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ABSTRACT

Selected physiological parameters of 33 classic and rough *

Pseudomonas aeruginosa strains from sputum of cystic fibrosis (CF)

patients have been examined. An associaton of a patient's clinical .
condition (good or poor) with strain physiology has been made. Rough
strains from patients in poor clinical condition (P strains)
demonstrated severe alterations in motility parameters. Of the 10
rough P strains studied, 70% lacked flagella as determined be
electron microscopy. Flagellated P strains demonstrated weak
motility in soft agar and in the capillary assay as well as a 40-907%
reduction in chemotactic response to three amino acid attractants. A
majority of classic and rough strains from patients in good clinical
condition (G strains) were highly motile and chemotactic.
Characteristics such as auxotrophy and growth rate were not
significantly altered in G and P strains; but the absence of protease
activity was associated predominantly with P strains.

A series of varied morphological types of CF sputum strains was
examined for virulence in an invasive burned mouse model. All 24
strains examined demonstrated reduced virulence when compared to M-2,
a virulent burn strain (LDgg = 1.5 x 10! CFU). Ninety-two
precent of the strains tested were avirulent at doses of 103 -

107 CFU. The LD5g of nine representative flagellated CF
strains was determined in the same animal model. Five of the strains

tested had LDgg > 106 CFU. Reduced virulence of each strain

appeared to be associated with loss of one or more physiological



iv
characteristics. Strain 35¢ resembled M-2 being of classic colonial
morphology, protease-positive, O-antigen typable, flagellated and
chemotactic. It was the most virulent of the strains (LDgg = 8 x
102 CFU). A mucoid (G) strain, 412a, intermediate in virulence
(LDgqg = 104 CFU), polyagglutinated in O antisera and showed
reduced motility (60% of M-2). Results suggested that any virulence
detected was associated with classic (G) strains prevalent in early,
non-chronic infectiouns. It appears that a selection transition
occurs favoring P. aeruginosa avirulence (i.e. alterations in factors
such as protease production, cell envelope, motility and chemotaxis)

as chronic infection is established in the CF lung.
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CHAPTER I
INTRODUCTION

Cystic fibrosis is the most common lethal genetic disease in the
caucasian population in the United States (4, 42). The US Department
of Health and Human Services estimates that twenty to thirty thousand

persons are afflicted today by this autosomal recessive gene disorder

and that there are as many as ten million symptom—free carriers in
the United States. First described by Anderson forty-five years ago,
cystic fibrosis (CF) was originally thought to be a pancreatic
disorder (42). 1In the 1940's, discovery of the involvement of
mucus-secreting glands complicated efforts to understand the clinical
syndrome. It is now known that four organs are affected by this

} genetic disorder: respiratory, gastro-intestinal, exocrine, and

; reproductive (23, 25, 26, 42). However, the basic genetic defect
remains enigmatic (23, 92). In the absence of identification of a
unitary genetic derangement, there is much speculation. One of the
more intriguing recent conjectures is that we could be dealing with a
genetic aberration which is only briefly expressed during
development, programming the individual for self-destruction before
receding into the inaccessible background of dormant DNA’(23).

Diagnosis and management of the disease are complicated by the

fact that in 85% of cases, patients appear normal at birth (53).

Since 1959 successful early diagnosis has been accomplished by using

one discriminating laboratory determination: the sweat test (23).
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This test is based on an observation made in 1953 that 99% of cystic
fibrosis patients have high electrolyte levels in sweat (25, 26).

In recent years, prognosis for the disease has changed due to
advances in both diagnosis and management. Infant mortality has been
rare during the past ten years (42). The single most important
factor responsible for decreased infant mortality is the availability
of antibiotics which control secondary bacterial infections caused by

Staphylococcus aureus which is superseded by Pseudomonas ageruginosa

(42, 53).

Aminoglycosides such as gentamicin, tobramycin and amikacin have
inhibitory and bactericidal activity against P. aeruginosa which has
now emerged as the major pathogen asspciated with CF lung pathology
(25, 38, 56, 59, 79, 84). In the early stages of the disease,
patients have a dry, episodic cough. As the disease progresses they
develop a persistent, productive cough which is accompanied by weight
loss and decreased activity. The condition will become progressively
worse if not treated adequately. However, successful prolonged
treatment has been hindered in the past ten years by an increase in
aminoglycoside-resistant P. aeruginosa strains (24, 41). Recent
therapy involves combining an aminoglycoside with a g-lactam. It
appears that drug resistance is due to R-plasmids which code for
degradative enzymes (16, 22, 43). Other resistance may involve cell
envelope barriers and appears to be chromosomally determined.

Studies show that, in addition to prophylactic therapy being

ineffective in preventing pulmonary disease, it is virtually
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impossible to eliminate bacterial pathogens such as P. aeruginosa

from the respiratory tracts of patients with CF (37, 80, 85). For

this reason, the less encouraging fact remains that the average life

expectancy of a CF patient is only twenty years (Dr. R. Wood,

personal communication: CF Workshop, Arlington, Va., 1982).

The nature of the disordered biochemistry which predisposes the

1 patient to colonization by P. aeruginosa is not known (23).
Acquisition of P. aeruginosa occurs in early stages of the disease.

Classic (synonomous with smooth), mucoid, and rough colonial
morphology types are found in young adults (79, 85). The mucoid and
rough varieties of P. aeruginosa are especially prevalent in older
patients with advanced disease (85). Since the lung is normally kept
free by mucociliary clearance in the airways and phagocytic activity
of macrophages in the peripheral airways and alveoli, an organism
capable of persisting in this organ would have to successfully
circumvent th;;e two mechanisms., Other secretory and immune factors
contributing to lung defense must also be foiled by‘the invading
bacterial species.

High antibody titer to P. aeruginosa in patients with advanced
pulmonary involvement prevents developing systemic infections due to
the pathogen but cannot protect lungs from progressive tissue damage
(77). In fact, high levels of antibody may contribute to hyper-
sensitivity reactions and lung tissue damage. Mucoidy appears to
inhibit antibody opsonization and comflement-dependent lysis of the

bacterial cell (32, 37, 47). Prolonged harboring of the pathogen
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in the host causes permanent changes in airways accompanied by
pulmonary parenchyma. Elevated levels of cations such as magnesium
and sodium in the CF luag cause an increase in extracellular
glycocalyx production by P. aeruginosa. The structure and viscosity
of lung mucus is also thought to be affected by the altered ionic
environment. The resultant clumping of mucus interferes with its
normal protective function by allowing greater interaction between
the lung surface and inhaled bacteria (31, 32). Bronchial plugging
with thick mucus and pulmonary fibrosis are characteristic features
of cystic fibrosis pathology.

The complex interaction between the host and pathogen in cystic
fibrosis makes it difficult to separate the disease caused by the
host and disease caused by the microorganism. Although the pathology
of CF lung disease remains unclear, no doubt exists that it is the
principal cause of death (92). For this reason much investigation
has been directed toward studying the basic mechanisms of pulmonary
involvement responsible for the high mortality in this disease.

