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ABSTRACT

An in vitro system was tested for its capacity to measure the 

virulence of Pseudomonas aeruginosa based upon this organismls ability 

to form virus-like plaques in cell culture monolayers. The efficiency 

of parent clinical strains and their corresponding substrains to form 

plaques after 1 0  and 2 0  subcultures in vitro revealed significant dif

ferences at the 99.9% confidence level. A positive correlation was 

demonstrated between efficiency of plaque formation and the potency of 

toxin Z as evaluated both in vitro on HEp-2 monolayers and by intra- 

peritoneal injections in mice. However 9 LD^q determinations of the 

strains in mice showed no significant difference between strains. This 

finding was consistent with the results of others who have unsuccess

fully attempted to utilize mouse LD^q as an index of virulence and, 

therefore, places added significance to the possible usefulness of the 

efficiency of plaquing and toxin Z formation as potential methods to 

assess the virulence of P. aeruginosa.

Injection of toxin Z into mice revealed a previously unreported 

pathological effect lending support to an established theory that this 

toxin, thought to be responsible for plaque formation, is a previously 

unknown lethal metabolite of P_. aeruginosa. Gross degeneration in the 

periphery of the liver lobules was seen upon microscopic examination 

of tissue sections from mice which died following injection of toxin Z.
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In addition, assays of the plaque forming ability of 23 other 

common human pathogens failed to demonstrate another organism capable 

of producing this effect in cell culture.
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INTRODUCTION

Clinical Significance of 
Pseudomonas aeruginosa

Pseudomonas aeruginosa (Pseudomonas pyocyanea) is a gram nega

tive, small, motile rod found widely distributed in nature. It is 

easily cultured on common media and readily recognized by its grape

like odor and greening of the medium by the blue-green pigment pyo- 

cyanine. Gessard first established the organism as a human pathogen 

after isolating it as the causative agent of blue pus in 1882.

While not considered a frank pathogen as is Pseudomonas pseudo

mallei or P_. mallei, it is the most feared of all the pseudomonads and 

perhaps all gram negative organisms as the agent of secondary infection 

in the clinical environment. This reputation had been slow growing 

until about 1955 when the incidence of isolation in relation to disease 

began to rise almost exponentially. It is interesting to note that 

this pattern follows closely the increasingly wide use of antibiotics 

in the treatment of infections. Reduced flora provided an open door 

to the antibiotic resistant pseudomonad. Recently, Gilardi (l) re

ported isolations of P_. putida, P_. fluorescens, V_. cepaciae, P_. pseu- 

doalcaligines, P_. putrifaciens, P_. stutzeri, and P_. maltophilia in pure 

culture, representing secondary infections in surgical wounds, ab

scesses and septicemia. In each of the studied cases, the isolated 

pseudomonad was determined to be the organism responsible for the



infectious process and these isolates demonstrated the same high level 

of resistance to antibiotics that is legendary to P_. aeruginosa.

While urinary tract infections, skin abscesses, wound sepsis, 

post surgical endocarditis, chronic middle ear infections, and lesions 

of the eye are fairly common, severe enteritis in infants (infant sum

mer diarrhea) and burn infections are considered more serious P_. aeru

ginosa infections since the highest percentage of fatalities occur in 

such cases. Pseudomonas aeruginosa is second only to the Klebsiella- 

Aerobacter group and Escherichia coli in causing gram-negative bac

teremia but it is the most frequently fatal (2). Dorff and coworkers 

(3) described a condition known as ecthyma gangrenosum which is an in

flammatory skin lesion often associated with pseudomonas septicemia. 

This event is further substantiation of the invasive ability of the 

organism in addition to its infectious ability via colonization. Ne

crotizing lesions, tissue nutropenia, and pseudomonas vasculitis are 

considered evidence of invasive infections (4).

Clinically, dissociation of _P_. aeruginosa has not proven to be 

of great diagnostic value (5). However, one dissociative property has 

become characteristic in a particular disease. Mucoid strains were 

isolated in high frequency from patients with cystic fibrosis. The 

capsular material from these strains was ethanol insoluble, a property 

not shared by the infrequently isolated naturally occurring mucoid 

strains (6 ). More recently, Elston and Hoffman (7) and Doggett (8 ) 

have reported an increase in the number of these respiratory tract iso

lates. An explanation for the capsule formation is still lacking,
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except that capsule-formers may be mutants or selected variants more 

easily capable of surviving on the mucous membranes. Dalton and Smith 

(9) caution the possible misdiagnosis of mucoid strains of P_. aeru

ginosa as Klebsiella pneumoniae and reported the first instance of a 

mucoid strain in meningitis.

The existence of the encapsulated and nonencapsulated varieties 

of the organism in differing disease processes leads to the possibility 

of strain variation within those groups. Much success has been 

achieved through the establishment of strain typing schemes for E_. coli 

and Staphylococcus aureus in both epidemiology and basic research.

These advantages have been recognized as applicable to P_. aeruginosa as 

well.

Typing of Strains an Epidemiological Tool

Nosocomial infections of P_. aeruginosa are as previously stated 

very high. Attempts to control these events have resulted in the de

velopment of methods to identify strains of the organism for epidemio

logical purposes and the possible development of new therapeutic pro

cedures. Of the methods tested, phage typing, serological typing, and 

pyocin typing, the latter seems to have achieved the widest favor epi

demic logically .

Most strains of P_. aeruginosa are capable of producing pyocins, 

a bacteriocin inhibitory to the growth of other strains of the species. 

Wahba (1 0 ) developed a method of pyocin production on tryptone soy agar 

and Darrell and Wahba (11) applied the procedure in a successful epi

demiological study. They were able to detect cross infection between



patients and even auto-infection from the skin and bowel. These inves

tigators established 11 pyocin types from 474 strains. Other studies 

have resulted in the establishment of 1 0  pyocin types from 1 0 1  strains 

(12) and three pyocin types from 954 strains (13). This latter study 

claims 93% accuracy and was considered sufficiently reliable for a 

clinical epidemiological program. It is evident that an internation

ally fixed typing scheme based upon pyocin activity would be difficult 

to establish. However, these typing systems do seem to be effective 

as an epidemiological tool in the individual developing laboratory.

A comparison study of phage typing (lysogenicity) and pyocin 

activity indicates similarity in results (14), and a new phage typing 

set has recently been developed by Bergen composed of internationally 

collected phages (15,16).

Serologic typing of P_. aeruginosa strains seems unlikely to be

come a practical method for a variety of reasons. In a review of this 

work, Verder and Evans (17) established that antigenic heterogeneity 

among strains was the primary difficulty, although a few strains have 

shown patternable properties when both 0 and H antigens are considered. 

Preparation of these antigens was very difficult and questionable sta

bility was noted.

Other workers have found polysaccharide antigens of pseudomonas 

strains which are shared by other gram-negative genera. These cross

reactions were observed employing gel diffusion. No relationship be

tween species or strains of Pseudomonas or Pseudomonas and other genera



was found that correlates with accepted taxonomic structure, however 

(18).

Therapeutically, Schemmer, Alexander, and Fisher (19) report 

the prevention of pseudomonas sepsis in burn patients resulting from 

multi-route vaccination with a heptavalent antigen. A rapid rise in 

hemagglutinating titers is judged responsible. More recently, a heat 

stable fraction of serum from mice vaccinated against P_. aeruginosa 

has been reported effective in protecting unvaccinated mice. The 

mechanism of this passively transferred factor is unknown since the 

serum of vaccinated mice is neither bacteriocidal nor does it aggluti

nate the organism (2 0 ).

