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ABSTRACT

Efforts were made in the present study to prove 
that the formation of plaques by Pseudomonas aeruginosa 
in HeLa monolayers was caused by intracellular bacterial 
growth using antisera or bacteriophage to restrict dif
ferentially extracellular growth of.the organism. Rabbit 
antiserum in association with complement and lysozyme 
was ineffective in substantially reducing P. aeruginosa 
growth or plaque formation in 10% newborn calf serum-Eagle1s 
growth media. The addition of bacteriophage to the system 
enhanced the bacterial plaque phenomenon. Bacterial plaques 
in HeLa monolayers appeared early and were larger under the 
influence of bacteriophage.

Phage-resistant bacteria were isolated and compared 
with the stock bacterial population. Bacteriophage en
hanced plaque production with both bacterial populations. 
Phage-resistant bacteria had.a slightly greater plaque- 
forming ability than the parent population in the absence 
of bacteriophage.

The relative toxicity of a bacterial filtrate 
with and without phage was measured by the degree of 
cytopathic effect it produced on the HeLa cells in the 
presence or absence of serum. Since bacterial plaques

vii



are not formed ..in the absence of serum, it was thus 
possible to separate the bacterial filtrate toxicity 
into two types. One type of toxin(S) is inhibited in 
its cytopathogehic effect on HeLa cells,by newborn calf 
serum, while the second type of toxin(S) requires newborn 
calf serum to produce its cytopathology. The second 
toxin(S) is thus indirectly implicated in the formation 
of bacterial plaques in HeLa cells, since, as previously 
stated, plaques do not develop in the absence of new
born calf Serum. The presence of bacteriophage appar
ently enhances the bacterial production of this potential 
plaque-forming toxin.



INTRODUCTION

' Ps:eudoxttonas aeruginosa infections are becoming 
increasingly important in medicine. .New-antibiotics which 
are highly efficient in, suppressing most pathogens are not 
effective against this bacterium. Consequently, a larger 
proportion of human bacterial diseases is being attributed 
to this organism..

Disease processes and attempts to find a mechanism. 
The vast majority of infectious processes caused by P. 
aeruginosa are skin infections, particularly where previous 
injury has occurred. In addition, ear infections and 
urinary tract infections are common.. The organism, however, 
rarely invades the circulatory system to produce a fatal 
septicemia. Only individuals with debilitating diseases 
are susceptible to this type of, infection. It was shown 
as early as 1941., that plant pathogens thought to be 
P. aeruginosa variants could be virulent in experimental 
animals (I). .In 1964, Liu (2) showed that these bacteria, 
pathogenic for both plants and animals,. had high titers 
of the’toxins lecithinase and protease which he had pre
viously. shown, to. be toxic in animals . The .bacteria were 
found to produce typical lesions in experimental animals



if allowed to. infect extremities where body: .temperature - 
is not maintained. These known plant pathogens produced 
necrotic infections when swabbed on the burned tails of 
mice. Internal.organs were not.affected and no septicemia 
occurred. Liu points out that these phytopathogenic bac
teria may cause infection in man under proper circumstances 
but are lost when cultivation.is attempted at 37 C. In 
1961, (3.) protease, letiithinase, and hemolysin,, as toxins 
of P. aeruginosa, were shown to be likely suspects as in
vasive factors in disease. These extracellular enzymes, 
conspicuous also in bacteria with.dual specificity for 
plants and animals, were species specific and fpund in 
other pathogenic Pseudomonads such: as P. pseudomallei,
P. caviae, and P. .reptiiivora. The substance pathogenic 
for plants, however, was found not to be related to toxicity 
in animals. In 1964, Liu (4) made the further discovery 
that the products of the anaerobic metabolism of glucose 
were needed in the production of these toxins. The sera of 
uncontrolled diabetics supported.toxin production. Finally, 
Liu points out.that since lactic acid particularly tends to 
accumulate in .injured skin and since lactic acid was shown 
to enhance protease production specifically, that injured 
skin would be an excellent substrate for a .Pseudomonas in
fection. This combination of factors is so often found in 
practice that the connection would seem probable.



Pseudomonas infection.in vivo and Its manifestation
as a latent state.'- Burn patients are known to foe par
ticularly susceptible to infection. ,This seems to foe true 
of most mammals, as well as humans. Garrison (5) showed 
that subcutaneous injection of 2 x 1 0  ̂organisms was re
quired for the LDgg of non-burned rats while less than 10 
organisms were.required for rats burned 30. seconds over 
30-40% of their body by:steam. This, however, does not 
directly link P. aeruginosa infections to an intracellular 
carrier state, Nelsen and Berk (6) showed that P. 
aeruginosa could exist intracellularly in mice. They 
irradiated mice with 600 rad of X-.radiation and after the 
typical leucopenia developed,, they inoculated a sublethal 
dose of P. aeruginosa intravenously.. The mice could be 
kept alive indefinitely on polymixin B.therapy but would 
invariably die when the antibiotic was.removed. While the 
therapy continuedthe bacteria could always be harvested 
from the reticuloendothelial cells of the liver and spleen. 
Furthermore,.phagocytes carrying the bacteria could be 
Cultured in maintenance media and would invariably produce 
death if inoculated into an irradiated mouse. Both phago
cytes from normal and irradiated mice could carry the 
organism and produce death in the new host.

Host resistance to infection. The slime covering 
of P. aeruginosa was found to be the factor which induced



protective antibody formation (7). The slime was shown to 
be type specific ̂,since different slime antigens were found 
on different bacterial strains. The slime was discovered 
to be only loosely bound to the bacterial cell wall and 
appeared to diffuse readily into the surrounding medium.
In addition, the slime was found to be toxic for mice. 
Relative resistance of man to infections with P. aeruginosa 
is probably due to antibody to the slime which causes 
agglutination' (7) rather than the lipopolysaccharide.

The discovery of the bacterial plaque phenomenon in 
tissue culture. In the summer of, 1964, Ludovici and 
Christian (8), while engaged in virological studies in 
tissue culture/ noticed plaque formation:in tubes of HeLa 
cells used for controls. At first, they were thought to 
be due to viral contamination,. but continued incubation 
of the tubes showed bacterial turbidity which was sub
sequently identified as a pure strain of P. aeruginosa.
This bacterial contamination was found.to be associated 
with a laboratory technician whose infant child had summer 
diarrhea.

Further study of the phenomenon .showed, several 
interesting - results. Laboratory stock strains of Pseudomonas 
aeruginosa . Pseudomonas . fiuorescens,, , and Alcaligenes 
fecalis produced plaques on a variety of established cell



lines but not on primary human amnion. Strains of • 
Staphylococcus aureus / Salmohella typhosa " and /Escherichia 
coli failed to produce, such plagues.

Plaque formation by P, aeruginosa did not occur 
in HeLa monolayers when the newborn calf serum concen
tration of the medium was reduced.from 1 0% to less than 
2%, thus indicating that serum was.required for. plaque 
formation. . There appeared from the beginning unmistak
able signs that plaque formation was. the result of intra
cellular multiplication such as has .been shown with 
Salmonella typhosa (9) and Brueella. abortus (10) infections 
in tissue culture. in both of these instances, past 
clinical evidence was essentially confirmed by in vitro 
observations of the bacterium invading, multiplying, and 
eventually producing what is commonly called the latent 
state. The demonstration of Brucella crossing in intra- 
cytoplasmic bridges between histiocytes was also made (1 0) 
and applied to the hypotheses of the latent state.

The preliminary studies of Ludovici and Christian 
(8), besides demonstrating.that plaques occurred only in 
cell lines known to be phagocytic as opposed to non- 
phagocytic human amnion, also showed by. phase contrast 
microscopy that infected cells had a red intracellular 
material not present in non-infected cells. Addition of 
neomycin, known to be active against the organism, was



least effective at inhibiting plaques if added one hour 
or later after the cell sheet.was infected, as opposed to 
the addition with the bacteria or before it. When a growth 
curve determined just where the bacteria were at any given 
time, the cell fraction lagged the fluid medium fraction 
for the first 11 hours blit surpassed it at 15 hours when 
plaques were first observed. By ,22 hours, when the cell 
sheet was rapidly disintegrating the cellular fraction 
decreased in bacterial count in relation to the medium.
In addition, when the.cellular fraction was divided, one 
fraction being plated without disruption.while the other 
was homogenized, there was a fourfold increase in the 
number of colonies present in the homogenized fraction over 
those found in intact cells.. Finally, plaque formation 
in HeLa cultures caused, by P. aeruginosa unmistakably 
simulated plaque formation in. tissue culture systems by 
viruses. Since viruses are obligate,intracellular para
sites, the correlation between virus and bacterium was 
made and applied, to the intracellular growth.hypothesis 
of the bacterium.

The preliminary, evidence, then, strongly indicated 
a definite close relationship between the HeLa cell and 
P. aeruginosa. However, unequivocal proof that the mechanism 
of plaque formation was related to intracellular action of 
the organism remained to be demonstrated.