A voluminous amount of information about the pathogenesis and
virulence of P. aeruginosa as a causal agent of a variety of diseases
is curreatly available. The role of this pathogen in acute
infections, such as those acquired after thermal injury, has been
elucidated using a variety of experimental animal models. One of the
most successful models used to study the role of exoproducts and
physiological characteristics associated with virulence is the burned
mouse model for acute infection following thermal shock. Stieritz

and Holder (83) demonstrated that, in this model, the LDggy for P.



aeruginosa was significantly lower in comparison to the LDgg in
normal mice. This was not the case for the other bacteria tested.
Several extracellular products and physiological characteristics have
now been identified as contributors to P. aeruginosa infections in
burn wounds (20, 61, 94, 95),

The microenvironment which exists in the lung of the CF patient
favors the establishment of a chronic infection rather than an acute
one. Three animal models are frequently used to study lung
infections. The rat model of chronic respiratory infection developed
by Cash et al. (17, 48) introduces the bacteria enmeshed in agar
beads via intratrachael inoculation. The enumeration of bacteria
recovered from the lung can be compared to the original number in the
inoculum; with subsequent histological studies which are semi-
quantitatively scored, estimates of lung tissue damage can be made.
While this model is purported to be useful in examining the inter-
actions between microbial virulence factors and host defense
mechanisms, it may have certain drawbacks when used to study inter-
actions that pertain to the CF patient. While the number of mucoid
and classic strains recovered from the lungs was similar, coloni-
zation of the kidneys occurred in rats inoculated with the mucoid
strain (17). Since in CF there is apparent containment of the
organism in the lung, such colonization of a vital organ clouds the
issue when evaluations of roles of possible virulence factors are
being made. 1In addition to kidney colonization, the type of
inoculation is apt to alter the pathogenecity of the organism. The

agar beads in which the bacteria are enmeshed and direct intra-
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trachael inoculation may both have subtle albeit important effects on
the invading bacteria.

In another recently developed model by Boyd et al. (11), rats
are given hexamethylphosphoramide-treated drinking water which
denudes the airway epithelium causing microulcerative lesions.
Bacteria are then instilled in the trachea of each rat resulting in
colonization of the airway. Research using this model supports the
hypothesis that colonization by P. aeruginosa may occur in airways
where ciliated epithelium has been injured.

Pennington et al. (7) developed an experimental model of chronic
lung infection using the guinea pig. Once again the agar bead-
enmeshed inoculum is directly instilled into the lower respiratory
tract via the trachea. Both host defenses and bacterial virulence
factors can be altered in this model to study pathogenesis of
Pseudomonas.

As previously mentioned, the interplay between host and
microbial factors which contributes to this unusual environment has
not yet been clearly determined; but many Pseudomonas exoproducts
such as proteases, exotoxins, and phospholipases, known to play an
important role in acute infections, are currently being considered as
factors which may promote colomnization or lung cytopathology. 1In
addition to these exoproducts, certain physiological characteristics
such as motility, chemotaxis, and O-antigen composition may shed
light on the subject of persistence. Evidence now exists which

suggests that certain physiological characteristics of P. aeruginosa



o

associated with its virulence in acute infections may, in fact,
undergo alterations which enhance the state of chronic infection in
the CF lung (35, 66, 86).

The identification of typical strains of P. aeruginosa has
generally presented no difficulty in the clinical laboratory.
However, slight variability in colonial morphology, particularly
non-pigment forming strains, was recognized by Wahba (89) in the
early 1960's. These atypical strains now appear to be occurring more
frequently. It has been hypothesized that use of antibiotics may
favor their occurrence, but this has not been substantiated
experimentally (M. J. Thomassen, personal communicatibn).

Extensive investigation by Wahba et al. (89) resulted in the
identification of six P. aeruginosa colonial types: classic, classic
rough, rough, mucoid, gelatinous, and dwarf. Three of these
morphological types predominate in the CF lung: classic, rough and
mucoid (70, 85, 86, 89). The classic colonial morphology is
irregular in shape with a smooth, matt surface. Rough colonies are
also irregular in shape, but they have rough, matt surfaces. Mucoid
colonies are circular in shape with smooth, shining surfaces (89).

Much has been made of the importance and frequency of
P. aeruginosa mucoid strains in cystic fibrosis. The mucoid
morphology is due to the biosynthesis of the exopolysaccharide
alginate (27, 65). According to Ohman et al. (65), alginate

)

i production by P. aeruginosa provides the organism with a survival
|

|

|



advantage in the CF lung. Certain in vitro studies suggest that
mucoid strains have advantage over non-mucoid strains against
phagocytic cells, antibodies, and antibiotics (32, 37, 54). However,
in vivo studies using a guinea pig model of experimental pneumonia
were unsuccessful in demonstrating that mucoid coating of P.
aeruginosa selectively retards killing of the organism (7).

Research by many investigators (8, 31, 33, 72) indicated that
mucoidy of P. aeruginosa is an inherently unstable characteristic
which may be strongly influenced by the environment. Studies by
Boyce and Miller (8) showed that irom concentration in the culture
medium had a profound effect on the selection of non-mucoid cells.,
Rates of accumulation of non-mucoid cells were lower in media
containing lower councentrations of irom. Pugashetti et al. (70) also
encountered this instability of mucoid cells and noted a high
frequence of reversion to the non-mucoid phenotype which was also a
medium-dependent phenomenon. It appears that most mucoid strains
revert very rapidly to nonmucoid form on subculture. Although the
exact explanation is still elusive, it is hypothesized that one
reason may be a rapid growth rate which results when the cells no
longer produce large amounts of extracellular polysaccharide (25,
92).

The hypothesis that CF patients are colonized by a non-mucoid
strain of P. aeruginosa which coaverts to a mucoid variant has
recently been modified (70, 71). It is now known that many CF
patients are colonized by mucoid or non-mucoid strains (79, 85).

Simultaneous presence of mucoid and non-mucoid strains of the



organism in the respiratory tract of individual patients has also
been reported (70, 71, 85). It was coacluded by Rivera et al. (73)
in a recent investigation that it is no longer possible to correlate
mucoid P, aeruginosa strains in bronchial secretions with presence of
cystic fibrosis. Only two of the 31 Pseudomonas-infected patients in
their study had CF; the majority had chronic pulmonary disease and
common to all was the presence of bronchiectasis.

The basis for serotyping P. aeruginosa is variation in the O
antigen side chain composition of the lipopolysaccharide (LPS) of
different strains (13, 14, 35). As many as 17 distinct serotypes may
be demonstrated depending on the typing system used (18). Recent
evidence has been obtained which suggests that some P. aeruginosa
strains are deficient in O-antigenic LPS (18, 66, 86, 91)., In the
cystic fibrosis lung there is a high frequency of non-, self-, or
polyagglutinating strains (39, 58, 86). This is in coantrast to the
high frequency of typable strains associated with acute ianfection
(69).

Studies by Hancock et al. (35) supported these observations
about altered LPS. Ounly six of the 26 CF P. aeruginosa strains they
studied were agglutinated by a single typing serum. The majority of
the polyagglutinable or nonagglutinable strains were sensitive to
normal serum. Hancock observed no major correlation between mucoidy
and serum sensitivity, O-antigenic typability, LPS phenotype or outer
membrane protein patterns of CF strains. The altered LPS phenotype

appears to be a significant property of CF-associated P. aeruginosa.
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Serum sensitivity, which appears to be associated with altered LPS
may explain why CF patients rarely suffer from bacteremia (35).

Investigations by Thomassen et al. (86) on serum bactericidal
effect of CF strains agreed with the work by Hancock. In the
Thomassen studies, serum sensitivity could not be correlated with a
specific serotype, morphological variety or patient clinical
condition. However, the result of a given strain's sensitivity in
autologous serum compared to normal serum did correlate with clinical
condition suggesting that serum sensitivity is altered as the
infection progresses. Patients in poor clinical condition, in
contrast to those in good or moderate condition, were more likely to
have strains that were serum resistant in autologous serum but
sensitive in normal serum.