The therapeutic use of pyocins has been considered recently by 

Merrikin and Terry (21). They report protection of mice against two of 

three strains of P_. aeruginosa, but caution that their use may adversely 

sensitize the patient. This method is fraught with the same difficul

ties as pyocin typing of clinical strains due to the variety of pyocins 

required and the previous establishment of an institutional typing 

scheme.

The increased pathogenic potential of the organism has, of 

course, been responsible for these efforts to develop better classifi

cation schemes for clinical strains as well as to develop improved 

methods of treatment. Disease causing mechanisms of P_. aeruginosa 

occupy many investigators.
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Factors Which Influence Virulence

The mere presence of an organism in vivo does not represent in

fection, since disease must result from this presence. Typhoid carri

ers, asymptomatic streptococcal bacteremia, and transient bacteremia 

from minor surgery such as tonsillectomy or tooth extraction do not 

present disease states. An organism described as pathogenic is capable 

of causing disease, and the degree of its pathogenicity is dependent 

upon the organism’s virulence mechanisms. Pseudomonas aeruginosa is a 

pathogen because of its ability to produce a wide variety of toxic 

metabolites.

In a review of pseudomonad toxins, Heckley (22) presents the 

characteristics of most of the known enzymatic toxins. Pseudomonas 

aeruginosa shares with many other organisms the ability to produce pro

teinase, elastase, lipase, collagenase, lecithinase, hemolysin, and 

fibrinolysin. These products do contribute to the pathogenesis of the 

organism but in a minor role. Collagenase is directly related to cor

neal lesions, whereas lecithinase, proteinase, elastase, and fibrino

ly sin are responsible for tissue necrosis. None of these extracellular 

enzymes could be shown responsible for fatal toxemia.

The most widely recognized work on pseudomonas lethal toxins 

has been done by Liu and his associates. In an attempt to study the 

virulence of the organism, Liu and Mercer (23) reported that intra- 

peritoneal injections in mice were invalid due to the nature of the 

organism's common route of infection. An alternate method was devised 

employing a 0 . 1  ml inoculum of a broth culture intradermally and



assessing the resultant tissue necrosis, The effects noted in these 

studies were the result of the aforementioned enzymatic toxins. Liu 

proposed, after this study, that the virulence of P_. aeruginosa was 

dependent upon two factors; ability to grow in host serum, and abil

ity to form exotoxins.

Further investigations by Liu (24), involving the toxic effects 

of protease and lecithinase, revealed different forms of tissue patho

genicity for these two enzymes. Protease caused hemorrhagic necrotic 

lesions while lecithinase caused only edema and induration after intra- 

dermal inoculation in rabbits. Intraperitoneal injections into mice 

revealed hemorrhagic lesions in the lungs and intestines from pro

tease and focal necrosis of the liver from lecithinase.

During the study of these enzyme toxins, L i u . (25) found that a 

non-proteolytic strain of P_. aeruginosa was also responsible for the 

death of mice. A lethal toxin was isolated which was antigenically un

like the organism’s somatic 0  antigen, and antibody to this lethal 

toxin was not protective against the organism. No pathological changes 

occurred in mice inoculated intraperitoneally with the lethal toxin.

Metabolites and fractions of P_. aeruginosa toxic to cell enzyme 

systems have been investigated by Berk and Nelson (26,27). The activ

ity of b-glucuronidase, acid phosphatase, alkaline phosphatase, suc- 

cinoxidase, and oxidase were inhibited in mouse monocytes and liver 

mitochondria upon addition of a pseudomonas polysaccharide piromen, and 

by sonicated fractions of the organism. During investigation of hemo

lysin production by P. aeruginosa. Berk (28) found that both



intracellular and extracellular hemolysin fractions existed. The extra

cellular fraction was produced only on solid, blood containing media.

The intracellular fraction was noted after disruption of cells grown in 

liquid media without blood (29). In further studies of the extracellu

lar hemolysin, Berk (30) found that concentrated and purified prepara

tions were lethal to mice. Hemolysin production was accomplished by 

growth of the organism on cellophane-covered solid media. Dermonecrotic 

activity was determined by subcutaneous inoculation in rabbits and mice. 

The lethal potential was observed in mice injected intraperitoneally 

with the purified preparation. The lethality was attributed not to the 

hemolysin but to a nonhemolytic proteinaceous exotoxin on the prepara

tion.

More recently, Meinke and Berk (31) isolated a heat stable, 

nonproteolytic protein factor from tryptone agar which had been frozen 

and thawed following 3 days growth of P_. aeruginosa. This factor was 

lethal for mice injected intravenously and intraperitoneally. These 

investigators reported no gross or microscopic pathological changes to 

internal organs.

The discovery by Ludovici and Christian (32) in 1965 of the 

virus-like plaque forming ability of _P. aeruginosa in tissue monolayers 

has resulted in the proposal of another nonenzymic toxin. Investiga

tion into the mechanism of plaque formation by Coleman, Janssen, and 

Ludovici (33) revealed that addition of the bacterial-free culture fil

trate to fresh HeLa monolayers resulted in their destruction. This led 

to the possible involvement of a toxin in plaque formation. When



newborn calf serum was omitted from the cell culture medium 5, bacterial 

multiplication was observed, but plaques failed to form in the cell 

monolayer. The bacterial-free filtrate from such cultures was cyto

toxic, however. This latter preparation, later designated Y toxin, was 

found to be of enzymatic nature (proteolytic) since it hydrolyzed milk 

(casein) and since its effect could be neutralized by the addition of 

10% serum. Conversely, the toxin resulting in the presence of serum 

was not neutralized in its cytotoxicity for HeLa cells by the addition, 

of serum, and therefore not proteolytic in nature. This toxin, desig

nated Z toxin, is thought to be responsible for plaque formation, since 

neither it nor plaques are formed in the absence of serum.

The work of these investigators has established that the toxic 

effects of P, aeruginosa are not limited to the well known enzymic 

toxins, but that previously unknown products may contribute considerably 

to the virulence of this organism, and that more study of such toxins 

is required.

Attempts to Assess Strain Virulence 

A  method to determine the virulent potential of clinical strains 

may be of value in the determination of a therapeutic plan. Attempts to 

correlate various morphological, physical, and biochemical properties 

to LD^q determinations in mice have thus far been unrewarding. Gaby and 

Logan (34) compared pigmentation, colony type (rough or smooth), and 

type of infection to of mice injected intraperitoneally with tryp-

ticase soy broth cultures of P, aeruginosa. No apparent relationship 

was established.
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Another study of this type conducted by Klyhn and Gorrill (35) 

established three broad groups of strains termed as being of high, 

medium, and low virulence 0 These groups represent ranges of 4x10^

to 2 e8x10^, 3x10^ to 7x10^, and 1x10^ to 4x10®, respectively, of mice 

injected intravenously with broth and agar grown cultures. These in

vestigators were unable to relate biochemical reactions, pigmentation, 

pyocin formation, or antibiotic sensitivity to their virulence groups 0 

The sole criterion correlating slightly to the virulence groups was 

colony diameter after 24 hours growthe

A recent study by Kobayashi (36) further substantiates the 

frustration of such determinations 0 In this investigation, comparison 

of pigments, hemolysins, extracellular enzymes, and site of infection 

failed to correlate with LD^q determinations in mice injected intra- 

peritoneally from strains cultured in heart infusion broth.

The present report describes research into a proposed method of 

measuring the virulence of clinical strains of P. aeruginosa based upon 

plaque and toxin formation in cell culture. In this study, an attempt 

to correlate the efficiency of plaque formation and toxin potency of 

Py aeruginosa strains in vitro with its virulence in vivo was made.

The virulence in vivo was assessed using mouse LD^q determinations, and 

evaluation of toxin lethality and pathological effect using intraperi- 

toneal injections of whole, viable organisms and Z toxin, respectively. 