STATEMENT OF THE PROBLEM

Liu (21 3, 4f 7) is presently attacking the problem 
of the mechanism by which P. aeruginosa causes infection 
by producing disease processes in the laboratory animal.
Due to the accidental discovery of plaque formation by 
this organism in tissue culture, we were given a useful 
tool which allowed for an analysis of pathogenicity at 
the cellular level. The main purpose of the research 
presented in this thesis was to learn more about the plaque 
formation phenomenon in vitro with a view toward under
standing the mechanism of Pseudomonas .infections in vivo. 
The first objective was to determine if the organism grew 
intracellularly. The initial approach to this problem was 
attempts to restrict differentially extracellular growth 
of the organism by use of antiserum, complement, and 
lysozyme. In a similar approach, bacteriophage was also 
tested. Paradoxically, bacteriophage enhanced bacterial 
plaque formation. An investigation of this new phenomenon 
subsequently led to studies on the mechanism of plaque 
formation in terms of toxins produced by P. aeruginosa 
in vitro.
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MATERIALS;. AND METHODS

Bacterial growth; and assay
1. Preparation of stock P. aeruginosa. The strain 

used in this study was the tissue culture isolate (8) which 
had been stored frozen in liquid nitrogen. The organism 
was grown for six, hours in Eagle’s basal medium-10% newborn 
calf serum (EBM-10% NBGS) without antibiotics. The bacterial 
suspension was stored in one ml ampules and frozen in 
liquid nitrogen. , A sample ampule was counted by the pour 
plate method with.M-PH. Standard Plate Count Agar (BBL) to 
determine the average bacterial concentration.

2. Standard quantitative bacterial counts of tissue 
culture fluids and cells. In the antiserum experiments, 
when it was desired to examine baeteriologieally both the 
tissue culture cells and the medium.after plaque counting, 
the cell monolayer was washed several times with Earle's 
balanced salt solution (EBSS), trypsinized to remove bac
teria adsorbed to the HeLa cell exterior, and homogenized
in a Bellco glass homogenizer. The bacteria for each 
component (medium plus washings or cell fraction) were 
then diluted and counted to determine bacterial concen
tration at the time of plaque counts. For toxin studies



a rubber policeman was used to scrape the cells off the 
glass in place of. trypsin treatmentWhen necessary, ice 
baths were used to stop further bacterial growth while 
the assays were being performed.

Tissue cultures
The S3 HeLa established cell line was maintained 

throughout the experimental period on EBM-10% NBCS without 
antibiotics. Cells were harvested from stock culture 
bottles and grown in screw cap tubes and coverglasses (1 1) 
as each experiment dictated. Cells were released from the 
glass for transfer by 0.25% trypsin-Eagle1s solution. 
Cultures were incubated at. 37 C for ,48 to 96 hours until a 
complete monolayer sheet developed prior to bacterial 
inoculation.

Standard bacterial, plaque assay system
Desired numbers of bacteria were inoculated onto 

the HeLa monolayer in one ml of EBMr2% NBCS.. A one hour 
adsorption period was allowed and then the cells were 
washed with BBSS. Appropriate growth media containing 
EBM-10% NBCS plus the test substances (bacteriophage or 
antiserum, complement,and lysozyme) were added and the 
cells were incubated at 37 C until plaques appeared which 
filled about 25% of the microscopic field of view at 60X .



10
magnification. Plaques, were then counted and bacterial 
analyses of the systems made.

Ant jserum production
1. Preparation of antigen. Two types of P. 

aeruginosa antigens were prepared.. A formalinized vaccine 
was made by treating a broth culture of bacteria with 1% 
formalin. This bacterial solution was resuspended in 0.3% 
formalin-physiological saline (0.85%) solution for storage 
at a concentration equivalent to a McFarland tube three 
reading on a nephelometer (12.) . Another sample was treated 
at 75 C for 90. minutes and resuspended in physiological 
saline at a similar concentration. Sterility tests were 
carried out on the two vaccines and they subsequently were 
stored at 4. C until use.

2. Rabbit immunizations. A New Zealand normal 
adult white male rabbit was bled by arterial puncture of 
the ear and the blood .processed for normal, serum. The 
animal was then inoculated five times on alternate days.
On each inoculation day, the rabbit received one ml heat- 
killed vaccine IV and one ml formalin-fixed, vaccine IP.
The rabbit was rested for 14 days and then bled by cardiac 
puncture. A check of antibody titer was made by both slide 
and tube agglutination procedures.
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Antiserum use
. 1. Method for testing antisefum. potency against
F. aeruginosa >. . The viability of the bacteria was tested 
in EBM-10% NBCS supplemented with the following: normal
serum plus complement, antiserum plus complement, normal 
serum, and antisefum.. The sera were diluted to a final 
concentration of 1:40, 1:400, 1 :2 0 0 0, 1:4000, and 1:16,000. 
Two tubes.for each serum dilution were assayed for viable 
bacteria at two, four, and eight hours by standard plating 
procedures. When ,no complement ,:was added, EBM-10% NBCS 
replaced it. The bacterial inoculum,was plated at the 
beginning of the experiment.by the pour plate method to 
establish the base line number.of organisms added per tube.

2. . Effect:of antiserum on P. aeruginosa in HeLa 
monolayers. Bacteria were inoculated onto the cell surfaces 
of tube cultures in one ml amounts in EBM-2% NBCS. After 
one hour adsorption at 37 C, the cells were washed with 
BBSS, and one ml of the appropriate test serum mixture 
was added. Experiments were run with and without lysozyme 
iii conjunction with antiserum and complement. Bacterial 
counts by standard plating procedure were made of the HeLa 
monolayer BBSS -Wiff hes and medium, at the time the plaques 
were counted. In experiments with lysozyme, excess comple
ment was added during the incubation;period to . insure a 
sufficient.level during the course of the experiment..



12
Complement

Adult Rockefeller strain guinea, pigs were bled 
by cardiac puncture. The serum was collected, pooled, 
and stored at -65 C until used.

Bacteriophage .
1. Isolation, production. and. assay of stock phage. 

Phage was isolated by centrifuging a sample of sewage water 
at 12,100 x g for. 30 minutes, filtering the supernatant 
fluid through a 0.45 micron Millipore membrane filter, and 
centrifuging the filtrate at an average of 122,249 x g 
in a Spinco preparative ultracentrifuge (1,50 rotor) for 
two hours.. Standard procedures for assaying phage concen
tration were employed. These.consisted of counting the num
ber Of bacteriophage plagues formed, on duplicate agar 
(M-PH. Plate Count Agar-BBL) plates inoculated with 0.05 
ml bacterial suspension in saline and 0.1 ml of varying 
dilutions of bacteriophage, then allowing a five to ten 
minute adsorption period on the agar before spreading the 
mixture for confluent growth. This procedure gave the 
best phage,plague morphology and guantitation. This P. 
aeruginosa stock phage suspension was stored at 4 C.

Fresh bacteriophage suspensions, were grown for 
each experiment. Heart;infusion broth (DifcO) was inocu
lated with stock bacteria and grown on a gyrotory shaker



(New Brunswick Scientific Co.) at 37 C for about six hours. 
Preparation of phage from this suspension was attempted 
by filtering out the bacteria (0.45 micron Millipore mem
brane filter) and ultracentrifugation of the filtrate at 
122,249 x g in the ultracentrifuge (Spinco, L50 rotor) for 
two hours. Since titers no higher than 10^ plaque forming 
units per ml (PFU/ml) could be obtained by this procedure, 
the method was changed so that the bacterial sediment from 
the heart infusion broth suspension of bacteria and phage 
was centrifuged at 5090 x g for 20 minutes in the Sorvall 
RC-2 refrigerated centrifuge. The supernatant fluid was 
filtered through a 0.45 micron Millipore membrane filter, 
and centrifuged under sterile conditions at.23,500 x g 
for two hours in the Sorvall. The supernatant fluid was 
discarded and the sediment of phage was resuspended in 
Eagle's basal medium (13). This procedure gave titers 
of phage as high as lO-^^PFU/ml. The phage was diluted then 
in Eagle's basal medium to 10^PFU/ml for use.

2. Phage-resistant bacteria. Bacteria resistant 
to bacteriophage were obtained by selecting colonies which 
remained viable after three hours incubation with the phage 
in EBM-10% NBCS. Such bacterial colonies were "picked" 
and grown in EBM-10%. NBCS for 10 hours at 37 C. These 
bacterial suspensions were placed in one ml ampules and 
stored in the frozen state at -65 C until needed.
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3. Storage prior, to use. .Ampules of mixed bac

teria (sensitive and resistant to phage), and .phage-re
sistant bacteria were thawed and a portion titrated in 
EBM-10% NBCS 24 hours prior to use. The remaining portions 
were stored in the refrigerator until.used the next day.