Penketh et al. (66) reported that the majority of CF strains in
thei; studies had three distinct features: loss of O-antigenic
serotype, expression of a new somatic antigen and sensitivity to
normal human serum. Patients most severely affected by the disease
were colonized by organisms with one or two of these characteristics.
Penketh also confirmed the high incidence of polyagglutination by CF
strains. In addition, evidence suggests the presence of a new
somatic antigen, the polyagglutinating or PA antigen (58, 68).
According to these investigators, serum sensitivity was significantly
associated with loss of O-type reaction and the concurrent appearance

of the PA antigen.
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Several extracellular proteolytic enzymes of P. aeruginosa may
coutribute to pulmonary damage. Of these enzymes, alkaline protease
(so named because of its activity at alkaline pH) and elastase (which
degrades elastin) are considered important virulence factors (46, 47,
78, 81, 93). 1In vivo production of elastase in CF patients was
measured by Klinger et al. (47) by detection of specific antibodies
to this enzyme in the majority of patients. Other in vitro studies
demonstrated that alkaline protease is also produced by various CF
strains (29, 64). It appears that, even with specific antibodies to
the proteases present in the lung, protection against proteolysis may
be insufficient. An in vitro study has shown that alkaline proteases
can cleave human IgA and elastase can cleave human IgG, IgA, and
secretory IgA (28).

Jagger et al. (44) noted that a higher percentage of non-mucoid

Pseudomonas strains was proteolytic, although mucoid phenotype did

not restrict expression of protease activity. Protease production
may be important in the initial colonization of the respiratory tract
of CF patients, since data by Jagger revealed that chronically
infected patients contained more weakly proteolytic strains than
patients newly colonized by P. aeruginosa.

Possession of a single, polar flagellum, which imparts motility
to the organism, is one of the stable, physiological traits used to
characterize Pseudomonas species (55). Flagellation has been shown
to be a stable, strain-dependent characteristic which is not related

to other characteristics, such as mucoidy, as was previously thought
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(55, 71). 1t was reported that there is a wide separation of genetic
loci for mucoidy and flagellation (72); it is doubtful that a
mutation in one would result in a mutation in the other. Motility as
a virulence factor has also been demonstrated in the burned mouse
model (20, 40, 60). Montie et al. (60) reported that a non-
flagellated isogenic mutant of P. aeruginosa strain M~2 showed a loss
of virulence in the model by a dosage factor of four logs when
compared to the motile parental strain and to a spontaneous, motile
revertant,

Various strains of P. aeruginosa are known to be chemotactic to
a variety of amino acids, organic acids, and glucose (63). Strain
M-2, which 1s virulent in the burned mouse model, is vigorously
motile and highly chemotactic. Conversely, Craven and Montie (20)
demonstrated that avirulent strains lacking either proteases or
exotoxin A were also deficient in their chemotactic capacity. Since
heterogeneity in chemotactic capacity exists among P. aeruginosa
strains, this physiological characteristic is now being studied as a
possible virulence factor. Preliminary studies using isogenic
mutants for chemotaxis or motility indicate that these strains are
avirulent in the burned mouse model (D. R. Drake and Dr. T. C.
Montie, personal communication). Montie et al. (T. C. Montie,
personal communication) have noted in the laboratory that CF P.
aeruginosa isolates were less chemotactic than those strains
associated with acute infection. However, the role of chemotaxis and

motility in establishment of chronic infection in the CF lung has not
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been examined. In the realm of speculation, it is reasonable to
assume that they may play a significant role in initial invasiveness,
but be of less importance in maintaining a persistent infection in
the lung.

In order to further elucidate the chronology of events in the CF
lung causing establishment of chronic P. aeruginosa infection, we
posed the following questions: 1i) After initial lung invasion by
the pathogen, is there progressive host selection against bacterial
properties normally associated with virulence? 1ii) What is the
relative virulence of the CF strains compared to an invasive strain
in the burned mouse model? 1iii) 1If avirulence is characteristic of
CF strains, to what may it be attributed?

These questions were answered by pursuing the following specific
aims: 1) to characterize CF strains (classic and rough colonial
morphology) isolated from patients in good and poor clinical
condition regarding O-antigenicity, motility, chemotaxis, and
proteolytic activity. ii) to test representative strains of varying
morphological and physiological traits for virulence using the burned

mouse model for acute infection.



14

CHAPTER II

MATERIALS AND METHODS

Bacteria

All Pseudomonas aeruginosa cystic fibrosis strains were isolated

from sputum by M.J. Thomassen (Case Western Reserve School of
Medicine, Cleveland, Ohio). P. aeruginosa strain M-2 was originally
isolated from the small intestine of a CFI mouse (40). Strain M-2
was obtained from I.A. Holder (Shriner's Burns Institute,

Cincinnati, Ohio).

Maintenance of Cultures

Stocks of bacterial cultures were kept at =70°C in Luria broth
(various media are described in the following section) and 25% (v/v)
glycerol. Bacterial stocks, maintained as dilute suspensions in

Luria broth at 4°C, were used to inoculate daily cultures.

The standard growth medium for chemotaxis assays and growth
experiments was a mineral salts mixture containing the following:
dibasic potassium phosphate 0.04 M, monobasic potassium phosphate
0.02 M, ammonium sulfate 7.6 x 10~3 M, magnesium sulfate 2.0 x
1074 M and ferric chloride 9.2 x 1070 M. This medium is
referred to in the text as MS. Sodium succinate at 0.4% served as
the carbon source except where otherwise noted.

For all other assays bacteria were grown in Luria broth (1%

NaCl, 1% tryptone, 0.5% yeast extract, pH 7.0).
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Tryptone broth contained 10 g Bacto-tryptone (Difco), 5 g sodium
chloride and 3 g yeast extract dissolved in 1 liter distilled water.
The medium was dispensed into test tubes and autoclaved.

Tryptone agar contained tryptone broth to which 18 g of agar
were added per |l of medium before autoclaving. Sterile medium was
dispensed 15 ml per 100 mm petri dish. Plates were kept overnight at
37°C to decrease moisture content, then stored covered at 4°C.
Motility medium (synonomous with soft agar) contained 10 g
Bacto-tryptone (Difco), 3 g yeast extract, 5 g sodium chloride, 3 g
agar and 1 liter distilled water. The final pH was 7.2 before
autoclaving. The medium was dispensed into 50 mm petri dishes,

stored overnight at 37°C, and inoculated within 24 h.

Quantitation of Bacteria

Bacteria were grown in Luria broth for 14 hours at 37°C with
rotary shaking at 175 rpm. Cells were harvested by centrifugation
(4000 x g for 15 minutes) and washed twice in a standard diluent (25
mM potassium phosphate, 0.9% NaCl, 0.0l1% gelatin, 0.2 mM MgSO, -

7 Hp0 pH 7.0). Cells were diluted in the same diluent. Inocula

for the lethality studies were calculated from refereance to a
predetermined standard dilution curve for each strain tested. For
comparison of adsorption versus colony-forming units (CFU), see Table
14, Appendix. Viable cell counts were determined by serial dilutions
followed by colony plate counts performed in duplicate on tryptone

agar.
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O-Antigen Slide Agglutination Assay

Bacteria were grown for 24-30 hours at 37°C on tryptone broth
agar. Three loopfuls of bacteria were suspended in 2 ml of sterile
saline (0.85%7 (w/v)). Forty ul of the bacterial suspension were
placed on a glass microscope slide. A 40 ul drop of antiserum (Difco
- American Scientific) diluted 10-fold in saline was added to the
cell suspension. The slide was rocked back and forth and observed
for two minutes. A positive reaction was visible agglutination
occurring within the two minute incubation period (68). Strains were
designated as polyagglutinating (PA) if they agglutinated with two or
more of the 17 antisera. The strains which did not agglutinate in

any of the 17 antisera were designated non-typable (NT).