Several clinical strains were studied both as initial isolates and after 

attempts to induce loss of virulence by subculture in bacteriological 

medium. In addition, this study includes a survey of the ability of 

other common pathogens to produce bacterial plaques in cell cultures.



METHODS AND MATERIALS

Tissue Culture Techniques

Culture Medium

The culture media employed in the study were Eagle's Basal 

Medium (EBM) and Minimum Essential Medium (Eagle's) (MEM), both pre

pared with Earle's balanced salt solution (BSS) (Grand Island Biologi

cal Company). These media were supplemented with 10% newborn calf 

serum (NBCS) or 10% ordinary calf serum (CS). Penicillin and strep

tomycin, 1 0 0  units and 0 . 1  mg/ml, respectively, were added to retard 

contamination in stock culture medium. No antibiotics were added to 

experimental medium.

Stock Culture Maintenance 
and Preservation

African Green Monkey Kidney (VERO) and HEp-2 cultures were ob

tained from the departmental tissue culture stock collection. Cells 

are stored in vials at -60 C in a Revco freezer and in liquid nitrogen 

(-190 C).

Vials were quick-thawed at 37 C and cells transferred to an 

8 -oz prescription bottle. Then, 10 ml of growth medium was added, and 

the culture incubated at 37 C in stationary position.

Monolayer formation required approximately four days. Subcul

ture of HEp-2 cells was accomplished by addition of 2 ml of 0.25% tryp

sin after discarding the exhausted growth medium. Upon release of the

11
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monolayer, 3 ml of cell culture medium was added and the cells disrupted 

by trituration. One ml of this suspension was transferred to 8 -oz pre

scription bottles followed by 9 ml of growth medium. VERO cells were 

divided 1:3 by addition of 2 ml of 0.5% trypsin after discarding ex

hausted growth medium. Trypsin was poured off after one minute. Three 

ml of growth medium was added after 15 minutes to disrupt the released 

cells. Subculture was completed by addition of one ml of this suspen

sion plus 9 ml of growth medium into 8 -oz prescription bottles.

Preservation of cells was done when complete cell monolayers 

had formed. Growth medium was discarded, and 2 ml of 0.25% trypsin was 

added. Cells were disrupted, transferred to centrifuge tubes, and spun 

at 3 0 0 x g for 10 minutes. The supernatant fluid was discarded and 

cells resuspended in growth medium to a concentration of 2 x 1 0 ^ cells 

per ml. Dimethyl sulfoxide (DMSO) was added to a 10% concentration as 

a preservative. The cell suspension was then transferred in 1 ml ali

quots to plastic tubes (12x75) and frozen in the Revco freezer for sub

sequent use. A  sufficient quantity of Hep-2 and VERO cells was frozen 

to enable certain experiments to be conducted on cells of the same sub

culture number.

Experiments were conducted in glass screw-capped tubes (16x150), 

Wallis-Melnick tubes, 1-oz prescription bottles and 8 -oz prescription 

bottles. Generally, 24-hour monolayer formation was desired in tubes 

and 1-oz bottles. This was accomplished by using an initial inoculum of 

1 0 "* cells per tube and 1 0 ^ cells per bottle required.



13

Bacteriological Techniques 

Test Organisms and Source

The virulence study of P_. aeruginosa was conducted exclusively 

on strains obtained from Tucson Medical Center.

The organisms utilized in the plaque assay portion of the study 

were obtained from the stock culture collection of the Department of 

Microbiology and Medical Technology, The University of Arizona. These 

included an assortment of common human pathogens. In addition, clini

cal isolates were obtained from Tucson Medical Center, Tucson, Arizona.

Stock Culture Maintenance 
and Preservation

Virulence Measurement. Isolates of P_. aeruginosa were received 

from the clinical laboratory on Triple Sugar Iron (TSI) slants. This 

represented the organism’s third subculture from the in vivo state. 

After 24 hours incubation at 37 C, the TSI reaction was noted and the 

organism passed to a stock agar slant (Difco) and streaked onto a nu

trient agar plate to determine purity, colony morphology, and charac

teristic pigment production. After 24 hours incubation at 37 C, if the 

culture was pure, the stock agar slant was stored at 4 C. Several bio

chemical tests were done to identify the organisms as P_. aeruginosa, 

including gram stain morphology and growth at 42 C. All strains were 

hemolytic on blood agar, citrate positive, variable for urease and 

failed to ferment lactose, glucose, or sucrose. Pigmentation ranged 

from none to green or brown. The organism's susceptibility to penicil

lin, streptomycin, and colymycin was also determined.



14

Plaque Assay 0 Organisms were received either as fresh cultures 

on Brain Heart Infusion (BHI) slants or lyophilized. Slants were grown 

at 3 7  C for 18-24 hours and placed in storage at 4 C e Lyophilized cul

tures were transferred to Brain Heart Infusion broth and grown 24 hours 

at 37 G prior to inoculation onto BHI slantse

Since the in vitro virulence measurements required aliquots of 

the organism in known concentration, the following method was employed» 

Twenty-five ml of cell culture medium (without antibiotics) was inocu

lated from the TSI slant. This was agitated at 37 C until faint tur

bidity could be detected (8-10 hours). The culture was then transferred 

to 50-ml centrifuge tubes and spun at 1 0 , 0 0 0  x g for 2 0  minutes in a 

Sorvall RC-2B centrifuge. The supernatant fluid was decanted and the 

organisms resuspended in 10 ml of fresh cell culture medium. This sus-__g
pension was diluted 1 0  with the same medium and 1 ml aliquots trans

ferred to 12x75 plastic tubes. These stock cultures were maintained in 

the Revco freezer at -60 C with 10% DMSO as a preservative. After 48 

hours in the frozen state, two tubes were quickly thawed, diluted, and 

plated in duplicate on nutrient agar to determine the average number of 

organisms per ml of frozen stock.

Virulence Testing of P_Q aeruginosa

In Vitro Analysis

Efficiency of Plaguing. These experiments were conducted by 

application of bacteria to cell monolayers grown in 1 -oz glass pre

scription bottles. All cultures were initiated from a stock vial
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stored at -60 C e Sufficient cells were prepared to provide an initial 

inoculum of 10^ cells/4 ml in each bottle 0

Bacteria were prepared by dilution of organisms from a thawed 

vial of known concentration to achieve an inoculum of approximately 1 0 0  

organisms per 0 e1 m l e The final dilution tube contained cell culture 

medium, the others contained normal saline.

After HEp-2 or VERO cell monolayer formation in 24 hours, 

growth medium was poured off and cells washed with Dulbeccovs phosphate 

buffered saline (DPBS)„ One-tenth ml of bacterial suspension (contain

ing approximately 1 0 0  organisms) was then added and allowed to incubate 

for one hour at 37 C to permit adsorption of the bacteria. Four ml of 

cell culture medium was then added and the bottles returned to the 37 C 

incubator. Monitoring of plaque formation began 12-14 hours later.

Care was taken to allow plaque formation to proceed only until plaques 

became readily identifiable and not to the point at which "satellite 

plaques," not representative of initial bacterial input, began to form. 

At this point, the still clear growth medium was decanted and the cell 

monolayer fixed with 4 ml of 10% neutral formalin for four hours.

After fixation, the formalin was poured off and monolayers stained for 

five minutes with crystal violet. After rinsing off the excess dye 

with distilled water, the bottles were placed in the 37 C incubator for 

drying. This treatment provided a permanent preparation.