4. Growth curves of bacteria with and without 
phage. Two sets of tubes were inoculated.with approximately 
190 bacteria per tube in one ml volumes.. In one set of 
tubes, the incubation medium was EBM-10%. NBCS. In the other 
set, the incubation medium was EBMr-10% NBCS containing 10® 
phage particles per ml. One tube of each set was titrated 
for bacterial concentration after 0, 3,6, . 7 3/4, 11, and
13 hours incubation at 37 C by the standard pour plate 
technique.

5. Phage use an tissue culture.systems. For both 
HeLa monolayer tube and coverglass cultures, bacteria were 
inoculated at known concentrations in one ml of EBM-2%
NBCS and allowed to adsorb for one hour at 37 C. The 
cultures then were washed three times with BBSS and bac
teriophage at a concentration of 10® PFU/ml added in one 
ml of EBM-10% NBCS.

Toxins
1. Preparation. To determine if there were a 

toxin elicited by the phage plus bacterial combination
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while acting on the HeLa cells, bacteria were inoculated 
onto. HeLa..monolayers, in, 16 ounce prescription bottles.
After a one hour adsorption period, the cells were washed 
three times with. BBSS and the appropriate incubation media 
added. Tests for toxin production, were ..run with EBM with 
and without 10% NBCS and also with and without bacterio
phage . Appropriate controls without. HeLa cells were also 
employed.

2. Characterization . of. toxins produced. At 
designated times after bacterial inoculation, the cell 
sheets were scraped, with a rubber policeman and bacterial
counts were made.of a portion of suspension from each
bottle. The. remaining portion was centrifuged at 5090 x g 
for 25 minutes and each supernatant fluid filtered through 
individual 0.45 micron Millipore membranes. The sterile 
filtrates were added immediately to fresh HeLa monolayer 
tube cultures in EBM with and without. 10% NBCS.

The culture tubes were incubated at 37 C and 
examined microscopically at.periodic intervals to determine 
the cytopathogenic effect (not plague formation) of the 
various filtrate solutions in the presence or absence of 
10% NBCS. Cytopathogenic effect was graded in terms of 
1+, 2+,. 3+, and 4+ according to .the destruction of 25, 50,
75 and 100% of the cells, respectively.
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CQmparatlva control cultures of.bacteria.with and 

without phage also were inoculated, into:. HeLa monolayer 
tubes with and without 10% NBCS in order to confirm the 
findings of Ludovici and Christian (8) that bacterial 
plaques would not develop.in the absence of NBCS. Sen
sitivity of the filtrate toxins to heat and cold was 
examined also.



RESULTS

Effect of antiserum,,complement, and iysozyme on bacterial 
plague formation in HeLa monolayers.

1. Anti sebum: action on P. aeruginosa in the absence 
of HeLa cells.

A. Agglutination titer of stock antiserum. 
The purpose of this preliminary experiment was to determine 
the highest dilution of. antiserum that would agglutinate
0.5 ml of bacteria equal in optical density to McFarland 
tube three nephelometer reading.. One-half.ml of each anti
serum dilution was added to .05 ml bacteria and the suspen
sion incubated at 37 C for 24 hours. Two individual 
determinations were made. The results indicated that the 
rabbit antiserum was effective against P. aeruginosa at
a 1:512 dilution by the tube agglutination technique and 
a 1:128 dilution by the slide agglutination test.

B. Effect of antiserum and complement on 
growth of P. aeruginosa. Table 1 compares the effect of 
normal and hyperimmune rabbit serum, with and without added 
complement, on the survival of P. aeruginosa over an eight 
hour period. It was hoped that bacterial growth could be 
consistently suppressed at experimentally derived concen
trations of antiserum in the presence of complement. The

17



Table 1. Effect of Antiserum and Complement on Growth of Test Organism in vitro 
without HeLa.*

HOURS AFTER BACTERIA INOCULATED INTO DUPLICATE TUBES**
2 4 8

Serum
Dilution

Por
tia 1 
Serum

Normal
Serum
+c • *** Anti-

Serum

Anti-
Serum
+
C

Nor
mal
Serum

Normal
Serum
+
C

Anti-
Serum

Anti-
Serum
+
C

Nor
mal
Serum

Normal
Serum
+
C

Anti-
Serum

Anti-
Serum
+
C

1:40 290 234 212 160 522 420 669 198 1710 >104 >3x
103

320
1280

1:400 299 170 225 226 572 432 646 141 >2x
103

>104 >2x
103

2030
1:2000 251 224 325 146 420 1080

248
575 156

lo3
>10 4 1 : 3 462

1:4000 298 164 274 137 490 960
180

787 151 >1500 >104 >2x
103 60 ? >3xl03

1:16000 319 238 254 182 510 260
720

487 215
>1q3

>104 1:3 1280
240

*Results given are averages per ml of two plate count determinations of P. aeruginosa. 
Where the two determinations vary widely, both values are given rather than averaged.
**Average bacterial inoculum per 0.5 ml EBM-10% NBCS was 350 organisms.
* * *Complement and serum in 0.25 ml amounts.
Control tubes with bacteria in EBM-10% NBCS with and without added complement gave 
average values of 274, 434, and greater than 6x103 per ml for 2, 4, and 8 hours in
cubation, respectively.
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results were not encouraging for. the: future use of anti
serum in the HeLa cell system but they did offer some in
sight into.the antiserum effect on the organism. The 
antiserum plus complement combination gave lower values 
of'viable bacteria at each of the hours tested, when 
compared with the other three test systems. The highest 
lethality appeared at antiserum dilutions of 1;2000 and 
1:4000 which were, well above the.agglutination titer of 
antiserum (1:512). At eight hours post inoculation there 
were peculiarly inconsistent results with the antiserum 
and complement. In some tubes the combination inhibited 
the bacteria while in others the bacteria overcame the 
inhibiting effect.

Antiserum alone or with complement had a peculiar 
effect on the colonial characteristics.of surviving bacteria. 
The colonies were diffusely irregular., They appeared to 
be composed of individual colonial entities. As a result, 
those bacteria growing on. the surface were spread over a 
large area with a very irregular edge. The antiserum 
altered the colonial characteristics of these bacteria but 
did not destroy them.

2. Effect of hyperimmune serum and complement on 
bacterial plaque formation in HeLa monolayers.

A. Change of bacterial population during 
the adsorption period. The bacteria were adsorbed for one
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hour on Heta tube cultures and then replaced with incubation 
media containing the test sera. The question arose as to 
whether a significant change in bacterial population took 
place after the bacteria were incubated with the cells for 
one hour. Consequently, standard plate counts were made of 
the number of bacteria present after incubation for one 
hour in tubes with and without HeLa. cells. In a statistical 
analysis of the results, the F-test was applied to determine 
if there was any significant change in the population means 
of the three test groups (original inoculum, bacteria 
present after incubation for one hour in tubes with and 
without cells.) . The results indicated that there was no 
significant increase in bacterial population, over a one 
hour incubation period, either .with or without cells when 
compared to the original inoculum...

B . Bacterial counts: of infected HeLa cell 
cultures, with antiserum and complement added to the 
incubation media. In order to determine whether or not the
test antiserum and complement were effective in reducing 
the extracellular bacterial population at the time the 
plaques were, counted, the medium at 16 hours was assayed 
for bacterial numbers. A statistical analysis of the 
various treatment groups was performed, by using the bac
terial numbers counted at a dilution of 10"’̂ /ml. The 
results,(Table 2) showed that the population means were
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Table 2. Effect of Antiserum and Complement in Retarding 

Bacterial Growth in HeEa Monolayers.*

Series** Differential. Bacterial Counts***
(10 Tubes) Treatment ; Range Mean

1 Antiserum 
1:2500

10 to 122 67

2 Antiserum 
1:4000

0 to 86 . 34

3 Normal
rabbit serum 
undilute

48 to 112 84

4 ; None 0 to 230 102
5 None

, . .
0 0

: *Each tube of series 1, 2,. and 3 received a 0.1. ml pooled
guinea pig serum (complement), 0.05 ml rabbit antiserum or
serum, and was brought up to a final volume of 1 ml with 
EBM-10% NBCS. Series 4 and 5 received 1 ml EBM-10% NBCS 
in each tube.

. **Series 1, 2, 3, and 4 were inoculated with 80 bacteria 
per t̂ ube while series 5 served as uninoculated controls.
. ***Bactbrig. in the. medium and .two washings (Earle's BSS) 
were dilutpd at 16 "hours when primary .plaques appeared. 
Bacterial 'cou'nts are -expressed x 10“3 per ml.

Statistical Analysis
Differential treatment (series 1) versus
. Differential, treatment (series 2)

Experimental t.value = 23.8, 8 d.f.
tg d.f. = .<-2.306 or >2.306

Therefore, a 1:4000 dilution of antiserum was more effective 
than a 1:2500 dilution in reducing bacterial multiplication.
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significantly different. The test system with the 1:4000 
dilution of antiserum.was most effective in. slowing 
bacterial multiplication although there seemed to be no 
noticeable effect on plaque size at 16 hours post in
oculation. . .