Motility Assay

Cells were grown for 24 hours on tryptone broth agar. Using a
sterile inoculating needle, several colonies were picked and
stab-inoculated into the center of a plate of motility medium
described previously. For each assay triplicate plates per strain
were incubated at 37°C and examined periodically over a one to 24 h
period for colony-spreading and the distinctive rings which are
characteristic of chemotactic bacteria (1). Colony diameter was
measured at various time points. The average of three assays was

N

used to graphically plot the data.

Electronmicroscopy

Bacteria were grown for 14-16 hours in 5 ml of Luria broth at

37°C without shaking. If necessary, the bacterial suspension was
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diluted in standard diluent. Cells were stained with 0.5%
phospho-tungstic acid, pH 7.0. Specimens were examined using an
H-600 Hitachi transmission electron microscope (magnification:

10,000 x).

Preparation of Flagella

Flagella were isolated from CF Pseudomonas strains by a
modification of the method of Montie et al. (61). Bacteria were
grown overanight in 50 ml MS containing 0.4% succinate in a gyrotary
water bath at 30°C. Five ml of cell suspension were reinoculated
into 500 ml MS plus 0.4% succinate (4 flasks per strain). These
large volume cultures were incubated for 16 h in 30°C water bath with
shaking. Luria broth was used as a growth medium for auxotrophs.
Cells were harvested by centrifugation for 15 min at 5000 x g, 4°C.
Pellets were resuspended in potassium phosphate buffer (0.01 M, pH
7.0) then blended for 30 sec in a Waring commercial blender to shear
off the flagella. The suspension was ceantrifuged for 30 min. at 5000
x g at 4°C; the supernatant was ceantrifuged again for 15 min. at
16,000 x g, 4°C. The supernatant was then centrifuged for an
additional three hours at 40,000 x g, 4°C in a model L5-75 Beckman
centrifuge with a 42.1 rotor. The pellets were suspended in 5 ml
potassium phosphate buffer, dialyzed against distilled water and
rapidly frozen using acetone and dry ice, then lyophilized. The

flagellar preparations were stored, desiccated, at =55°C.

Polyacrylamide Gel Electrophoresis

The separating gel consisted of 10% acrylamide and 0.1 SDS in
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0.375 M Tris-HCl at pH 8.8. The stacking gel mixture contained 5%
acrylamide and 0.1% SDS in 0.175 M Tris-Cl at pH 6.8. Both gels were
polymerized with persulfate and TEMED. 1.5 microgram of protein
(Biorad assay) per well was used. The gel was run using the method
of Fairbanks et al. (30).

The polyacrylamide slabs were stained with Coomassie Blue R250
according to the method of Fairbanks et al. (30). After destaining
with 100% acetic acid, gels were dried onto filter paper under vacuum

on a slab gel drier (Hoeffer Scientific Instruments).

Capillary Assay for Quantitation of Bacterial Chemotaxis and

Motility

For the studies presented in this paper, a modified Adler
capillary assay was used (3, 63). All CF P. aeruginosa strains
exhibiting motility in motility agar were tested. Bacteria were
grown to logrithmic phase in MS plus 0.47% succinate (MSS); 0.4%
glucose was used for those few strains unable to utilize succinate as
a carbon source. The cultures were chilled on ice for 15 to 60 min
then washed twice in chemotaxis (CTX) buffer (potassium phosphate
0.05 M, magnesium chloride 0.05 M, disodium ethylenediamine-
tetraacetic acid 2.5 x 107> M, pH 7.0). After the final wash,
bacteria were resuspended in room temperature CTX chemotaxis buffer
to an Asgg of 0.2, Each chamber was filled with 0.4 ml of
suspension. All chambers were prepared in triplicate per attractant
and arranged on damp absorbent paper in a 37°C room. Microliter
capillaries, flame-sealed at one end, were filled with chemo-

attractants dissolved in CTX buffer and filter—sterilized. The
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attractants were amino acids at optimum molar concentrations for
P. aeruginosa chemotactic response: arginine 102 M, amino-
isobutyrate 1072 M, serine 1073 M (63). For each assay
another set of capillaries was filled with CTX buffer for
quantitative evaluation of motility. Cells which migrated into a
capillary containing an attractant or buffer during a 30 min period
were enumerated by viable plate counts after dilution in tryptone
broth. The mean accumulation in triplicate assays was expressed in
terms of total CFU per capillary. Each day the chemotaxis assay was
performed, strain M-2 was also tested as a non-CF strain to be used
for comparison. The results for the CF strains were then expressed
as % M-2. 1In addition to % M-2 calculations, all chemotaxis data was
statistically evaluated using Student's t-test (15). A difference
between a sample mean (CF strain) and a population mean (M-2) existed

if the t value was greater than the 0.05 value.

Growth Experiments

A bacterial stock suspension in Luria broth (0.2 ml) was

inoculated into 50 ml MS plus 0.4% succinate or 0.4% glucose and

overnight growth was diluted with fresh medium to give an optical
density (A59g) of 0.05 to 0.07 on a Bausch and Lomb Spectronic

20 using a 1 cm cuvette. Incubation coﬁtinued at 37°C with shaking,
and optical density readings (As59q) were taken periodically for

8 hours or until an ODsg9g of 1.0 was reached. Absorbance

grown overnight at 37°C with rotary shaking at 175 rpm. The
readings were plotted on a semilogrithmic graph.
|
|
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Proteolytic Activity

Proteolytic activity was assayed using a modified method of
Sokol et al. (82). Equal volumes of 1.5% skim milk and trypticase
soy agar (BBL, Cockeysville, MD) were prepared, autoclaved separately
(10 min and 15 min respectively), mixed together after sterilization
(at 50°C), then poured into 100 mm plates. The protease plates were
kept overnight at 37°C to reduce moisture coantent. Cells grown for
15 h on tryptone agar were streaked in single lines on the plates.

The zone of hydrolysis around bacterial growth was measured at 24 h.

Laboratory Animals

Two different strains of mice were used in the CF P. aeruginosa
virulence studies. The first set of virulence tests were performed
using female Ha/ICR mice weighing 22-24 g (Cumberland View Farms,
Clinton, TN). For LD5g determination, female CF-I mice weighing
19-21 g were used (Charles River, Wilmington, MA). The mice were
maintained in groups of 10, given food and water ad libitum, and were

used within two weeks after their arrival.

Experimental Burn Procedure

A modification of the burned mouse model of Stieritz and Holder
(83) was used to study the virulence of P. aeruginosa CF strains.
The backs of mice were shaved one day prior to the burm procedure.
The mice were anaesthetized by placing them in a closed container
containing the inhalation anaesthetic Methoxyflurane (Metofane,

Pitman-Moore, Washington Crossing, NJ) for approximately 2 min. A
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teflon board with 35 x 25 mm window was pressed firmly against the
shaven back of the mouse. Ethanol (0.5 ml, 95%) was applied to the
exposed portion of the back, ignited, allowed to burn for 13 sec,
then immediately extinguished. This results in a second degree burn
covering approximately 30% of the total body surface. Immediately
following the burn, all mice were injected intraperitoneally with 0.5
ml sterile physiological saline for fluid replacement.