Efficiency of plaquing is determined by dividing the number of 

plaques observed microscopically by the number of bacteria inoculated 

(determined by plate count) and multiplying by 100, Each strain of
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P̂o aeruginosa was done in triplicate in three separate experiments<,

Each trial involved fresh cell culture and separate frozen vials of 

bacteria*

Toxin Assay. Lethal toxin ("toxin Z") of P„ aeruginosa was 

prepared by inoculation of 1 0 0 - 2 0 0  organisms onto cell monolayers in 

8 -oz glass prescription bottles. The same procedure is followed as for 

the previously described efficiency of plaquing experiments except that 

these cultures were allowed to incubate for 22-24 hours. At this point 

the cell culture medium is mildly turbid, the monolayer shows 3+ CPE, 

and the medium pH is depressed. Bottles are freeze-thawed twice and 

the material decanted into 50-ml. centrifuge tubes and spun at 10,000 

x g for 20 minutes. The supernatant fluid is then filter sterilized 

by passage through a Gelman filter membrane of 0 . 2  u pore diameter.

One ml of toxin is removed and added to a screw-capped tube containing 

1 ml of 1% skim milk to test for the presence of protease. If the 

preparation hydrolyzes milk, it is discarded since this indicates the 

presence of protease (toxin Y). If milk is not hydrolyzed then the 

potency of toxin Z is measured by the CPE end point procedure using 

serial dilutions in cell culture medium. This test is conducted in 

16x150 glass tubes containing complete monolayers of HEp-2 cells. The 

CPE is determined by microscopic examination after 48 hours and re

corded as 1 +, 2+, 3+, or 4+ representing 25, 50, 75, or 100 percent 

destruction of the cell monolayer, respectively. Final end point de

termination is made 24 hours after decanting the toxin, washing with 

DPBS, and adding 1 ml of cell culture medium. The end point is
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determined as the highest dilution in which HEp-2 cells failed to re

cover from the effect of the toxin<,

In Vivo Analysis

LD 5 0  Determinationso The virulence of the tested strains of 

P. aeruginosa was examined by injection of the organism into groups of 

random bred, 20 g, male and female Swiss Webster mice* The animals 

were bred, and maintained in the department's animal colony 0 Bacterial 

strains to be evaluated were inoculated from stock culture slants into 

20 ml of BHI broth and incubated for 18 hours at 37 C in shaker culturee 

The culture flask was then quickly cooled and a sample removed for 

quantitation by standard plate count methods„ The remainder of the 

culture wa.s stored at 4 C e After a viable count was obtained in 24 

hours, the culture was centrifuged at 10,000 x g for 30 minutes and re

suspended in fresh BHI brothe A portion sufficient to provide a sus

pension of 1 0 ^  organisms per ml was removed and diluted through 1 0 ^ to 

prepare the mouse inoculum. Eight mice, 4 males and 4 females, were 

inoculated intraperitoneally (IP), with 0.5 ml of each dilution 0 The 

LDj-q determinations were calculated on mortality rates after 72 hours 

by the method of Reed and Muench (37).

Toxin Potency. Bacterial-free toxins prepared as previously 

described, from the tested strains of P_. aeruginosa, were also injected 

IP into male and female mice. One ml of each toxin was injected into 

an 8 -animal group and the mortality noted after 72 hours. No dilutions 

of the preparations were made. Autopsies were performed on animals 

which died from the injected toxin. Organs were examined for gross
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changese Samples of heart, lung, liver, spleen, and kidney tissue were 

fixed in 1 0 % neutral formalin prior to sectioning and preparation for 

microscopic examination for pathologye

Plaque Assays

Cell Culture Preparation

Plaque assays of common pathogens and clinical isolates of P^ 

aeruginosa were conducted in Wallis-Melnick glass culture tubes. These 

particular tubes were selected because their base constriction per

mitted the rapid formation of a complete monolayer of cells. Stock 

cultures of cells (HEp-2 or VERO) grown in 8 -oz prescription bottles

trypsinized and diluted in growth medium to provide an inoculum of ap- 
5

proximately 10 cells per 0.5 ml. Complete monolayers formed in 1 to 

2 days. Ten Wallis-Melnick tubes were prepared for each species or 

strain tested. Eight tubes were inoculated with bacteria diluted as 

described below while two tubes served as noninfected controls. Con

trol tubes were employed primarily to moniter possible cross contamin

ation accidentally occurring during bacterial inoculation.

Treatment and Application of Bacteria .

Bacteria assayed for their possible ability to form plaques in 

cell monolayers were inoculated from stock culture slants into tubes 

containing BHI broth (unless the particular species required more suit

able culture conditions) and incubated for 18-24 hours at 37 C. Since 

precise quantitation of bacteria was not required at this stage, the 

following simple dilution scheme was devised. One loopful of the BHI



culture was passed to a tube containing 1 0  ml of fresh BHI broth and 

this tube thoroughly mixed. A loopful of this mixture was then passed 

to a tube containing 1 ml of cell culture medium. For convenience, 

this tube was then labeled 10^ and 3 serial 1:10 dilutions in cell cul

ture medium followed. This scheme provided at least 2 dilutions (4 

tubes) where the desired bacterial inoculum of 50-150 organisms per 

tube was achieved. Also, at least one set of tubes reflected the ef

fect on the cell culture of a massive inoculum. Spread plates (nutri-.
—2 —3ent or blood agar) of the 1 0  and 1 0  dilutions were used to quanti

tate the actual bacterial inbcula.

Bacteria were inoculated in 0.1 ml doses after decanting of ex

hausted cell growth medium and washing with 1 ml of DPBS. All tubes 

were then restoppered and placed at 37 C for one hour to permit bacter

ial adsorption. After this period, 1 ml of growth medium was replaced 

and tubes returned for incubation at 37 C. Additional controls con

sist of inoculated tubes without HEp-2 cells to determine the organism* s 

ability to grow in cell culture medium alone.

Microscopic Examination

Plaque assay tubes were allowed to incubate for 14 hours before 

first examinations were made using the inverted microscope. Examina

tion followed every two hours thereafter with the following criteria 

in mind: time of plaque formation; cytopathic effect. (CPE); turbid

ity (before or after CPE); nature of bacterial growth; and time of pH 

change of cell culture growth medium.



RESULTS

The data represent an attempt to employ the plaque and toxin Z 

forming abilities of P. aeruginosa as possible new tools to assess 

variations in virulence of clinical isolates of this organism. In ad

dition, other common bacterial pathogens have been studied in cell cul

ture in an attempt to demonstrate the possible plaque forming ability 

of various pathogenic organisms.

Virulence Measurement

Organi sms Tested

Clinical isolates of Pseudomonas aeruginosa obtained from wound 

infections were selected for this test group. It was felt that one of 

L i u 1s (in 23) virulence criteria, ability to grow in host serum, would 

have been met by these organisms. The strains employed are shown in 

Table 1.

Each parent strain was isolated from a different patient with 

the exception of number 408. This strain was isolated 10 days after 

isolation of number 029 from the same wound.

In Vitro Analysis

Efficiency of Plaguing. Plaque formation, achieved by the ad

dition of 100 or fewer organisms to HEp-2 monolayers with liquid medium 

overlay resulted in varied efficiencies of plaquing. Table 2 illus

trates the mean efficiency of plaquing of the strains tested.

20
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Table 1. Clinical isolates of P_. aeruginosa employed in virulence 
measurement.

Isolate n o . 3 Source Pigmentation

029 appendix
incision

none

029-10 none

140 hip wound green

140-10 green

140-20 green

321 elbow
wound

green

321-10 green

376 knee
drainage

green

408 appendix
incision

green

a. Hyphenated numbers indicate number of in vitro subcultures 
in BEI broth.
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Table 2. Efficiency of plaque formation of P_. aeruginosa immediately 
following primary isolation and after multiple subculture 
in vitro.

Isolate
no.