3. Effect of adding lysozyme with antiserum and 
complement on plaque formation and bacterial counts.

A. . Effect on plaque numbers. An average 
of 142 bacteria was inoculated into four series of HeLa 
monolayer tube cultures and allowed to adsorb for one 
hour in EBM-2% NBCS.. All tubes were then washed twice 
with BBSS. Each series of.tubes was then treated with a 
different combination of.eBm-10% NBCS containing the 
serum-ly sozyme combinations. The. 'fifth, series of tubes was 
not inoculated with bacteria and served as a control.
A test of complement, activity remaining in the system at 
the time the tubes were analyzed indicated that there was 
an average of two to three full units of complement per 
tube (one ml).

At 15%. hours after inoculation of bacteria, plaques 
were counted microscopically in all tubes.and the nature 
of the plaques was noted. These results are presented in 
Table 3. It is clear that the lysozyme treated cultures 
without added antisera (series 4.) .had a significantly 
higher number of plaques per tube than those with antisera
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Table 3. Effect of lysoxyrae 'with and without antiserum

on bacterial plaque formation 
layers.* *

in HeLa mono-

Series** Differential ; Plaque Number***
(10 tubes) : Treatment ; - Range Mean

1 Antiserum 
1:2500

0 to 1 0.1

2 Antiserum
1:4000

0 to 1 0.1

. 3 Normal rabbit
serum
1:2500

0 to 2 0.6

4 None 0 to 5 2.2
5 None 0 0

*Each tube received 50/jg of lysozyme, 0 .05 ml rabbit 
antiserum or serum (series 1, 2, and 3 only), 0.1 ml of 
undiluted guinea pig serum (complement) and was brought 
up to a final volume, of. one ml with EBM-10% NBCS.
**Series 1 to 4 were inoculated with approximately 142 
bacteria per tube while series 5 served as uninoculated 
control.
.*.**Plaque number per tube counted 15% hours, after bacterial 
inoculation.
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(series. 1 and 2) . . An average of 2.2 plaques, per tube was 
obtained without antisera to 0.1 plaque per tube with 
antisera. It is interesting that series 3 cultures with 
added normal rabbit serum were intermediate with an average 
of 0.6 plaques per tube indicating the presence of some 
inherent antibacterial activity.

B. Effect on bacterial numbers in cell and 
fluid fractions. After the plaque counts, standard plate 
counts were carried out on the medium, plus washings and 
the glass-homogenized cells for each series of tubes.
Table 4 presents the data on the number of bacteria in each 
series of cell and fluid fractions. One would expect from 
the results of Table 3 that series 1 and 2 with antisera 
having only an average of 0.1 plaque per tube would show 
significantly fewer bacteria than series 4 without anti
serum which averaged,2.2 plaques per tube.

The results indicated, that antiserum plus lysozyme 
(series 1 and 2) restricted bacterial growth to some extent 
when the total counts were compared with the control (series 
4) which had lysozyme but no rabbit serum. Normal, rabbit 
serum tubes had. the lowest bacterial numbers which again 
emphasizes the inherent antibacterial.activity of the rabbit 
serum. The high bacterial concentration in the control 
tubes (series 4) was in the cell fraction. There also was 
a relatively high bacterial concentration in the cell
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Table 4. Effect of lysozyitie with and without antiserum

on bacterial growth in cell and fluid fractions 
of HeLa monolayers.* ■

* * *
Bacterial Count (x 10^ per ml)

Series** 
(10 tubes)

Differential
Treatment

Fluid+
. Fraction

Cell++ 
Fraction

Total
Count

1 Antiserum
1:2500

4.32 2.68 7.00

2 Antiserum
1:4000

1.62 6.62 8.34

. 3 „ . Normal 
Rabbit 
Serum 
1:2500

. 3.54 1.96 5.50

4 None 2.82 10.20 13.02
5 None 0 0 0

*Each tube received 50>4g- of ., lysozyme, 0 .05 ml rabbit anti
sera or serum (series 1, 2, and 3 only),0.1 ml of undiluted 
guinea pig serum (complement) and was brought to a final 
volume of.one ml with EBM-10% NBCS.
**Series 1 to 4 were inoculated with approximately 142 bac
teria per tube while series 5 served as uninoculated controls.
*.**Fractions in each series were pooled and portions of each 
pool plate counted.
+0ne ml of 0.25% trypsin-Eagle's solution was used per tube 
to free the cell monolayer from the glass and release any 
bacteria attached to the surface of the cells. The cells 
were centrifuged at 800 rpm for five minutes and all trypsin 
solutions were pooled for each series and were added to the 
original supernate incubation media.
++An equivalent amount of EBM was added to the pooled 
centrifuged cells of each series and they were glass- 
homogenized.
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fraction of series. 2 which had a L; 4000 anti serum dilution 
in combination with lysozyme. ' No noticeable difference 
between series in the fluid fraction.occurred.

Effect of. bacteriophage bn plague production and bacterial 
counts ■

1. Bacteriophage enhancement of plaque production 
and bacterial cell numbers.. Since we were not getting the 
necessary bactericidal effect extrace1lu1arly that we needed 
to show an unequivocal intracellular mechanism of plaque 
production, we decided that a specific P.: aeruginosa 
bacteriophage might give sufficient restrictive differential 
to demonstrate plaque formation without appreciable extra
cellular .growth. Consequently, a pilot experiment was 
carried out with.phage isolated from the Tucson sewage 
system. Four sets of HeLa tubes were used: (1) bacteria
plus phage, (2) bacteria alone, (3) phage alone, and (4) 
EBM-10% NBCS cell controls (no bacteria or phagS). The 
usual bacterial adsorption period of one hour was allowed 
and then the cells were washed as previously described.
The phage at 10® particles/ml ,w.as suspended', in EBM-10% NBCS 
and added to sets 1 and 3 as the incubation medium, while 
EBM-10% NBCS alone was used for sets 2 and 4.

With approximately 80 bacteria used as an inoculum, 
we expected that the set with bacteria alone and no phage 
would plaque first at approximately 17 hours incubation.
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The. experimental design called for medium and cell fraction 
counts of the tubes, with bacteria plus phage and bacteria 
alone when the latter initially demonstrated plaques.

After 14 hours incubation.the tubes were examined 
microscopically. The set with bacteria plus phage showed 
very large discreet plaques in most cases filling the entire 
field at 6QX magnification. . There was no evidence of 
secondary plaque formation at.this time. The plaque margins 
had six to seven cells showing the thickened, retractile 
necrotic effect. There was an average of five plaques per 
tube in this set (Table 5). . The tubes with.bacteria alone 
showed no plaques at 1.4 hours. The control tubes with phage 
alone, or those with EBM-10%.. NBCS remained healthy throughout 
the experiment. By 16% hours after, bacterial inoculation, 
tubes with phage were undergoing rapid.destruction of the 
entire cell sheet while tubes without phage were just 
beginning to show small plaques.

Bacterial counts were made at 14 hours incubation 
of representative tubes with and.without phage. Table 5 
shows that the large size plaques in the presence of phage
paralleled a substantial rise in the bacterial counts of

.

the fluid fraction. Due. primarily to the increased count 
in the fluid fraction, the total bacterial, count in the 
presence of phage was substantially higher than the Heta 
culture in which bacteria were grown without phage. This
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Table 5. Effect of bacteriophage bn the production of

P.
on.

aeruginosa plaques 
bacterial numbers.*

in HeLa monolayers and
-

Number** Bacterial Count (xlO^/ml)** *
Set 

(10 tubes)
of

Plaques
Size of 
Plaques :

Fluid+
' .Fract ion

Cell++
Fraction Total

Bacteria
and

Phage
5 Large 16.4 7.6 24.0

Bacteria
Alone

0 None 6.8 8.4 15.2

*Approximately 80 bacteria inoculated with or without 10^ 
phage particles to a total volume of one ml EBM-10% NBCS 
per tube=
**Average plaque, count per tube at 14 hours incubation.
* * *Fractions in each set were pooled and portions of each 
pool plate counted.
+Pool of medium plus cell monolayer washes for each set.
++One ml of EBM-10% NBCS was added per tube, the cell sheet 
scraped., glass-homogenized, and pooled for each set.
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experiment gave 'results which were 'surprising and gave us 
a . new means to. study, the. plaguing phehomenon of the 
Pseudomonad.

The question arose as to whether the. paradoxical 
effect of increased, bacterial growth in the presence of 
bacteriophage was due to the protective action of HeLa 
cells in the system. The increased bacterial count then 
could be attributed to the massive release of bacilli from 
disintegrating HeLa cells. Further study of the phage- 
enhancement phenomenon was necessary to resolve these 
questions. First, the possible bacterial protective effect 
of HeLa cells was examined..

2. Growth curve.of P. aeruginosa.with and without 
bacteriophage in the absence of. HeLa cells. A P. aeruginosa
growth curve with and without phage was carried out in an 
effort to determine the effectiveness of phage over an 11 
hour period. The medium used was EBM-10% NBCS with or 
without 10^ bacteriophage and 200 bacteria per ml. At 
periodic intervals depicted in Figure 1, bacterial counts 
were made according to standard procedures.