Bacteria to be injected into mice were cultured in Luria broth.

The actual number of bacteria per inoculum was determined using the
plate count method. The mice were challenged immediately post-burn
by subcutaneous injection of 0.1 ml of bacterial suspension. Five
mice per cage were used in the initial screening for virulence. For
LD5g determination, there were 8 mice per cage. Along with each
bacterial dose group injected, there were two controls. One group of
mice received a subcutaneous injection of 0.1 ml sterile diluent at

the burn site. The other coatrol grdup received 0.1 ml of M-2 at 1
x 102 CFU/0.1 ml (LDsy 1.5 x 10! for Ha/ICR mice and 5 x

109 for CF-I mice: D.R. Drake, personal communication) injected
subcutaneously at the burn site. The number of deaths per group of

mice was recorded for seven days.



CHAPTER III

RESULTS

The Pseudomonas aeruginosa cystic fibrosis sputum strains and

respective patient clinical condition are listed in Table 1. All
strains are classified into three colonial morphology types described
by Wahba (89). Initially, rough colonial morphology was chosen to
avoid mucoidy, a characteristic associated with classical morphology
which is unstable in solid medium (8, 66). As the study progressed
classic strains and one mucoid strain were obtained for comparison to

rough strains.

0 Antigen Serotypes

Since colonial morphology may be ambiguous with respect to
describing the LPS composition of the isolates, O antigen type was
determined. Strains from patients in good clinical condition and
those from patients in poor clinical condition were tested. Twenty
strains were serotyped using viable cells in a slide agglutination
assay (Table 2). Only two of the rough strains were typable, a
characteristic associated with intact LPS (35). Of the four rough
strains which were non-typable, only one, 572b, was from a patient in
good clinical condition. Forty-five per cent of the rough strains
polyagglutinated with two or more antisera,

One third of the classic strains tested were typable.

Surprisingly, the majority (55%) of the classical strains were
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Table 1. Pseudomonas aeruginosa cystic fibrosis sputum strains used
in this study.

Clinical Condition Colony Isolation
Strains of Patient? Morphology DateP
572b good rough 2-20-80
86f good rough 3-11-80
437ey good rough 10-31-81
41200 good rough 1-14-82
423mm good rough 1-16-81
320fF good rough 9-01-82
351g moderate rough 3-29-82
402¢ poor rough 11-5-79
409g poor rough 10-9-79
96e poor rough 10-14-78
66g poor rough 10-27-78
155¢g poor rough 6-23-81
415gg poor rough 9-05-81
41411 poor rough 5-19-81
414mm poor rough 8-03-82
503cc poor rough 2-02-82
448mm poor rough 9-13-82
412a good mucoid 1-30-80
435c¢ good classic 9-1-79
903a good classic 10-29-81
35¢ good classic 3-1-79
902¢ good classic 6-29-82
412ee good classic -
423g¢g good classic -
320e good classic -
4l4g poor classic -
503g poor clagsic -
448bb poor classic -
541a poor classic 11-6-79
144b poor classic 12-16-78
176e poor classic 9-13-82
676e poor classic 6-22-82

572d moderate classic 3-04-82




Table 1 (Continued)

aThe clinical evaluation of patients is based on a modification
of the Schwachman-Kulczycki (85) scoring system in which a maximal
score of 25 points is awarded for each of four categories - chest
roentgenogram, general activity, physical activity, and nutritiom.
Patients in consultation with their physicians are then classified
into three categories:
1. good: total score 75-100.
2. moderate: total score 60-74,
3. poor: total score less than 60.

bpate of isolation was not available for strains 4l2ee - 448bb.
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Table 2. O antigen serotypes of P. aeruginosa strains from cystic
fibrosis patients.?

Clinical Colonial

Strain condition morphologyb Serotype®
86f G R 10
415gg P R 11
572b G R NT
414nn P R NT
414411 P R NT
402¢ P R NT
96e P R PA
409¢g P R PA
66g P R PA
41200 G R PA
320¢f G R PA
412a G M PA
35¢ G C 6
435¢ G C PA
903a G C 4
902¢ G C PA
1440 P C 6
776e P C PA
676e P C PA
541a P C NT
M-2 Invasive burn C 5

strain

dglide agglutination assay using viable cells and O-antisera
(Difco-American Scientific) diluted 1:10,

bc, classic; R, rough; M, mucoid.

CNT, non-typable, no agglutination in any typing sera; PA,
polyagglutinable, agglutinated by two or more typing sera.
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polyagglutinable. However, in coatrast to rough strains, ounly one
classic strain, 54la, was non-typable.

Of the twenty strains tested, 75% were either polyagglutinable
or non-typable; thus indicating that some type of LPS alteration is
present in the majority of strains, regardless of patient clinical

condition or colonial morphology.

Relative Motility and Chemotaxis of CF Strains in Motility Agar

All CF strains were tested for motility by comparing their
colony swarming to M-2 in motility agar. In Figure l, non-motile
rough strains, 155c, 96e and 66g, were easily identified by formation
of a non-diffuse colony at the site of inoculation which at 24 h
measured only two mm in diameter. Actively motile strains, such as
M-2 and 572b, displayed rapid colony spreading over a one to 24 h
time period. This spreading required both motility and a chemotactic
gradient (1); however, the total phenomenon will be described as
"motility" when discussing soft agar assays. The data show that, in
Figure 2, strain 86f, from a patient in good clinical condition, was
more motile than the control strain. In contrast, the other two
strains, 402c, from a patient in poor clinical condition, and 437ej,
an auxotroph from a patient in good clinical condition, exhibited
motility less than one half of 86f. All the strains tested in Figure
3 were from patients in poor clinical condition and displayed no
motility in soft agar. 1In Figure 4, 320f and 41200 (from patients 1in
good clinical condition) were similar to M-2 in motility, while 4l5gg
was from a patient in poor clinical condition and was only slightly

motile.
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Figure 1. Migration of rough P. aeruginosa strains in soft agar.
Overnight growth from a tryptone agar plate was stabbed in
the center of a plate containing 0.3% yeast extract, 1.0%
tryptone, and 0.5% sodium chloride in 0.3% agar. The

diameter of the bacterial swarm was measured over a period
of 24 h at 37°C.
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Figure 2. Migration in motility agar of rough P. aeruginosa strains
from CF patients in good and poor clinical condition. See
Fig. 1 for procedure.
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Figure 3. Migration in motility agar of rough P. aeruginosa strains
from CF patients in poor clinical condition. See Fig. 1 for
procedure.
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Figure 4. Migration in motility agar of rough P. aeruginosa strains
from CF patients in good and poor clinical condition. See

Fig. 1 for procedure.
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Migration in motility agar of classic P. aeruginosa strains used
for comparison to rough strains was illustrated in Figure 5. Non-
flagellated classic strains were not tested in motility agar, since
they were identified prior to the assay by electron microscopy (see
below). Two strains, 412a and 35c, from patients in good clinical
condition, displayed 24 hour motility similar to M-2 (Figure 5).
However, during the first six hours, 35c motility is slightly greater
than half that of M-2. Strain 902¢, from a CF patient in good
clinical condition, displayed colony spread similar to M-2 during the
first six hours of the assay (Figure 6). In contrast, both 144b aad
S4la, strains from patients in poor clinical condition, showed
reduced motility as compared to M-2., During the first six hours of
the assay, 144b exhibited less than half the motility of M-2, while
541la demoustrated approximately a one-third reduction compared to the

control.