Efficiency of 
plaquing 

(%)
Range
(%)

029 oa
029-10 0 -

140 90 87-100

140-10 26 21-32

140-20 27 21-38

321 55 ' 50-61

321-10 27 21-35

376 35 21-58

408 5 4-7

a. No plaques were formed after repeated attempts with this 
strain. Growth of the organism in the overlay medium was greatly 
delayed and no cytopathic effect occurred until gross turbidity ex
isted after 36 hours.

i



A considerable range of plaque forming efficiency is illus

trated in Table 2. Strain 029 produced no plaques. This is the first 

reported strain of P_. aeruginosa that does not produce plaques in cell 

culture. Strain 408 initiated plaque formation after 18-20 hours, much 

longer than the 12 hours required by other strains. The low efficiency 

of plaquing (5%)observed with strain 408 was noted just before the cell 

monolayer was destroyed by an overgrowth of the organism.

The most important finding, as shown in Table 2, was the dra

matic intrastrain decrease in efficiency of plaquing observed when the

140 strain was subcultured 10 or 20 times. The efficiency of plaquing

decreased from 90 to 26 or 27%. A similar but less dramatic decrease in 

efficiency of plaque formation occurred when strain 321 was subcultured 

10 times (55 to 27%).

The significance of the decrease in efficiency of plaquing fol

lowing in vitro subculture of the parent strains was determined to be an 

important finding following statistical analysis of the raw data. An 

analysis of variance was performed using arcsin transforms of the per

cent efficiency of plaque formation of each trial with each strain. The 

means thus obtained, including the confidence limits about those means, 

are illustrated graphically in Figure 1. It is readily seen that the 

substrains 140-10, 140-20, and 321-10 are significantly distinct from 

their respective parent strains even at the 99.9% confidence level.

Interestingly, interstrain (parent) differences were detected 

as well as intrastrain differences (parent and substrain) but no differ

ence was observed between the identically subcultured substrains.
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Figure 1. Confidence limits of efficiency of plaque formation as a 
measurement of reduced virulence of P_. aeruginosa
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During microscopic examination of plaques, strain 140 and its 

substrains were found to produce a morphological characteristic not 

shared by any of the other strains tested„ Prior to fixing and stain

ing, a refractile area appeared at the center of the plaques» After 

staining, there was a deeply stained spot in the plaque center' where 

destroyed cells had come off the glass as demonstrated by Figures 3 and 

5» This is thought to be a bacterial colony adhering to the glasse 

The more typical plaque, formed by all other tested strains and previ

ously reported (38), is illustrated by strain 321 in Figures 2 and 4 0

Toxin Assay 0 In vitro potency determinations of the toxins 

produced by each of the clinical isolates reflected a quantitative cor

relation to efficiency of plaquing data. End points were determined as 

described by scoring the cytopathogenic effect (CPE) in the last tube 

(dilution of toxin) which failed to recover from the toxin effect after 

48 hours. The data are presented in Table 3.

A reduction in toxin potency for strain 140 occurred after 10 

and 2 0  subcultures and the loss correlates with the reduction in the 

efficiency of plaque formation. Strain 321 and its substrain 321-10 

does not demonstrate a reduction in toxin potency correlating to the 

reduced efficiency of plaquing. This may be simply because the toxin 

assay is not sufficiently sensitive to detect small differences in 

toxin potency. Also, toxin Z employed in these studies was the crude 

product. Perhaps partial purification would permit serial twofold di

lutions and thus provide more definitive results. Nevertheless, it is 

of interest to note that there was an overall correlation of toxin
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Figure 2. Typical plaque formed in HEp-2 monolayer by P_. aeruginosa 
strain 321 (35X).

Figure 3. Plaque formed in HEp-2 monolayer by P_. aeruginosa strain 
140 showing dark staining spot in plaque center (35X).
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Figure 4. Typical plaque formed in HEp-2 monolayer by P_. aeruginosa 
strain 321 (60X).

Figure 5. Plaque formed in HEp-2 monolayer by P_. aeruginosa strain 140 
showing dark staining spot in plaque center (60X).
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Table 3. End point titers of 
ous isolates of P.

bacterial-free
aeruginosa.

toxin Z produced by vari-

Isolate
no. CPEa Dilution CPE Dilution

140 4+ 1:4 3 + 1:5

140-10 4 + 1:3 3+ 1:4

140-20 4 + 1:3 - -

321 3+ . 1 : 2 ' " -

321-10 3 + 1 : 2 -

376 4+ 1:3 2  + 1:4

408 4 + undil. 3+ 1 : 2

a 0 CPE graded 1+, 2+, 3+, or 4 +  corresponding to 25, 50, 75, 
and 100% HEp-2 cell destruction, respectively, by the toxin„



potency with efficiency of plaquing 0 For example, strain 140 was the 

strongest toxin producer and plaque former while strain 408 was the 

weakest.

Since strain 029 did not produce plaques, even after prolonged 

incubation, it was not necessary to assay for the potency of toxin Z. 

This was because no CPE appeared in the original cell monolayers until 

turbidity was evident in the culture bottles. At that time, general 

cell monolayer destruction occurred which was suspected to be caused by 

a proteolytic toxin (toxin Y). To prove this, the bacterial-free cul

ture filtrate was tested for the presence of such a proteolytic enzyme 

by its ability to hydrolyze milk casein. Since the bacterial-free fil

trate of strain 029 did hydrolyze milk casein, it is clear that the CPE 

was not due to toxin Z but to toxin Y production. Thus strain 029 not 

only cannot produce plaques but also cannot produce toxin Z. This 

unique strain has therefore provided evidence which substantiates the 

previously reported hypothesis (33) that toxin Z may be responsible for 

plaque formation.

In Vivo Analysis

LD 5 0  Determinations. For this procedure random bred male and 

female Swiss Webster mice were injected intraperitoneally with tenfold 

serial dilutions of BHI suspensions of the clinical isolates. Animals 

were observed 72 hours at which time the test was terminated.

It is evident from the lethal dose determinations, as shown in 

Table 4, that there was no difference in virulence between any of the 

strains. Thus, no correlation was observed between in vivo virulence
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Table 4 e LD^q determinations in Swiss Webster mice injected I.P. with 
clinical strains and substrains of P_. aeruginosa 0

Strain n o 0 LD5Qa

029b io5-895

029-10 lO7"366

140 107»428

140-10 lO7*'573

140-20 107-201'

321 107-581

321-10 107„500

a 0 Calculated by Reed Muench method using 8  mice per dilution»

b 0 Nonplaque forming strain 0
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of the strains for mice and their efficiencies of plaquing or toxin 

production in vitro. This was not an unexpected finding since previous 

attempts by others to correlate determinations of this type to cultural 

or other virulence properties have also been unsuccessful.

Toxin Potency. The. percent mortality of mice injected intra- 

peritoneally with one ml of the previously described crude bacterial- 

free toxin Z preparation is shown in Table 5. Eight animal groups of 

Swiss Webster mice were employed per strain. These values represent 

deaths up to 72 hours when the experiment was terminated. A reduction 

in mortality is observed with subculture in the case of toxin formed 

by strains 140-20 but not with strain 140-10. Thus, toxin from strain * 

140-20 yielded a 25% mortality while toxin from strains 140 and 140-10 

yielded a 50% mortality. Similarly, there was a 12.5% reduction in 

mortality with toxins from strains 321 and its substrain 321-10. Toxin 

Z produced by strain 408 was the least toxic, showing no mortality in 

mice. This is in agreement with its low cytotoxicity on HEp-2 cells in 

the in vitro potency test (4+ undiluted, Table 3) as well as its low 

plaquing efficiency in vitro (5%, Table 2).