The results indicated that, the major, lytic effect 
appeared at the. very beginning with approximately 90% 
susceptibility of the organism to the bacteriophage. The 
total drop due to phage appears at around three hours where 
only .16 viable bacteria could be counted. Henceforth in
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Figure 1. Effect of bacteriophage on the growth rate of 
Pseudomonas aeruginosa in EBM-10% NBCS in the 
absence of HeLa cells.

o— — o Bacteria incubated with phage 
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this paper f .these 16 bacteria, or roughly 10% of. the total 
will be .referred to as pbager’ireeis'tahf bacteria •. ■ The total 
population of bacteria will be referred to as mixed bacteria 
(phage .sensitive, plus phage resistant) .

3. Characterization of the effect of phage-resistant 
bacterial population and mixed bacterial population on 
Heha monolayers. The growth curve experiment (Figure 1) 
indicated that there were two populations of bacteria in 
the P. aeruginosa stock strain, one sensitive and one 
resistant to phage. The phage-resistant organisms were 
"picked" from the few colonies obtained after three hours 
growth in the presence of phage. .Theoretically we had two 
distinct populations of bacteria. , One population was mixed, 
containing bacteria sensitive to phage as well as bacteria 
capable of resisting phage. . The second population was 
resistant to phage and probably carried it in the pro
phage state. These two populations were tested separately 
to determine their effect on HeLa cells alone or with added 
phage.

A. Plaque-forming ability and growth 
capacity of mixed and phage-resistant bacteria in HeLa 
monolayers. The bacteria were adsorbed for one hour and 
the varying media were added to the experimental series of 
tubes as indicated in Table 6. After 1.3 hours of incubation, 
well formed plaques were noted in the phage-resistant
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Table 6. Plaque—forming ability and growth: capacity of 

mixed and phage-resistant bacteria on HeLa 
monolayers.*

Total*.** 
Bacterial 

Plaque Counts Average Plate
Series

Differential
Treatment**

Tube Tube
2

Tube
. 3 "

Plaque
Count

Count
(xl04/ml)

1 Mixed bac
teria/phage

6 4 . 3 4.3 28

2 Mixed bac
teria/no 
phage

0 0 0 0 4.8

3 Resistant
bacteria/
phage

12 5 17 11.3 . 360

4 Resistant 
bacteria/ 
no phage

2 0 2 1.3 7.2

5 Phage 0 0 0 0 0
6 ;** 0 0 0 0 0

*One hundred phage^resistant and 60 mixed bacteria were 
inoculated per tube in appropriate groups.
.**Suspending medium for all groups was EBM-10% NBCS. 
Series 6 inoculum was EBM-10% NBCS only. Series 1, 3, 
and 5 contained 10& phage per ml.
*.**Includes cells plus medium.



bacteria plus phage tubes' (series 3) . At that time, all 
tubes were counted:, for primary plaque, humbers^ ..the character
istics of the plaques were ’noted,, and a total plate count 
was. carried out of the viable bacteria present in each tube 
(combined medium and glass-homogenized HeLa cells)„ The 
results are presented in Table 6. Series 1 should be 
compared with series 2 (mixed bacteria with and without 
phage) and series. 3 should be compared with series 4 
(phage-resistant bacteria with.and without phage) because 
each pair received equal bacterial inocula. In both cases, 
bacteriophage enhanced plaque formation. An increased 
bacterial count was concomitant in both instances with 
the presence of bacteriophage. In comparing Table 6 with 
Figure 1, the phage enhancement of bacterial multiplication 
correlates well.

Experience with the bacterium-HeLa cell system 
repeatedly indicated that.the number of primary plaques 
produced could be estimated as .10% of the bacterial in
oculum. Thereforef a. bacterial inoculum of about 83 gives 
a plaque efficiency of 10% (or 8.3 plaques). In series 1 
(Table 6), containing mixed bacteria and phage, an inoculum 
of 60 bacteria gave a plaguing efficiency of slightly more 
than 7%, while in series 3, containing resistant bacteria 
and phage, an inoculum of 100 bacteria gave a plaguing 
efficiency of a little more than 11%. Presence of phage
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does not- seem to increase substantially plaque efficiency, 
but it does affect rate of plaque production and size of 
plaques.

If one compares series 1, containing mixed bacteria 
and phage with series 4, containing resistant bacteria 
alone, one can best see the effect of incubation with 
bacteriophage. Series 1 received slightly more than half 
the bacterial inoculum received by series 4, yet at the end 
of 13 hours incubation, series 1. had more than four times 
the bacterial population of series 4.. Since the resistant 
bacteria of series 4 were isolated in the presence of phage 
and therefore are, resistant.to phage, the data indicate 
that mere phage resistance (possibly lysogeny) does not 
enhance plaque formation (compare series 4 with series 1). 
The criterion is bacterial growth in the presence of high 
titers of extracellular bacteriophage.

In addition to the numerical'dif ferences listed in 
Table 6, there were also physical differences.in the size 
of plaques. Resistant bacteria.with phage (series 3) had 
plaques covering from one-half to the whole field of view 
at 6OX magnification. Peripheral cell necrosis averaged 
five to seven cells in width. Plaques produced in the 
presence of mixed bacteria and phage (series. 1) were similar 
except that the size range was from'one-fourth to the whole 
field of view at 60X. Mixed bacteria alone (series 2) did
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not affect the .'.cells at 13 hours and the cell sheet was as 
normal in appearance as the controls .(.series 5 and 6). 
Plaques by resistant bacteria alone (series 4) covered 
not more than one-fourth of, the field of .view at 6OX and 
were expanding much more slowly than those tubes containing 
phage.

B. Effect of. ba'cteriophage on the number 
and size of bacterial plaques. To characterize further the 
bacteriophage-bacterial plaque-forming system, HeLa mono
layers were infected with mixed and,, phage-resistant bac
teria and treated with and without,bacteriophage. The 
results were recorded during the period from initial plaque 
formation to a size covering, the whole microscopic field 
of view (6OX). For maximum accuracy, the cultures were 
grown on coverglasses, treated, fixed, and stained at the 
hours listed in Table 7.

Since the bacterial inocula differed from those used 
in Table 6, comparison of Table 6 with Table 7 can be made 
only with reservations. With.mixed bacteria plus phage 
primary plagues appeared at 11 hours, thus following the 
results of series 1, Table 6. - In both cases, a plaque 
efficiency of slightly under 10% was attained.

Comparison of plaque efficiency between phage- 
resistant bacteria in the two experiments (Table 6 and 7) 
is much more difficult. The phage-resistant bacterial



Table 7. Effect of bacteriophage on the number and size of plaques formed by 
Pseudomonas aeruginosa in HeLa'cells.

Mixed bacteria*
(^hage-sensitive & Phage-resistant) Phage-resistant bacteria**

Hours With Without With Without
after bacteriophage. - bacteriophage bacteriophage bacteriophage
bacteria . Number Size# Number Size Number Size Number Size
inoculated Plaques Plaques Plagues Plaques . Plaques Plaques Plaques Plaques

Ik 0 0 0 0 72 321 21 104
9 0 0 0 0 115 572 Nib-#. # ■ NO

11 4 780 0 0 200 728 25 276

*Bacterial inoculum - 45 per ml
**Bacterial.inoculum - 1000 per ml 
#Size in microns 
•##Not Done

00
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inoculum used in the. experiment listed in Table 7 is 10 
times greater.than that for similar data in Table 6. It 
is clear, however, that at least 10% efficiency was 
attained by phage-resistant bacteria plus phage in Table 7. 
The problem here is to exclude secondary, plaques (plaques 
not formed from primary loci of the original bacterial 
inoculum).

Because of the problem of the 20:1 difference in 
phage-resistant bacterial inoculum, over mixed bacterial , 
inoculum used in the experiments presented in Table 7, 
it is not possible to determine whether obvious acceleration 
of plaguing time with resistant bacteria is due to either 
increased activity of the bacteria or to the difference 
in numbers of bacteria in the inoculum.

It is clear, however, from Table 7 that added 
phage enhances rate and size of plaque formation as was 
first shown in data of Table.6. Mixed bacteria without 
phage showed no signs of plaques at 11 hours incubation 
(Table 7) when compared to the large plaques seen with 
phage. Again, as in Table 6, phage-resistant bacteria alone 
were capable of producing earlier plaques than mixed bac
teria alone but. this may be simply explained on the basis . 
of a larger inoculum. In terms of initial bacterial 
inoculum, phage-resistant bacteria in the experiments 
given in Table 7 had a plaguing efficiency of around 2%,
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only slightly higher than the 1.3%; found for similar 
organisms in the. experiments presented in Table 6. By 
11 hours incubation (Table 7), the ratio of plaque numbers 
produced by resistant bacteria plus phage to resistant 
bacteria alone was approximately 10:1 as it was at 13 
hours incubation for data in Table 6.