Detection of Flagella by Electron Microscopy

Since a large number of strains exhibited no motility in soft
agar, the question arose as to whether or not these non-motile
organisms possessed flagella. A single, polar flagellum is one of
the major taxonomic, phenotypic characteristics of P. aeruginosa and
its abseance in clinical strains is rarely observed (55). Electron
micrographs of a typical flagellated (572b) and non- flagellated
(96e) strain are shown in Figures 7 and 8. In Table 3 a summary of
electron micrograph data shows that 47% of the strains from patients

in poor clinical condition lacked flagella, in contrast to this
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Figure 5. Migration in motility agar of classic P. aeruginosa strains
from patients in good clinical condition. See Fig. 1 for
procedure.
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Figure 6. Migration in motility agar of classic P. aeruginosa strains
from patients in good and poor clinical condition. See Fig.
1 for procedure.
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Figure 7. Electron micrograph of flagellated strain 572b from CF
patient in good clinical condition. Cells were grown 14-16
h in Luria broth and stained with 0.5% phosphotungstic acid.
Magnification: 10,000 x.




35

v

Figure 8. Electron micrograph of 96e, a non-flagellated strain from a
CF patient in poor clinical condition. See Fig. 7 for
preparation of cells.
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Table 3. Summary of properties of P. aeruginosa strains from cystic

fibrosis patients,

Motility im

Clinical Colonial soft agar®

Strain condition morphology?@ Flagellumb 6 h 24 h
M-2 invasive burn strain C + 8 37
437e9 G R + 7 23
572b G R + 12 39
86f G R + 13 50
41200 G R + 9 12
320¢€ G R + 9 30
435¢ G C + 8 35
903a G C + 5 22
35¢ G C + 5 28
902¢ G C + 8 31
320e G C + - -
412a G M + 9 31
351g M R + - -
5724 M C + 8 26
402¢ P R + 4 20
409g P R + 3 21
415g¢g )4 R + 3 8
414g P c + - -
503g P c + - -
541a P C + 5 21
144b P C + 3 20
776e P C + - 23
676e P C + - 15
423mm G R - 2 2
412ee G C - 2 2
423gg G C - 2 2
155¢ P R - 2 2
96e P R - 2 2
66g P R - 2 2
414ii P R - 2 2
414nn P R - 2 2
503cc P R - 2 2
448hh P R - 2 2
448bb P C - 2 2

ac, classic; R, rough, M, mucoid.

byisible by EM; magnification: 10,000 x.

CDiameter in millimeters; two mm represents non-spreading
colonies.
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absence in only 21% of the strains from patieats in good clinical
condition. It should be emphasized that flagella absence
demonstrated by electron microscopy correspounded 1004 with the
results of the motility assays. Flagella absence was the most
striking in those strains of rough colonial morphology. Seventy
percent of the rough strains from patients in poor clinical condition
lacked flagella, while only one rough strain from a patient in good
clinical condition was non-flagellated. 1In contrast, 80% of all
classic strains examined were flagellated; the three non-flagellated

strains were from patients in both good and poor condition.

Polyacrylamide Gel Electrophoresis of Flagella Extracts

Previous studies by Aasorg show that there are two major types
of flagellin protein among strains of P. aeruginosa (5). Type "a"
shows a complex antigen structure with several combinations of
subtypes ap, ay, ag, a3, a;; type "b" shows a uniform
antigenic structure. Type "a" flagellins range in molecular weight
from 45,000 to 52,000 (62). Type "b" flagellin have a molecular
weight of 53,000 (62).

Flagella were isolated from selected CF P. aeruginosa strains by
a modification of the method of Montie et al. (61) and were examined
electrophoretically. Two strains, 66g and 96e, characterized as
non-flagellated by electronmicroscopy, were treated in an identical
manner to the flagellated strains.

The flagellated CF strains possessed the two types of flagellin

protein characteristic of P. aeruginosa (Figure 9). The M-2

flagellin band (lane B) corresponds to the 53,000 molecular weight
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Figure 9. 10% SDS-PAGE (1.5 yg/protein/well) of P. aeruginosa
flagellin proteins. Cells were grown in mineral salts
plus 0.4% succinate. Flagella were harvested by a
modification of the method of Montie et al. (61). Lanes A
and F: 66g, a non-flagellated isolate; lane B: M-2; lane
C: 409g; lane D: 402c; lane E: 17001; lame G: 572b;
lane H: 86f; lane I: standard composed of bovine serum
albumin, ovalbumin, and B-lactoglobulin (BSA). Lanes B,
C, D and E contain type "b" flagellin antigen; lanes G and
H contain type "a" flagellin antigen.
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protein characteristic of Ansorg's type b (5). Strains 409g and 402c
(lanes C and D, respectively) also possess type b flagella. Lanes A
and F show that no flagellin protein is present in strain 66g, thus
confirming the results of electron microscopy. Strains 572b and 86f
(lanes G and H) possess type "a" flagellin antigens with molecular
weights <53,000. SDS-PAGE isolation of flagellin proteins obtained
from cells grown in Luria broth (Figure 10) gave the same results as
those seen in Figure 9. The flagellin band of M-2 (lanes A, D, E,)
is clearly contrasted to the absence of the same protein in lane B

(66g) and lane C (96e).

Growth Comparisons

Tactic responses of bacteria toward amino acids might be
influenced by the growth medium used in the capillary assays. An
organism unable to utilize efficiently the mineral salts medium plus
succinate as a carbon source (MSS) may appear non-chemotactic and
exhibit reduced motility. Inability to grow well in an enriched
medium such as Luria broth could account for reduced virulence in the
animal model and reduction of motility in the soft agar assays.
Therefore, it was important to establish whether or not CF strains
were able to efficiently utilize the growth media required for these
experiments. Experiments showed that reduced motility of 402c was
not due to an inability to grow in MSS (Figure 11). The generation
time of 402c was 93% that of M-2. Both 86f and 66g (a non-
flagellated strain) grew as well as M-2 in MSS (Figure 12). 1In

general, no marked differences in growth were observed for the

strains tested in the chemotaxis capillary assay.
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Figure 10.

10% SDS-PAGE (1.5 pg/protein/well) of P. aeruginosa
flagellin proteins. Cells were grown in Luria broth.
Flagella were harvested by a modification of Montie et
al. (61). Lanes A, D, and E: M-2; lane B: 66g (non-
flagellated); lane C: 96e (non-flagellated); lane F:
standard composed of BSA, ovalbumin and g-lactoglobulin.
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Figure ll. Growth curves of P. aeruginosa strains 402c and M-2 grown
in MSS.
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One can conclude from the summary growth chart (Table 4) that
metabolic deficiences were not responsible for altered motility or
chemotaxis. Auxotrophs such as 437e7, 35lg and 155¢ are found in
patients in all clinical conditions and represent only 23% of the
strains tested. It is important to note that all strains grew well
in Luria broth, the medium used for virulence studies (see appendix,

Table 14)

Quantitation of Chemotaxis and Motility in the Capillary Assay

Recent studies indicate that chemotaxis and motility may be
important invasive factors for P. aeruginosa in acute infections
following thermal injury (60, 63). In previous research by Craven
and Montie (20), strain M-2, which is highly invasive in the burned
mouse model, was examined for chemotaxis and motility. In this
study, M-2 proved to be highly motile and chemotactic to a number of
amino acids and sugars. The mean accumulation of bacteria in buffer
capillaries, a quantitative measure of motility, was 1.9 x 104
cells per capillary during a thirty minute assay. Two amino acids,
arginine (ARG) and aminoisobuyurate (AIB), were strong attractants
for M-2. With M-2, ARG consistently yielded a greater accumulation
of cells per capillary than AIB (93.9 x 10% vs 79.0 x 10%4

respectively). Since AIB is a non-metabolizable analog of glycine,

it has an important advantage as an attractant in chemotaxis studies.