However, some discrepancies do exist in the data as evidenced 

by the 50% mortality in toxin from strains 140, 140-10, and 376. These 

three strains showed variations in their efficiencies of plaquing and 

in vitro toxin potencies. No dilutions of toxin were used in the in 

vivo lethality studies and, thus, here again it is felt that more de

finitive results would be obtainable following concentration and puri

fication of toxin Z which would permit serial dilution studies.
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Table 5 e Percent mortality of Swiss Webster mice injected I 0 P 0 with 
toxin Z produced by clinical isolates of P_0 aeruginosa.

Isolate
no.

Mortality 0

(%)

140 50

140-10 50

140-20 25

321 12.5

321-10 0

376 50

408 0

a. Percentage mortality of 8  mice injected intraperitoneally 
with 1 ml of crude bacterial-free toxin Z.
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Pathological Effect of Toxin Z

Autopsies were performed on mice which died from intraperito- 

neal injections of toxin Z to learn what gross pathological changes 

took place, <The livers of toxin Z killed mice were ashen grey colored 

in contrast to the deep reddish-brown color of normal control livers, 

Hemotoxy1in-eosin stained sections of the normal and abnormal appearing 

livers were prepared with the kind assistance of Dr, Gerd T, Schloss of 

Tucson Medical Center,

A dramatic difference in parenchymal morphology was observed. 

Figures 6  and 8  illustrate the uniform cellular distribution of the 

parenchyma found in normal liver tissue. Cell nuclei, containing nu

merous chromatin masses, are readily visible. Also as expected, the 

network of blood carrying sinusoids appears normal. The small nuclei, 

lying at the edges of the sinusoids, are of the Kupffer cells which 

line these passages.

In contrast, Figures 7 and 9 demonstrate the tissue degenera

tion attributed to toxin Z, The low power photomicrograph immediately 

reveals the destruction of parenchymal integrity with an apparent in

crease in the number of cell nuclei and vacant areas between cells.

The high power view reveals the loss of sinusoid pattern, disintegra

tion of nuclei, and influx of neutrophils (Figure 9). The large empty 

spaces may be deposits of fat or more likely water within the liver 

cells just prior to destruction.

Another important contrast observed in Figures 8  and 9 exists 

in the cell cytoplasm. In the normal tissue the cytoplasm is more
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Figure 6

Figure 7

w a  ' -%

Normal mouse liver parenchyma (12.5X).

mmmm
Degenerated liver parenchyma of mouse injected with toxin Z 
of P_. aeruginosa (12. 5X).



35

Figure 8 . Enlarged view of normal mouse liver parenchyma (40X).

a I +  id

vf • * *»3f * *

Figure 9. Enlarged view of degenerated liver parenchyma of mouse in
jected with toxin Z of P_. aeruginosa (40X).
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deeply stained and appears quite dense. The lighter stained cytoplasm 

of the damaged tissue is decidedly more flocculant or granular. This 

is due to the reduction of stored glycogen which accurately depicts the 

effect of the induced fasting state of the animals following injection 

of toxin Z .

These changes, contributing to the tissue degeneration, are at

tributed directly to the effect of toxin Z. No other gross pathologi

cal changes were apparent at autopsy.

Plaque Assay of Common Pathogens

During this study of plaque and toxin Z formation in cell cul

ture by P_° aeruginosa it was decided to investigate the possible plaque 

forming ability of other common pathogens.

The stock strains and clinical isolates listed in Table 6 were 

each employed in several assay trials until definitive results were ob

tained. The results of all assays were negative for plaque formation 

except the clinical isolates of P_° aeruginosa (strain 029 was nega

tive).

The culture conditions under which these assays were performed 

are shown in Table 7. In some cases two established cell lines, VERO 

and HEp-2, were employed. Choice of cell type was purely arbitrary, 

but differences in effect were sought. Medium variation was a function 

of the type used routinely to maintain the two cultures and serum type 

was again arbitrary, but it was based on the fact that both calf serum 

and newborn calf serum permitted plaque formation by JP. aeruginosa.



Table 6 0 Stock strains and clinical isolates of common pathogens assayed for plaque 
forming ability on cell culture monolayers0

Bacillus cereus

Streptococcus faecalis 

Corynebacterium'diphtheriae (gravis) 

Corynebacterium diphtheriae (mitis) 

Corynebacterium pseudodiphtheriticum 

Alcaligenes faecalis 

Shigella dysenteriae 

Shigella flexneri 

Streptococcus mitis 

Bordetella pertussis

Neisseria flava

Streptococcus pyogenes0 

Klebsiella pneumoniae^

Haemophilus parainfluenza 

Proteus mirabilis (2)a 

Herellea sp0a 

Escherichia coli (2)a

Enterobacter hafniaB

Pseudomonas aeruginosa (5)°

a. Indicates clinical isolates; the others were University of Arizona stock strains0
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Table 7. Plaque assay culture conditions of common pathogens including 
P_. aeruginosa.

Media Serum Plequetested type formation

S e dysenteriae VERO MEM CS No
VERO MEM CS No
VERO MEM NBCS No

S e flexneri VERO MEM CS No
VERO MEM CS No
VERO MEM NBCS No

A,o faecal is V E R O . MEM CS No
VERO MEM CS No
HEp-2 EBM CS No
VERO MEM NBCS No

S 0 faecalis VERO MEM CS No
VERO MEM CS No.

So pyogenes VERO MEM CS No

C 0 diphtheriae VERO MEM CS No
(mitis) VERO MEM NBCS No

C e diphtheriae VERO MEM CS No
(gravis) HEp-2 EBM CS No

VERO MEM NBCS No '

C 0 pseudo- VERO MEM CS No
di phtheriticum VERO MEM NBCS No

Bo pertussis VERO MEM CS No

Bo cereus VERO MEM CS No
VERO MEM NBCS Yes
HEp-2 EBM CS No

Ko pneumoniae VERO MEM CS No
(587) VERO MEM CS No
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Table 7.— Continued

“f66" 1™  °el1 ■ Media Serum Plequetested type formation

P e mirabilis VERO MEM CS No
*(578) VERO MEM CS ?

HEp-2 EBM CS No
HEp-2 EBM CS No

Herellea sp. VERO MEM CS No
(688) VERO MEM CS ?

E. coli VERO MEM CS No
(269-1) HEp-2 EBM CS ?

E„ coll VERO MEM CS No
(297) HEp-2 EBM CS No

E„ hafnla VERO MEM CS No
(332-2)

P. mirabilis VERO MEM CS No
(358) HEp-2 EBM CS No

VERO MEM CS No

P. aeruginosa 
(029)

HEp-2
HEp-2

EBM
EBM

CS 
CS (27=)

No
No

P. aeruginosa 
(140)

HEp-2
HEp-2

EBM
EBM

CS 
CS (27=)

' Yes 
Yes

P. aeruginosa 
(376)

HEp-2
HEp-2

EBM
EBM

CS 
CS (27=)

Yes
Yes

P„ aeruginosa 
(321)

HEp-2
HEp-2

EBM
EBM

CS 
CS (27=)

Yes 
. Yes
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The growth conditions employed during these assays were se

lected to provide data relating to the sequence of events following in

fection of a monolayer by P_e aeruginosa. Briefly, those events are 

plaque initiation represented by a foci of 10-15 rounded cells, fol

lowed by release of these cells leaving the developing circular cuff 

of damaged cells. This is followed by satellite plaque formation

around the original plaques. These satellite plaques never develop as
, ■ s . 

large as the originals due to the general destruction of the monolayer.

At the time the monolayer is destroyed, turbidity becomes evident in

the overlay medium.