Figure 2 represents the normal HeLa monolayer 
after 11 hours incubation with mixed bacteria but no 
bacteriophage. There is essentially no difference be
tween this cell sheet and a HeLa monolayer growing without 
bacteria. In contrast. Figure 3 represents the large 
plaques obtained after 11 hours in HeLa when mixed bac
teria are incubated with phage. One can see the thick 
edge of the plaque quite well and the characteristic 
heavy concentration of bacteria in the center of the 
plaque. If one were to view the area between the plaques, 
the cells would appear normal as in Figure 2, with only 
an occasional bacterium seen upon careful examination.

The next two figures compare the plaques in HeLa 
cultures of resistant bacteria alone and with phage after 
7% hours incubation. Figure 4 shows the plaque in HeLa 
produced by resistant bacteria plus phage. The plaque 
is relatively large with the blue haze in the clear area 
caused by the heavy bacterial concentration. One can see 
that the plaque in Figure 5, which was caused by phage-
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Fig. 2, HeLa monolayer incubated with mixed bacteria and
without bacteriophage for 11 hours. (Note absence 
of plaques, X100)

Fig. 3. HeLa monolayer incubated with mixed bacteria'and 
with bacteriophage for 11 hours. (Note large plaque, X100)
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Fig. 4. HeLa monolayer incubated with resistant bacteria 
and with bacteriophage for lh hours. (Note large plague^ X1001

Fig. 5. HeLa monolayer incubated with resistant bacteria and without bacteriophage for 7% hours. (Note 
small plaque, X100)
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resistant bacteria alone incubated, for- 7% hours, is much 
smaller and in fact would not have been recognized an 
hour earlier. As indicated in Table: 7, there were about 
three times more plaques per coverglass' of the size 
illustrated in Figure 4 than of the size in Figure 5.

4. Preliminary testing of.isolated bacteria for ' 
phage sensitivity and resistance. In lieu of the pre
ceding discussion, one might propose the hypothesis that 
only a percentage of a given Pseudomonas population is 
capable of producing plaques in HeLa. Under such a 
hypothesis, we should theorize that around 10% of the 
bacteria are capable of forming plaques and that these 
bacteria are phage-resistant.

Each of ten colonies of a.streaked sample of mixed 
Pseudomonas was "picked" and simultaneously grown on 
nutrient agar and Eagle's basal medium. By this method, 
the phage-sensitivity of the descendants of a single 
bacterium could be determined while at the same time 
holding the bacterium for later testing. Known mixed 
bacteria and phage-resistant bacteria were treated sim
ilarly. It was not possible to initiate bacterial growth 
in the presence of phage with exactly the same inoculum 
size. For this reason, an estimated arbitrary value of 
about 400 organisms per 0.2 ml was chosen. The results of 
this experiment are presented in Table 8.



Table 8. Phage testing of selected bacterial colonies from a mixed bacterial 
population.

Original Time elapsed after
inoculum phage addition

Tube before phage (minutes)______  Arbitrary designation
number addition 15 90 180 390 (sensitive or resistant)

1 650 416 240 ,160 895 phage-sensitive
2 673 309 232 344 575 phage-sensitive**
3 440 260 23 2 128 800 phage-sensitive

Individual 4 460 320 180 136 800 phage-sensitive
Colonies* 5 330 280 208 320 >6000 phage-resistant***

6 420 192 171 176 690 phage-sensitive
7 400 192 184 176 820 phage-sensitive
8 455 340 228 391 >1000 moderately phage-resistai
9 765 520 308 495 >1000 phage-sensitive

10 256 3,00 108 120 . 960 phage-sensitive
Known
phage- 11 232 200 148 136 >1500 phage-re sis tant
resistant 12 308 172 192 272 >1500 phage-resistant
bacteria
Known
mixed 13 670 364 168 184 990 phage-sensitive
bacteria 14 745 373 265 290 >1000 phage-sensitive
*Progeny of individual Pseudomonads isolated by agar streak from a mixed bac
terial population.
**Bacterial count after 390 minutes less than 2X original inoculum.
***Bacterial count after 390 minutes greater than 5X original inoculum.
****Bacterial count after 390 minutes greater than 2X but less than 5X original 
inoculum.

6s.tv
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Bacteria which multiplied to five times their 

original number in 390 minutes were arbitrarily designated 
as resistant. Those which multiplied to no more than two 
times their original number in 390 minutes were designated 
as sensitive, whereas those which were in between were 
designated moderately resistant. Tube 2 showed a net loss 
of about 100 bacteria per 0.2 ml over the 6% hour period 
and it was selected as the most phage-sensitive isolate 
(Table 8). Tube 5 increased almost 20-fold in the 6% 
hours and was designated most phage-resistant. Each of 
these isolates was .subsequently frozen in liquid nitrogen, 
for further study.

This experiment did show a definite difference 
between the progeny of individual organisms, and the 
differences lend support to the 10% plaque efficiency theory. 
Study of the isolated bacteria was not undertaken.

Characteristics of exotoxins of P. aeruginosa which may be 
implicated in the bacterial plaque phenomenon

1. Relationship of the presence of plaques in HeLa 
to the concentration of toxin in incubation medium. We 
know that P. aeruginosa.produces plaques on HeLa mono
layers. This plaque phenomenon is unquestionably ac
celerated by bacteriophage with a concomitant increase in 
the number of bacteria.



It is well known that: P°' aeruginosa produces many 
enzymes which are toxiO to.organic substrates, commonly 
found in-living tissues- (14). A reasonable explanation 
for the plaguing phenomenon is a biochemical action of a 
bacterial exotoxin or group of toxins .acting, either intra 
or extra-cellularly on the HeLa cells: The following
experiments deal with,the demonstration of toxic sub
stances being produced: by, B*. aeruginosa and their direct 
cytopathologic activity on HeLa cells after all bacteria 
are removed by filtration. . '

One 16 ounce prescription bottle, without HeLa 
cells and three with HeLa. monolayers were used for toxin 
production. .... All four bottles containing EBM-10% NBCS 
were inoculated with 2 x 10^ bacteria. Two bottles also 
received 10^ phage particles per ml. The bottles were 
incubated at 37 C and two bottles harvested for toxin 
production at 23 and 48 hours incubation as indicated 
in Table 9.

The bottle containing HeLa celis,. bacteria, and 
phage (number 3) produced plaques and reached 4+ CPE most 
rapidly. Theoretically, toxin production would peak at 
this time. Comparison could then be made with toxin 
production under the same conditions but without bac
teriophage (Bottle 2). Bottle 1, containing.bacteria 
without phage and identical in constituency to 2, was
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Table 9. Production of bacterial-free toxins cytopatho- 

genic for HeLa by P. aeruginosa grown in HeLa 
with and without phage.

Cytopathic effect on bacterial-free
, '______HeLa mono layers * * _______ ___

Toxin***
* . heated

Bottle .Toxin dilution 60 C -
number Undilute :1:2 1:4 1:8 1:16 1 hour

1
19 2

3
4

1
24 2

3
4

1
28 2

3
4

*Bottle 1 = 2 X 10^ bacteria + HeLa cells, filtered at 4+ 
CPE (48 hr)
Bottle 2 = 2 X 10^ bacteria + HeLa cells, filtered when
bottle 3 was 4+ CPE (23 hr)
Bottle 3 = 2 X 103 bacteria + HeLa cells + 10^ phage/ml,
filtered at 4+ CPE (23 hr)
Bottle 4 = 2 X 103 bacteria + lO® phage/ml, filtered when
bottle 1 was 4+ CPE (48 hr)
**Average cytopathogenic effect of filtrate toxins added 
in 1 ml portions to duplicate HeLa monolayer tubes.
***Controls of EBM—10% NBCS heated or unheated for 1 hr 
at 60 C were employed and showed no CPE on HeLa monolayers 
over the 28 hr incubation period.
#Cytopathogenic effect was graded in terms of 1+, 2+, 3+, 
and 4+ according to the destruction of 25, 50, 75 and 100% 
of the cells, respectively.

2+#
±
24-

24-

24-
14-

14-

±
24-

34-

24-

34-

44-

24-

±
24-
24-

14-

±
24-

4+

44-

34-

44-
44-

44-

34-

24-

14-

±
14-

3+
±
34-

44-

Hours post 
inoculation 
of toxin on 
HeLa cells



allowed.to grow 48 hours to 4+ CPE. Bottle 4, with bac
teria and phage but without. HeLa cells/ was f iltered at 
the same time as bottle 1 (48 hours) on the assumption 
that maximum toxin production (if. any) would be allowed 
under longer growth periods. The media plus cells were 
glass-homogenized, centrifuged at 5090 x g for 25 minutes 
and the supernatant fluid filtered., through a 0.45 micron 
Millipore membrane. Each filtrate.was diluted in two
fold increments in EBM-10% NBCS and immediately placed 
on duplicate fresh HeLa monolayer culture tubes in one 
ml portions. The tubes were incubated at 37 C and ex
amined for evidence of toxicity to the HeLa cells (cyto- 
pathogenic effect-not plaques). The filtrates were also 
tested for sterility in brain heart infusion broth.