The chemotactic gradient can be more accurately examined without
interference from effects caused by metabolism of the attractant.
Consistent with results of Craven and Montie, the chemotactic

response of M-2 in this investigation was greatest for ARG. Results
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Table 4. Summary chart of P. aeruginosa strains grown in MSS, MSG,
and Luria broth.

Mineral salts Mineral salts Luria

Straind + 0.47% succinate + 0.4% glucose broth
572b (G) + + +
86f (G) + + +
412a (¢) + + +
41200 (G) + + +
320f (@) + + +
435¢ (G) + + +
903a (G) + + +
35¢ () + + +
902c (6) + + +
423mm@ (G) - + +
437e7_a ()] - - +
351g@ (M) - - +
572d (M) + + +
66gd  (P) - + +
415gg? (P) - + +
155¢c2a (P) - - +
402¢ (p) + + +
409¢g (p) + + +
96e (p) + + +
41411 (p) + + +
414an  (P) + + +
503cc (p) + + +
448hh  (P) + + +
S541a (P) + + +
776e (P) + + +
l44b () + + +
M-2 + + +

qAuxotroph,

succilnate.

strain which exhibited no visible growth
(0.D.59g9 < 0.05) after 18 h in mineral salts plus glucose or
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from chemotaxis capillary assay of M-2 in Table 5 show its strong
response toward all three amino acid attractants. The average
accumulation of bacteria per capillary for three assays was 65.1 x
104 for ARG as compared to approximately half that number of cells
per capillary for SER and AIB. Although there was day to day
variation in M-2 motility, the mean accumulation of cells per buffer
capillary (2.5 x 104) was comparable to that reported by Craven and
Montie.

Motility and amino acid chemotactic response of flagellated
cystic fibrosis strains were compared to M-2. The results for each
strain represent an average of repeated assays for each attractant
performed on different days. These averages are compared to M-2
results of assays performed on the same days.

Chemotactic capacity and motility of rough strains from patients
in good clinical condition are shown in Table 6. Strain 572b was
highly chemotactic toward all three amino acids. Its average
response to ARG was comparable to that of M~2 (94%). Response
exceeded that of M-2 for the other two attractants. The mean
accumulation of CFU in the buffer capillary assay was 127% that of
M-2. Strains 86f and 41200 were also highly motile and chemotactic.
There was a statistically significant difference between 86f and M-2
in response to AIB (232% > M~2). Of the four rough strains tested,
only 320f showed a statistically significant reduction in response to

ARG. 1In addition to reduced chemotaxic response, the motility of
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Table 5. Motility and amino acid taxis of M-2.8

Accumulation (10% CFU/capillary)

Serine 1073M AlB 10~2Mb Arginine 10~2M Buffer
29.4 15.6 - 1.3
55.9 41.2 - 3.9
32.3 14,8 - 2.6
34.0 45.0 - 2.0

75.4 3.2
43.9 1.7
75.9 2.7
Ave 37.9 29.15 65.0 2.5

Cells were grown in mineral salts plus 0.4% succinate.
bAminoisobutyrate, an amino acid not metabolized by P.

aeruginosa.
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Table 6. Motility and amino acid taxis of rough P. aeruginosa strains
from CF patients in good clinical condition.
Accumulation (10% CFU/capillary) (%)P
Strain? Serine AIB Arginine Buffer
1073y 10™2M 10~2y
572b (G) 65.7 (203) 23.6 (159) - 3.4 (130)
75.4 (122) 54.0 (120) - .75 (38)
56.0 (164) 67.0 (146) - 1.4 (77)
50.2 (114) 5.2 (300)
56.5 (74) 2.4 (89)
Ave. (163) (1542) (94) (127)
86f (G) 31.6 (176) 46.8 (238) - 5.5 (350)
50.3 (171) 42.6 (273) - 5.6 (445)
64.4 (115) 76.8 (186) - 2.0 (51)
49.5 (112) 3.3 (192)
76.7 (101) 1.1 (40)
Ave. (154) (232)¢ (107) (216)¢
41200 (G) - - 66.4 (120) 5.9 (105)
56.7 (126) - 78.9 (110) 2.2 (96)
Ave. (126) (115) (101)
320f (G) - - 12.8 (23) 1.4 (24)
- - 21.5 (30) 0.8 (33)
- - 25.8 (40) 2.6 (79)
Ave. (31)¢ (45)
M-2 (100) (100) (100) (100)

8Growth medium was mineral salts plus 0.4% succinate.

bCompared to M-2 on the same day.
CResponse was significantly different from M-2 as determined by
Student's t-test.



48
320f was only half that of M-2. These results are generally
consistent with results observed in the motility assays (Figures
1-6).

The motility and amino acid taxis of rough strains from patients
in poor clinical condition are shown in Table 7. Strain 41l5gg was
not tested since it is a succinate auxotroph. The chemotactic
response of 402c to all three attractants was 14% that of M-2. These
differences were statistically significant. The chemotactic response
of strain 409g was also reduced for all three attractants. This
reduction corresponded closely to the results of the buffer capillary
assay.

Previous studies by Moulton and Montie (63) found that the
concentration response curve for SER showed a peak at 1073 M and
102 M for ARG and AIB. Since these optimum molar concentrations
of attractants were used in the capillary assays, the relative lack
of 402¢ chemotaxis response to the amino acids could be due to the
requirement of concentrations other than the ones used. However,
results of 402c taxis toward ARG and AIB at different molar
concentrations shown in Table 8 indicate that this was not the case.
Chemotactic response of 402c¢ was minimal for all three concentrations
of ARG and AIB; while M-2, tested on the same day, showed
characteristic chemotaxis and motility.

Classic strains from patients in good clinical condition (Table
9) differed in both their taxis toward ARG and AIB and their

motility. Strain 902c was significantly more chemotactic than M-2.
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Table 7. Motility and amino acid taxis of rough P. aeruginosa strains
from CF patients in poor clinical condition.

Accumulation (10% CFU/bacteria) (%)P

Straind Serine AIB Arginine Buffer
10-3M 10~2y 10~y
402¢ (P) 2.4 (13) 3.1 (15) - 1.5 (94)
1.1 (3) 0.8 (5) - 0.5 (36)
- 2.5 (6) - 0.5 (13)
8.7 (27) 4.9 (33) - 2.3 (87)
2.0 (5) - 6.2 (8) 0.4 (14)
- - 14.0 (18) 1.2 (46)
Ave. (12)¢ (15)¢ (13)¢ (48)
409g (P) 16.0 (47) 31.0 (69) - 0.8 (40)
: 36.9 (60) 25.6 (56) - 0.8 (43)
32.0 (84) - 34.2 (45) 2.9 (90)
47.0 (62) 2.2 (81)
Ave, (64) (63) (54) (64)
M-2 (100) (100) (100) (100)

8Growth medium was mineral salts plus 0.4% succinate.

bCompared to M-2 on the same day.
CRespouse was significantly different from M-2 as determined by
Student's t-test.
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Table 8. Taxis of P. aeruginosa 402c using different concentrations
of amino acids.

