appears well established, 

although its role in the subsequent production of viral-simulated 



33 

plaques remains vague. During the adsorption phase the organism may 

enter the host cell during pinocytosis, integrate closely with the host 

cell because of opposite surface charges, or become phagocytized by 

the host. In support of the latter hypothesis is the fact that serum 

stimulates bacterial phagocytosis in various cell culture systems (17) . 

Viral-simulated plaques were not produced unless the adsorption 

period exceeded 30 minutes. This information coupled with adsorption 

fluid serum requirements, previously mentioned, further supports the 

phagocytic hypothesis. However, the interaction appears reversible 

since additional adsorption times beyond 45 minutes did not affect 

plaque numbers significantly. 

Either 1.5% Difco agar or plate count agar permitted plaque 

formation. Although plate count agar contained fewer plaque inhibitors 

it did on occasion encourage bacterial multiplication and swarming and 

was therefore replaced with Difco agar. Only viral-simulated plaques 

were consistently noted when both NBCS and EBM were present in the 

agar-containing medium. If, however, either was deleted, neither 

plaques nor bacterial colonies formed. Finally, when both were deleted 

only bacterial colonies formed. Serum therefore plays a somewhat 

paradoxical role since it is required for the formation of ]P. aeruginosa 

plaques in HeLa monolayers. Yet, it inhibits colony formation in either 

Difco agar or plate count agar. Amino acids, vitamins, and glutamine 

are components of EBM which stimulated plaque production and interferred 

with colony development when they were added to the overlay medium 

either individually or in combination. Glutamine was the most important 
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plaque enhancer and significantly affected the results when deleted. 

Since glutamic acid favors hemolysin and lecithinase production (5) 

the presence of glutamic acid may stimulate the production of extra

cellular toxins which may be responsible for plaques from either 

intracellular loci or sites closely associated with the HeLa cell. 

Serum levels between 2% and 10% are required in the overlay 

medium for plaque formation. Liu and Mercer (4) indicated that serum 

provided the essential nutrients required for exotoxin production. 

Later, Liu (7) isolated a "lethal toxin" which ]?. aeruginosa produced 

under aerobic conditions in either rabbit serum or trypticase-soy 

broth. This toxin was globulin in nature, type specific, and extract-

able from live organisms obtained during the logarithmic growth phase. 

Intracutaneous injections of the toxin into rabbits produced only mild 

induration with slight redness which disappeared after 48 hours. 

However, intraperitoneal injections into mice caused death within 

several hours. Extracellular toxins have also been indirectly implicated 

as plaque producers in HeLa monolayers, infected with IP. aeruginosa, 

grown in fluid media containing serum by Coleman et al. (15). Their 

"toxin Z," with characteristics similar to Liu's "lethal toxin," was 

isolated from membrane filtrates of HeLa monolayers, and it possessed 

cytopathogenic characteristics which suggests that it is the substance 

responsible for plaques in HeLa monolayers. Thus, although the role of 

serum in the overlay medium remains unresolved to date, evidence 

supports the hypothesis that it provides IP. aeruginosa with the necessary 

nutrients required for the formation of plaque producing toxins. 



35 

The specific type of serum incorporated into the agar overlay 

medium significantly affected the results. While newborn calf serum 

inhibited bacterial colony development, either fetal or agamma calf 

serum permitted both virus-simulated plaques and bacterial colonies to 

form simultaneously. However, in the latter case, plaques did not form 

directly beneath bacterial colonies. New born calf serum restricted 

plaque production permitting fewer and smaller plaques to appear than 

either fetal or agamma calf serum. The suppressive effect exhibited 

by newborn calf serum was also observed by Ludovici and Christian (18) 

who reported that plaque developmental rates were indirectly propor

tional to newborn serum levels. This restrictive phenomenon exhibited 

by newborn calf serum suggests that P̂ . aeruginosa produces plaques from 

a protected intracellular site within the HeLa cell. This effect 

appears non-specific since neither complement inactivation nor selec

tive bacterial adsorptions removed the plaque or colony inhibitors. 

The production of a virus-like plaque or bacterial colony is 

the ultimate result of a single bacterium. However, unlike the fluid 

assay system of Ludovici and Christian (18), which was approximately 

50% to 100% efficient, the agar overlay procedure rarely exceeded 10% 

efficiency. On occasion sporadic increased plaque numbers were noted, 

which suggested the presence of inocuous plaque enhancing factors. 

These factors were present in monolayer cell sheets aged two to three 

days beyond complete cell sheet maturation. They were also noted when 

infective adsorption fluids, in contact with monolayer cell sheets for 

one hour, were removed and transferred to other monolayers for subsequent 



infection. These two observations suggest the release of plaque 

enhancing factors by the HeLa cell which increases the host cell-

bacterium union. 

The agar overlay technique was utilized to measure the anti

biotic susceptibility of four clinical isolates of P_. aeruginosa under 

conditions involving a human cell-microbe model system. The variable 

results obtained not only among the isolates, but between the anti

biotics reflects the inherent complexities in developing such a 

procedure. P^. aeruginosa multiplying from a protected intracellular 

site is anticipated to be more drug resistant than those organisms 

multiplying freely within the medium. Consequently, the results 

obtained were influenced by many variables which are poorly understood 

at this time. 



CHAPTER 5 

SUMMARY 

The solid agar overlay cell culture technique used to produce 

viral plaques was modified in this study to permit the investigation 

of viral-simulated plaques produced by IP. aeruginosa in HeLa monolayers. 

Following adsorption of the organism to the HeLa monolayer an agar 

overlay matrix was added. Viral-simulated plaques developed within 

24-36 hours at 37 C which were indistinguishable from viral lesions. 

Optimal conditions for plaque development required a one hour adsorp

tion period and the addition of serum to both the adsorption fluid 

and overlay medium, the latter containing Eagle's basal medium (EBM). 

Viral-simulated plaques failed to develop when either newborn 

calf serum (NBCS) or EMB was deleted individually from the agar overlay, 

demonstrating a dependence upon both ingredients for plaque development. 

When both were deleted simultaneously bacterial colonies developed at 

the agar-monolayer interface. However, plaques were not produced 

beneath the bacterial growth. 

Plaque parameters were not affected by the type of serum 

incorporated into the adsorption fluid, but were affected by the type 

added to the overlay medium. Both NBCS and adult bovine serum greatly 

reduced the size and number of plaques in the overlay medium, but fetal 

or agamma calf serum did not. Specific immunological factors were not 
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responsible for this suppression. Newborn calf serum thus played a 

paradoxical role in the overlay medium since it promoted plaque forma

tion yet suppressed bacterial colony development. 

The antibiotic susceptibility of aeruginosa was compared 

with the agar overlay technique containing similar drug levels. 

Inconsistent results indicate the requirement for additional studies 

before these techniques can be correlated. 

Indirect evidence provided during this study lends further 

support to the hypothesis that P^. aeruginosa produces viral-simulated 

plaques from a protected intracellular site within the HeLa cell. 
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