Table 9 shows the results of inoculating the 
filtrates on HeLa monolayers. It is clear that the 
filtrates contained toxins cytopathoge,nic for. HeLa cells 
regardless of the presence or. absence, of phage. The 
presence of phage merely accelerates the process (compare 
bottle 3 with bottle 2). Sterile filtrates, from bottle 
4, containing bacteria and phage grown for 48 hours in 
the absence of HeLa cells, along with sterile filtrates 
from culture bottles land 3 showed, approximately equal 
activity. Thus HeLa cells are not essential for toxin 
production. Filtrate from bottle 2 (without phage) was
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obtained at 23 hours when the culture cells were totally 
intact» Thus, the toxicity of this filtrate was corre
spondingly less than that of the ether three bottles.

All toxic activity appeared additive in that there 
was no effect on the HeLa cells until about 17 hours after 
the sterile toxin was inoculated. Once the.gross toxicity 
began however, degeneration of the cells was continuous 
over the next 20 hour period. Only,a slight loss of 
toxicity was noted upon heating the toxin at 60 C for 
one hour. .

2. Requirement for serum to produce the plague- 
forming toxin. It has been observed (15) recently, that 
P. aeruginosa, inoculated onto HeLa monolayers maintained 
in serum-free Eagle's basal medium, will not form plagues. 
Instead, general monolayer destruction occurs within 20 
hours. Non-infected control cultures of. HeLa monolayers 
maintained in serum-free Eagle's basal medium.will remain 
intact for as long,as 48 hours. Recently it. was shown 
(16.) in a solid agar overlay system that no plagues occur 
if P. aeruginosa infected HeLa monolayers are overlayed 
with serum-free Eagle's basal media plus Bacto agar 
(Difcd) but plagues readily occur just as in fluid 
cultures, when serum is added.
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The cytopathogenic activity^ of the bacterial-free 

toxins does not initially manifest itself - until 17 hours 
and becomes microscopically.measurable at 19 hours (Table 9). 
These times coincide with the period.before plaques begin 
to form after the administration of.approximately 100 
organisms to HeLa cells. Thus, the toxin may be related 
to plaque formation. In order, to further investigate 
this possibility, toxins were produced in.HeLa mono
layer cultures with and.without serum to take advantage 
of the fact that bacterial plaques fail to develop in 
the absence of serum. If toxin did not form in the 
absence of serum then this would be at least indirect 
evidence that toxin was probably responsible for plaque 
formation. For these.reasons, bottle, cultures of HeLa were 
inoculated with bacteria in EBM alone or in ..EBM-10% NBCS 
with and without added phage as indicated in Figure 6.
The bottles were incubated at 37 C and harvested for toxin 
production at 15 or 26 hours. The,medium and cells from 
each bottle were glass-homogenized, a portion removed for 
total bacterial, count, and the remainder filtered through a
0.45 micron Millipore membrane. , The bacterial-free fil
trates were, tested immediately.for cytopathogenicity on 
fresh HeLa monolayer tube cultures in the presence or 
absence of .10% NBCS. . Data for toxins harvested at 15 and 
26 hours are presented in Figures 6 and 7, respectively.
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Figure 6. Effect on HeLa cells of bacterial-free toxins 
produced by incubating P. aeruginosa 15 hours 
on HeLa with and without serum.*

*Initial bacterial inoculum was 2x10^ per culture. Initial 
phage inoculum was 3x10^ pfu per culture. After 15 hours 
growth in HeLa bottle cultures, the medium and cells were 
glass-homogenized and filtered through a 0.45 micron 
Millipore membrane. The filtrates were tested for ste
rility and inoculated in one ml aliquots into duplicated 
HeLa monolayer tube cultures.

• Bacteria were grown in Eagle's basal media (EBM) . 
o— o Bacteria were grown in EBM. Newborn calf serum

(NBCS-10%) was added to the sterile filtrate.
■■■" ■ Bacteria were grown in EBM-10% NBCS.
X— — X Bacteria were grown in EBM in the presence of phage. 
A A Bacteria were grown in EBM in the presence of phage.

10% NBCS was added to the filtrate.
— — —  Bacteria were grown in EBM-10% NBCS in the presence 

of phage.
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Figure 7. Effect on HeLa cells of bacterial-free toxins 
produced by incubating P. aeruginosa 26 hours 
on HeLa with and without serum.

Initial bacterial inoculum was 2X10-3 per culture. Initial 
phage inoculum was 3X10^ PFU per culture. After 26 hours 
growth in HeLa bottle cultures, the medium and cells were 
glass-homogenized and filtered through 0.45 micron Milli- 
pore membranes. The filtrates were tested for sterility 
and inoculated in one ml aliquots into duplicated HeLa 
monolayer tube cultures.

#---- # Bacteria were grown in EBM.
o— o Bacteria were grown in EBM. NBCS (10%) was added 

to the sterile filtrate.
—  Bacteria were grown in EBM-10% NBCS.
X— X Bacteria were grown in EBM in the presence of phage.
A— A Bacteria were grown in EBM in the presence of phage.

10% NBCS was added to the filtrate.
------ Bacteria were grown in EBM-10% NBCS in the presence

of phage.
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The most cytotoxic preparations were produced, by bacteria 
grown in HeLa in serum-free: EBM.. However,. when' NBCS was 
added at a 10% concentration to such filtrates,, the toxin(S) 
were completely neutralized. Somewhat less cytotoxic 
preparations were produced by bacteria grown in standard 
EBM-10% NBCS.

After 15 hours of incubation and. prior to har
vesting, both HeLa bottle cultures growing in serum-free 
EBM were turbid macroscopically, although the cell sheets 
were still normal and. intact. The bottle culture grown in 
EBM-10% NBCS with bacteria alone showed no evidence of 
bacterial contamination, whereas the culture with added 
phage showed large plaques expanding rapidly. All bottle 
cultures incubated 26 hours showed 4+ CPE.

At the time of filtration,, bacterial counts were 
made of the glass-homogenized medium.and cells from each 
bottle culture so that correlations could be made between 
bacterial concentrations, presence of plaques in bottles, 
and subsequent cytotoxicity of the filtrates.

Table 10 shows the relatively higher bacterial 
counts in cultures grown in serum-free EBM.as compared 
to cultures grown in.EBM with 10% NBCS. In neither case 
(with or without serum) did the presence of bacteriophage 
seem to enhance greatly bacterial concentration at the time
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Table 10. Bacterial concentration, of. - HeBa bottle cultures 

with and without serum prior to filtration.*

EBM-10%
' EBM . EBM-10% MBGS EBM/Phage . NBCS/Phage

15 hr 26 hr 15 hr 26 hr 15 hr 26 hr 15 hr 26 hr
150 7400 5.4 100 120 12000 3.4 130**

*Cells were scraped.off with a rubber policeman, glass- 
homogenized with the media, and dilutions were plate 
counted. Values expressed as number per ml X 10$.
**Bottle culture was refrigerated when 4+ CPE was reached 
(20 hrs) and held until 26 hours for plate count with the 
other three bottles.

of filtration.. Furthermore, in serum grown cultures for 
toxin production, at 15 hours, the presence of plaques 
with phage treatment did not correlate well with the 
bacterial yield of the. two culture types (3.4 X 10^ 
compared to 5.4 X 105/ml, respectively).

In order to confirm the findings of Ludovici and 
Christian (8) that bacterial plaques would not develop in 
the absence of serum under present experimental conditions, 
as well as to act as comparative controls for the toxin 
assays, bacteria with and without phage were inoculated 
into HeLa monolayer tubes with and without 10% NBCS..
These tubes were incubated.at 37 C and examined micro
scopically for plaque formation periodically throughout 
the 24 hour incubation period. The results are presented
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in Table 11. It is clear that with or without phage, 
bacterial plaques, are not formed when serum is omitted.

In the presence of serum, bacteriophage again 
enhanced plaque production. Well-formed plaques were 
evident at 15 hours with phage whereas they did not appear 
until 19% hours without phage.
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Table XI. Serum requirement for the production of 

.P.' aeruginosa plaques in Helia' monolayers 
with or without added phage.*

EBM EBM-10%
EBM : EBM-10% NBCS ' ' Phage : ' NBCS/Phaqe

Plaque None Plaques None Plaques
formation small large

Time (post
inoculation) 19% hours 11 hours
of plaque
appearance

*Bacteria at 10^ concentration,inoculated per HeLa tube. 
Phage added after one hour bacterial adsorption at 10^ 
particles per tube. Tubes in duplicate were examined 
microscopically for presence.or absence of plaques at 
two hour intervals from..11 to 24 hours post-infection. 
Non-infected control culture tubes with EBM or EBM-10% 
NBCS remained healthy throughout the experiment.