Thus, the sequence of turbidity before, after, with of without 

CPE was considered important since these events would provide an indica

tion of the possible early formation of a toxin prior to destruction of 

the cell monolayer concomitant with visible turbidity in the overlay 

medium. In addition, the organism8s ability to grow in the cell cul

ture medium (containing serum) and the tissue culture system was noted.

These events are presented in Table 8 and in the majority of 

cases it can be seen that turbidity occurs immediately following obvi

ous CPE, an event which is similar to the sequences of events that oc

curs with P_. aeruginosa. However, with most of these pathogens, unlike 

P_o aeruginosa, bacterial plaques did not occur. There were some inter

esting sidelights.

One clinical strain of E_. coli (269-1) produced colonies that 

completely overgrew the cell monolayer but failed to destroy the cells. 

Bordetella pertussis, S_. dysenteriae and several of the Corynebacteria
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Table 8 0 Growth conditions of organisms assayed for plaque forming 
ability in cell culture.

Organism
tested

Growth 
in T C 
media

Growth 
in 
T C

Turbidity No
CPE

CPE
no

turbidity
before
CPE

after
CPE

S. dysenteriae
+

- - - - +

+
+ - - - - +

S. flexneri / + + — os -
+ + - + - -
+ + - + - -

A. faecalis + - - — - +

+ + — + - —
+ poor — + —

S. faecalis - - - - +

S. ,pyp.genes . + - - - - +

G„ diphtherias + - - -=* . - -
(mitis) + — — —

L
Co diphtheriae + - - - -

(gravis) — — — " —

P. pseudo- - - - - - -
diphtheriticum +

B e pertussis + - - — - -

B. cereus + - - - - -
+ + . — + -
+ • - - + -

K. pneumoniae + + ± ± — -
(587) - - -- -
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Table 8 e•— Continued

Organ1 sm 
tested

Growth 
in T C 
media

Growth 
in 

T C

Turbidity
before
CPE

after
CPE

No
CPE

CPE
no

turbidity

P, mirabilis 
(578)

+
+
+
+

+
+
+
+

±
+
+
+

Herellea sp0 (688) +
+ +

±
+ slow

Eo coli 
(269-1)

+ +
+

+
+

E, coli
(297)

E. hafnia 
(332-2)

P. mirabilis 
(358)

+
+
+

+

+ +
+

+

+

P 0 aeruginosa +
(029) +

slow
slow

P_° aeruginosa

P 0 aeruginosa + + - + - +
+ + - + - +

P„ aeruginosa + + - +
(321) + : + - +
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grew in cell culture medium but did not survive in the presence of - 

cells suggesting that the tissue culture cells inhibited growth of the 

organisms. None of these results was followed up and probably should 

be. Also, future work is warranted on B. cereus, Herrelea sp., E_. 

coli, and Mirabilis since these organisms produced plaque-like ef

fects which were not readily reproducible.

Even though no organisms other than P_. aeruginosa demonstrated 

an ability to form plaques in cell culture, these studies suggest that, 

further work using the little studied low dose effects of organisms on 

host cells, grown in tissue culture, may provide us with a better under

standing of pathogenic mechanisms and host-parasite relationships.



DISCUSSION

The virulence of I\ aeruginosa has been the subject of investi

gation by many in the recent paste Attempts to define and measure 

virulence have involved both studies of the organism itself and its 

toxic extracellular and intracellular metabolites0 Injection of these 

materials into mice has been the primary test method, with minimal use 

of cell culture or other mechanisms to aid in evaluation. In the ex

amples of this work previously cited (31,34,35,36), and in another work 

by Liu, Abe, and Bates (39), it is quite evident that there are in fact 

several toxic metabolites produced by this organism. These are either 

of known enzyme nature such as protease, lecithinase, and hemolysin, or 

a yet undefined, nonenzymic substance. These products, fractionated 

from various types of growth media and purified, are very lethal to 

mice.

These studies also present mouse LD^ q data of the organisms, and 

when examined, one finds that the average LD^q lies at approximately 

107 organisms. These investigators (34,35, and 36) have concluded that 

growth characteristics, pigment production, pyocin type, colony diame

ter, enzyme production, and site of infection do not provide an index 

of the virulent state of the organism since no difference in LD^q can be 

demonstrated.

Liu and Mercer (23) in a virulence study of T\, aeruginosa 

stated that the LD^^ determination in mice was a poor choice of test

44
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system due to the artificiality of sepsis compared to the usual mode of 

action in infection by this organism. On the other hand, Klyhn and 

Gorrill (35), in a clinical study, defend the use of mice in these 

measurements because a pyelonephritis, similar to human disease, can be 

induced in mice and, therefore, a valid correlation to potentiating hu

man disease must exist with this animal host.

In spite of these arguments, and the unsuccessful virulence 

correlations of many investigators, the use of determinations per^

sists, possibly from the simple lack of a better method of virulence 

evaluation.

The primary aim of the research reported here was another at

tempt to assess the virulence of P. aeruginosa but employing n e w .An 

vitro test conditions. On the basis of reports in the literature and 

results in the present study, the author must agree with Liu and Mer

cer that the mouse LD^ q is an invalid test when applied to this organ

ism. Also, while studies of known toxic enzyme metabolites of J?. 

aeruginosa have served to establish their lethal properties, they have 

not provided a means of differentiating the virulence of clinical iso

lates. For thfese reasons, the investigation of a new method was felt 

justified.

This completely in vitro method, employing plaque and toxin Z 

production by clinical isolates of J?. aeruginosa appears to have prom

ise as a virulence assessment procedure. This is demonstrated in sev

eral ways. Based upon in vitro subculture as a virulence reducing 

mechanism, Table 2 indicates the reduced intrastrain efficiency of
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plaquing obtained by the substrains of strain 140 and 321. Strains 

140-10 and. 140-20 reflect a 71% lower efficiency of plaquing than their 

parent strain 140. Similarly, a 51% reduction is observed between par

ent strain 321 and substrain 321-10. The strong statistical evidence 

illustrated in Figure 1 provides significant evidence that efficiency 

of plaque formation does indeed differentiate virulence states of a 

particular strain by the fact that at the 99.9% confidence level the 

boundaries placed on the calculated mean efficiency of plaquing values 

are distinct and do not overlap. It is also important to note that the

mean values obtained for all the parent strains (Table 2) and also the

boundaries indicated in Figure 1 for strains 140 and 321 indicate that 

this system is also able to detect interstrain variations in virulence

at the time of isolation.

The overlapping confidence limits of strains 140-10, 140^20, 

and 321-10 indicate that a rather fixed low level of virulence is ob

tained in BHI, a function probably of its fixed composition in terms of 

the organisms physiological environment. This is interesting because 

these data indicate that efficiency of plaque formation cannot detect 

inter- or intrastrain virulence differences between organisms from the 

exact same environment, but that it can detect variations as a function 

of clinical source where the environment is vastly variable.

A finding consistent with other investigators was that no dif

ference could be detected among the tested strains based upon their

in mice. The LD^q of all the plaque forming strains lies within 

the log 107. One of the nonplaque forming strains, 029, does present



a lower LD^ q . However, this is considered not significant when com

pared to the majority and is attributed to host heterogeneitye

During this investigation, the potency of toxin Z produced by 

each strain and substrain was tested to determine if a correlation to 

efficiency of plaque formation existed. When crude preparations of 

toxin Z from strain 140 and its substrains 140-10 and 140-20 were ap

plied to cell monolayers, a reduction in CPE was noted in the sub- 

strains (Table 3). This same reduction in toxin potency was not re

flected here by strains 321 and 321-10. However, a reduced lethality { 

of toxin Z produced by strain 321-10 was demonstrated by reduced mouse 

mortality (Table 5). This factor was also demonstrated by strain 

140-20 as shown in Table 5. Although no subculture of strains 376 and 

408 was performed, these two strains produced low efficiencies of plagu

ing, 35% and 5%, respectively. The low toxin potency and lethality - 

presented by these strains were consistent in these properties to the 

patterns of data obtained from the other strains.