DISCUSSION

Because growth of B° aeruginosa in HeLa cell culture 
simulated plaque formation of a virus-like type, this 
investigation was undertaken to determine the peculiar 
nature of the bacterial, effect on the cells. Preliminary 
investigation of the localization of attack (15, 16) 
pointed to intracellular growth: as the means of plaque 
formation. In addition, P. aeruginosa is a highly motile 
organism, and one would consequently expect random attack 
of tissue cells in a liquid medium on the basis of bac
terial motility. Instead, the only visual manifestation 
of the motility was formation of secondary plaques which 
resulted from progeny of the initial bacterial inoculum 
and these were chronologically, behind the primary plaques. 
The present findings indicate that about 10% of the bac
terial inoculum is capable of.initiating localized plaque 
formation in HeLa monolayers.. Bacterial multiplication 
in the locus is rapid and remarkably localized. Those 
bacteria which do escape the locus eventually initiate 
secondary plaques nearby.

In an effort to limit extracellular growth, specific 
rabbit antiserum was employed in the presence of comple
ment and lysozyme. Bother et al. (17) as well as other
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such as Weidanz and Landy (18) reported excellent results 
in analogous attempts with S. typhosa and E." 'cold. Though 
no such reports are available on P. aeruginosa, Feingold 
and Oski (19) reported.success in treating a. febrile five 
year old boy, found ,to have a P... aeruginosa infection 
resistant to antibiotics, with specific antiserum.

Despite these reports, of success, antiserum and 
complement, even in the presence of,, lysozyme, proved 
unsatisfactory,in. reducing extracellular growth to the 
point where plaque formation could be proved a result of 
intracellular multiplication. Attempts at bacterial in
hibition by bacteriophage led to a new phenomenon of plaque 
enhancement. Further investigation of this paradoxical 
finding eventually led to studies on the possible mechanism 
of plague formation more in terms of toxins produced by 
the organism rather than physical mode of attack on HeLa 
cells.

These two mechanistic viewpoints are not mutually 
exclusive. That is, whether cell destruction occurs by 
intracellular or extracellular. multiplication, one of the 
toxins uncovered in these.studies may.prove to be the 
causative factor in the formation of plaques.. On the.basis 
of the evidence presented in Figures 6 and 7, and in Table 
10, we are able to postulate the following model for the 
production of toxins by P. aeruginosa in the HeLa cell system.
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P. aeruginosa

EBM-10% NBCS 
with HeLa 
or without

sr
Toxin(s) Y- 

and 
Z

EBM
HeLa

Toxin(s)
->Toxin(s) Y 
neutralized 
as they are 
produced by 
serum in the 
medium

EBM-10% NBCS 
HeLa tubes

(membrane
filtered
toxins)

EBM 
HeLa tubes

EBM-10% NBCS 
HeLa tubes

Slow cytotoxicity 
initiated in 10 
hours; additive 
effect to complete 
cell sheet de
struction by 
24 hr.

\yRapid cyto
toxicity. 
Complete 
cell sheet 
destruction 
by 13 hr.

Cytotoxicity 
neutralized 
by serum, 
cell sheet 
remains in
tact

The evidence to date suggests that a toxin "Z", 
filterable through a 0.4 5 micron Millipore membrane, and 
with considerable stability at 60 C for one hour and -65 C 
for extended periods, may be indirectly responsible for the 
plaque formation by P. aeruginosa in HeLa monolayers. The 
main criterion for the production of such a possible plaque- 
forming toxin is the presence of serum in the HeLa growth
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medium and this requirement is in agreement with the fact 
that bacterial plagues are produced only in the presence of 
serum. Furthermore, when the bacterial counts of.Table 10 
are compared with the results of toxin production in 
Figures 6 and 7, one can see that the larger number of 
bacteria yielded by .serum-free. EBM does not correspondingly 
produce a greater amount of toxin '"Z".

As previously mentioned, we have never seen plaques 
produced in HeLa monolayers when bacteria were grown in 
serum-free EBM. Though there are no plaques produced, 
the media become cloudy with bacteria and a generalized 
cytopathogenic degeneration of the cells eventually occurs. 
Undoubtedly, various toxins are produced during this process. 
After removing bacteria by filtration, these toxins exhibit 
a strong destructive capacity when placed on fresh HeLa 
cultures. Addition of serum to these toxins however, 
totally neutralizes the cytotoxicity.

On the other hand, bacteria grown in EBM-10% NBCS 
produce plaques well before the. medium becomes cloudy 
and at any given time, comparison shows'a much slower 
bacterial growth rate when compared to the cultures with 
serum-free EBM. If the culture of cells grown in EBM-10% 
NBGS is filtered and. the sterile solution placed on fresh. 
HeLa monolayers, a. slowly developing cytotoxicity occurs 
which leads to eventual death of all the tissue culture



cells. Obviouslyf .there is a difference in the way the two 
types, of toxins manifest themselves,. In. one case, toxin(S) 
"Y" produced in EBM are neutralized by.newborn calf serum 
whereas in the other case, toxin(s) "Z" produced in EBM-10% 
NBCS can only be synthesized in the presence of serum.
The hypothesis that toxin(s) "Z".is the plague-former 
is based on the,two. different manifestations of cyto
toxicity when bacteria are grown on HeLa in Eagle’s basal 
medium or in 10% Eagle’s growth medium. .In addition, 
there is a noticeable difference in the way the toxins 
affect the cells. Toxin(S) ”Y" produced in EBM act over 
a short period of time to give, total cell destruction, 
whereas toxin(S) "Z", produced in the presence of serum, 
act slowly and with what appears to be an additive effect. 
Cell destruction is not complete for 24 hours and does not 
begin until after 15-17 hours.

A relatively good estimate of potential plaque- 
forming toxin concentration can be made by. observing the 
condition of the cell monolayer in which plagues are forming 
Whether advanced cell destruction is due to presence of 
phage or to.longer incubation time with bacteria alone, 
the amount of toxin(S) ”Z" can be estimated by the degree 
of cell destruction. Presence of.bacteriophage in the 
plaque-forming system appears to halve the time of complete 
monolayer destruction by doubling the amount of toxin
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production normally produced by' bacteria alone. From 
photographic evidence and plate count methods f. the en
hancement appears to be at least partially due to ac
celerated growth of a phage?-'resistant bacterium, The 
status of the phage-resistant bacterium has not been 
elucidated but it is assumed to.be lysogenic,

Liu and Mercer (7) have pointed out "that the 
virulence of Pseudomonas aeruginosa appears to depend on 
both its ability to grow in the serum of animals and its 
ability to produce various types of extracellular toxins,
No strain of Pseudomonas aeruginosa lacking either of these 
qualifications.was ever, found to be virulent to animals." 
The question which remains to be answered is which extra
cellular toxin or toxins is implicated in the formation 
of plaques in HeLa. .Liu, Abe, and Bates ,(3) found that 
the slime layer bound loosely to the P., aeruginosa cell . 
wall was readily diffusable into the surrounding medium 
and showed considerable toxicity in mice. Pyocyanin 
was found to be least toxic in animals but quite toxic 
for skin cells and leucocytes in vitro. Liu (20) has 
shown more recently that the exotoxin protease manifests 
itself in hemorrhage and necrosis in P. aeruginosa skin 
infections, while lecithinase causes edema and induration 
as well as strong leukocidie activity. The- latest in
formation on Pseudomonas exotoxins (21) indicates the
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presence of a new lethal toxin.which was fpund to.be the 
cause of death.in.infections with P..aeruginosa involving 
large skin areas rather than, as a result of bacteremia.
The formation of the skin lesion, however, was not due to 
the lethal toxin but .depended on the protease and lecithinase 
production.

One, or several of these metabolic products 
previously reported may be involved in plaque formation.
Not unexpectedly,. however, we may be faced with a new toxin 
which has not yet been identified and characterized.



SUMMARY

Attempts to differentially restrict extracellular 
multiplication of P. aeruginosa in HeLa tissue culture 
by means of specific rabbit antiserum -failed, Replacement 
of antiserum by bacteriophage caused an,enhancement of 
plague formation by the bacterium on the monolayer. Phage- 
resistant bacteria were isolated.from the system and tested 
for plaque-forming ability. Photographs and plate counts 
showed that bacterial multiplication in addition to plague 
production was increased in the presence of phage.

The possible mechanism of plaque production was 
investigated by testing sterile filtrates of the plague 
forming system. Toxicity of the filtrates, as measured 
by cytopathic effect on fresh HeLa cultures, indicated 
that two types of toxin(S) were produced.. One type of 
toxin(s) produced in the absence of serum can be neutralized 
in its cytopathogenic effect on HeLa cells by the addition 
of newborn calf serum. The second.type of toxin(s) requires 
the presence of newborn calf serum to produce its cyto- 
pathology on. HeLa cells. Since, bacterial plagues are not 
formed in the absence of newborn calf serum, the second 
toxin(s) is indirectly implicated .as the causative factor . 
responsible for bacterial plaque in HeLa monolayers.
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It is hypothesized' that bacteriophage enhances plaque 
production, by. either increased, bacterial, growth rate, 
increased toxin production per bacterium or both.
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