While it is obvious that a clearcut correlation to efficiency 

of plaque formation was not obtained with consistency in the toxin 

studies, it is believed that the data provide a strong suggestion that 

one exists. It is recognized that the results are preliminary ones, 

and that the precise correlations desired are unobtainable while the 

crude toxin Z is employed. Future work, including the concentration 

and purification of this toxin, is expected to yield a much more defin

itive relationship to the efficiency of plaque formation. There does, 

however, appear to be a correlation between toxin potency in vitro and
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plaque formation. Consequently9 this study has provided additional 

evidence supporting the theory that plaque formation is dependent 

upon the production of toxin Z (33),

Perhaps the most important finding in this report is that ef

ficiency of plaquing and toxin potency progressively decreased as the 

organism is farther removed (subcultured) from the original in vivo 

site of infection, simulating reduction in virulence. Conversely, the 

LD,-q determinations of these same organisms does not reflect any dif

ference or change as a function of subculture. This latter finding is, 

as stated, consistent with those obtained by others.

This fact is the basis for the belief that the plaque forming 

ability of this organism may be the key to the measurement of its viru

lence. It is at least the first biological system to provide a means 

of measuring the destructive potential of the organism where variation 

was obtained. Certainly the plaque phenomenon itself, the focal de

struction of living cells, is a virulent manifestation. It has long 

been established that the various toxic metabolites of the organism are 

responsible for its virulence. This fact suggests the importance of 

toxin Z thought to be responsible for plaque formation. The exact me

chanism of plaque formation has not been defined but a cell to cell 

poisoning by toxin Z via cytoplasmic bridges from the initial infected 

cell does not seem an entirely unreasonable hypothesis.

Previous investigation into the conditions under which toxin Z 

is formed (33,40) and the results of current studies seem to indicate 

this toxin is dissimilar to the lethal toxins of Meinke and Berk (31) or
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Liu (25). Thus, it is believed that toxin Z is a distinct entity.

Proof for this statement lies in the facts that toxin Z is produced 

only in the presence of serum, is not neutralized by the addition of 

serum, is heat stable, does not hydrolyze casein, does not reduce egg 

yolk, and is different from those toxins previously reported in its 

in vivo pathological effect.

The lethal toxin reported by Liu (25) is not heat stable, is 

produced in serum-free solid medium, and reveals a focal necrosis in 

the liver of mice upon gross and microscopic examination. The heat 

stable lethal toxin of Meinke and Burk (31) is also produced in serum- 

free solid medium and produces only occasional petechial-like lung 

hemorrhages in mice.

The failure of toxin Z to react as one of the common toxic en

zymes of P_. aeruginosa described by Liu et al. (39) or produce a patho

logical effect similar to those fractions further substantiates the 

belief that this is a new lethal toxin. Figures 7 and 9 present evi

dence that the pathological effect of this toxin is not focal but pro

duces general degenerative changes.

The damage resulting from the crude toxin Z occurs primarily 

in the periphery of the liver lobules. This is evidence that the toxin 

is carried to the liver via the blood stream following uptake in the 

peritoneal cavity by the thoracic duct.

The normal liver tissue illustrates the well defined, large 

parenchymal cells. The cytoplasm is characteristically foamy due to 

high glycogen content, and many distinct chromatin masses are seen in
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the nuclei of these cells. Also readily observed are the small nuclei 

of the Kupffer cells lining the sinusoids which appear as unstained 

irregular spaces between the large parenchymal cells0

The abnormal liver, degenerated by toxin Z, is characterized im

mediately by the loss of parenchymal cell pattern and integrity. The 

damaged cells contain large vacuoles of fat or water evidenced by the 

rounded unstained areas, and the nuclei are observed in various states 

of disintegration. Close examination reveals the infiltration of neu

trophils, an expected finding consistent with tissue damage. Kupffer 

cell nuclei and the sinusoids are no longer readily apparent.

Since this toxin is produced in the presence of serum, by or

ganisms surviving the inhibitory effects of serum (satisfying the first 

criteria of Liu for virulence of P. aeruginosa)0 its probable production 

in human infection follows. That this toxin is potentially instrumental 

in the delayed healing of burns and other wounds and contributes to ad

verse systemic toxemia makes further investigation an obvious necessity.

Aside from the potential clinical significance of plaque forma

tion as a measure of virulence and the possible medical implication of 

toxin Z, the formation of virus-like plaques in cell culture by a bac

terium is itself a scientific curiosity. Penso and Balducci (41) in a 

description of the effect of many different bacteria on cell culture 

monolayers report nothing akin to plaque formation. Nearly all the re

ports of individual investigators studying the host-parasite relation

ship of bacteria in cell culture have one procedural factor in common. 

They all applied a massive dose of viable organisms to the culture
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system, and with but few exceptions, the cell monolayer was rapidly de

stroyed with no unusual preliminary effecte Not surprisingly, this 

identical result is obtained with massive doses of P_° aeruginosa.

Plaque formation is instead a low dose phenomenon; its discovery was 

the result of chance airborne contamination of a HeLa cell culture 

(32),

The attempts to produce plaques with other organisms inoculated 

in low doses failed to reveal another organism capable of plaque pro

duction, Not only is this a confusing result, adding to the mystery of 

the mechanism, but it also makes more fascinating this unusual capabil

ity of P, aeruginosa.



SUMMARY

In vitro studies employing the plaque forming ability of Pseu

domonas aeruginosa have revealed that this host-parasite interaction 

may be the key to a method of determining the virulent state of the 

organism. Efficiency of plaque formation was found to vary consider

ably among clinical isolates and also between a given parent strain 

and its substrains. The latter variations were significantly different 

at the 99.9% confidence level. No difference was detected between var

ious substrains (obtained by repeated in vitro subculture), regardless 

of parent.

Since these substrains were all cultured in an identical liquid

bacteriological medium, it may be possible that efficiencies of plaqu-
■ ■ ■ . ■ _ ) ,

ing are capable of detecting interstrain virulence variation of clini

cal isolates because of the variable metabolic states of the organism 

at the site of infection in vivo.

The data indicate that toxin Z potency, of clinical strains, 

correlated with efficiency of plaque formation. Toxin Z has been sus

pected of being responsible for plaque formation and these data support 

that theory in view of the fact that toxin potency levels seem to par

allel plaquing efficiency determinations. Further evidence for toxin Z 

being responsible for plaque formation was found when an unusual non

plaque forming strain of P. aeruginosa was demonstrated to be incapable 

of producing toxin Z.
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No difference between the tested strains was detected in LD__ .50
determinations in m i c e a This finding has been the consistent problem 

of other investigatorsf attempts to measure virulence using mouse 

as an index to morphological, cultural, and physiological variations6 

Efficiency of plaque formation is the first biological system providing 

significant quantitative variation between strains of I\ aeruginosa.

Chemically, toxin Z is different from any known aeruginosa 

toxin previously reported. Dependence upon the presence of serum for 

its production and demonstration of a previously unreported in vivo 

pathological effect strongly supports this proposal. The degeneration 

of liver parenchyma is first obvious upon gross examination and dramat

ically exhibited in tissue sections.

The failure of other tested pathogens to form plaques in cell 

culture monolayers magnifies the importance of this phenomenon for P_. 

aeruginosa. Plaque formation is a virulent manifestation of this or

ganism in vitro and at this time appears to be a potentially useful 

method for evaluating the virulence of this important organism.
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