Accumulation (104 CFU/capillary)

Straind Concentration AIB Arginine Buffer
1072 ¥ 0.5 0.3 -

402¢ 1073 M 0.6 0.6 0.3
1074 M 0.04 0.3 -

M-2b 1072 M 16.0 65.0 3.0

38Growth medium was mineral salts plus 0.4% succinate.
bTested on the same day.
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Table 9. Motility and amino acid taxis of classic P. aeruginosa
strains from CF patients in good clinical condition.

Accumulation (10% CFU/capillary) (%)b

AIB Arginine
Strain @ 10~2M 102y Buffer
35¢ (G) 12.7 (134) 33.8 (82) 0.9 (56)
- 64.5 (92) 0.7 (28)
- 51.7 (86) 0.7 (44)
57.6 (124) 57.0 (244) 2.1 (102)
Ave. (129) (126) (58)
435¢ (G) 4.6 (48) 36.7 (89) 0.3 (19)
- 38.9 (55) 0.6 (21)
- 11.4 (19) 0.5 (32)
1.4 (3) 2.5 (11) 0.4 (17)
Ave. T (26)¢ (43) (22)c
902¢ (@) 69.3 (404) 72.7 (134) 4.0 (226)
- 77.6 (130) 1.3 (87)
84.6 (183) 89.3 (382) 3.6 (176)
Ave. (294)¢ (215)¢ (163)
412a4 (G) 21.2 (38) 2.9 (52)
19.8 (132) 51.6 (79) 2.2 (66)
Ave. (132) (59) (59)
M-2 (100) (100) (100)

4Growth medium was mineral salts plus 0.4% succinate.
bCompared to M-2 on the same day.
CResponse was significantly different from M-2 as determined by
Student's t-test.
dMucoid strain.
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The response of 435¢ is reduced for both attractants, but only the
taxis reduction toward AIB is statistically significant. This is
also the only strain in this group which demonstrated significantly
reduced motility in the capillary assay. Strain 35c¢c, although
slightly less motile than M-2, was highly chemotactic for both ARG
and AIB. The motility and chemotactic responses of,4123, a mucoid
strain, were not significantly different from M-2. However, its
response to AIB was greater than its response toward ARG.

All four classic strains from patients in poor clinical
condition were similar to M-2 in motility buffer capillary cell
counts (Table 10). Only strain 54la showed reduced motility, but the
reduction was not significant. In coatrast, there was a general
trend toward reduction in chemotaxis. Strains 676e and 144b gave
responses to ARG (12 and 17% of M-2, respectively) similar to 402c,
as previously seen. Response to AIB for 144b and 776e were
deficient, with that of 144b being significantly reduced to 19% of
M-2. Therefore, data in Table 10 shows that two of the four strains
exhibited significant reduction in chemotaxis, while only 54la gave a
somewhat stronger response toward ARG.

0f the five rough strains (from patients in good condition),
only 320f exhibited reduced chemotaxis for ARG. The two rough
strains (from patients in poor condition) showed reduction in
chemotaxis for all three attractants, although only the response of
402c was significantly different from that of M-2. Of the seven
classic strains tested, only 435c exhibited a significant reduction

in motility. In contrast to rough strains, four of the seven classic
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Table 10. Motility and amino acid taxis of classic P. aeruginosa
strains from CF patients in poor clinical condition.

Accumulation (10% CFU/capillary) (%)P

AIB Arginine
Straind 10~2M 10~2M Buffer
776e (P) 4.9 (51) 29.3 (71) 2.1 (133)
- 14.5 (20) 1.0 (38)
- 28.2 (47) 1.9 (124)
Ave. (51) (46) (98)
676ed (p) - 7.7 (13) 2.1 (139)
- 2.7 (11) 1.6 (76)
Ave. (12)¢ (108)
144b (P) 5.4 (32) 19.7 (36) 1.4 (73)
- 6.1 (9) 0.6 (25)
2.8 (6) 1.3 (6) 2.1 (102
Ave. (19)¢ (17)¢ (67)
541a (P) - 86.7 (160) 1.2 (65)
- 77.6 (110) 0.3 (10)
Ave. - (135) (38)
M-2 (100) (100) (100)

3Growth medium was mineral salts plus 0.47% succinate.

bCompared to M-2 on the same day.

CResponse was significantly different from M-2 as determined by
Student's t-test.

dGrowth medium was mineral salts plus 0.4% glucose.
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ones (three from patients in poor clinical condition) showed reduced

taxis toward one or both attractants.

Proteolytic Activity

Proteolytic activity is a characteristic of P. aeruginosa
strongly associated with invasiveness (36). Extracellular proteases
such as elastase and alkaline protease have been implicated in the
pathogenicity of P. aeruginosa in acute infections and have
been studied in detail (19, 28). A large portion of CF clinical
strains are also positive for protease and elastase (47).

Thirty-three strains were screened for proteolytic activity in
skim milk plates. This skim milk assay is sensitive for both
alkaline protease and elastase (82). Results in Table 1l show that
72% of the strains from patients in good clinical condition
demonstrated proteolytic activity. Of the strains from patients in
good clinical condition, over half (57% were as proteolytic as M-2,
while less than one-third (28%) were non-proteolytic.

In sharp contrast to the above results, only 20% of the strains
from patients in poor clinical condition were as proteolytic as M-2,
while 60% demonstrated no proteolytic activity. For seven of the 13
strains, abseunce of proteolytic activity was accompanied by absence

of flagellum,

Virulence Comparisons of CF Strains in the Burned Mouse Model

P. aeruginosa is avirulent in normal mice but extremely lethal
in those receiving thermal trauma. In the burned mouse model

developed by Stieritz et al. (83) the LDsg for M-2 is 1.5 x 101
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11. Proteolytic activity of P. aeruginosa CF strains.

Strai

n Proteolytic activityd,P

M-2
572b
41200
435¢
903a
35¢
320e
412a
351¢g
5724
776e
4l4g
503g
86f
437e9
902¢
96e
66g
S54la
676e
423mm
320f
412ee
423gg
402¢
409g
415gg
41411
414nn
503cc
144b
448hh
448bb

(G)
(G)
(G)
(G)
(G)
(G)
(G)
(M)
(M)
(P)
(P)
()
(G) +/_
(G) +/-
(G) +/_
(P) +/_
(P) +/_
(P) +/_
() +/-
6) -
(6) -
(G) -
(G -
(®) -
() -
(p) -
(p) -
(p) -
(P) -
() -
(P) -
(P) -

++ +++ +F+ ++++ o+

4

87Zone of clearing (radius) on skim milk plate was measured at 24

h: + > 7 mm, +/- <3 ma, - = 0 mm.

BEach isolate was tested at least three times.
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CFU following subcutaneous inoculation into the burn site of HA/ICR
mice (T. C. Moatie, personal communication). A comparison of
relative virulence revealed significant differences between M-2 and
CF P. aeruginosa strains (Table 12). 1Injection of 310 CFU of M-2
caused 100% mortality in HA/ICR mice. Of the twenty-three CF strains
examined, only 35c demonstrated virulence comparable to that of M-2
(3.2 x 104 CFU of 35c caused 80% mortality). Injections ranging
from 3.5 x 103 CFU to 6.1 x 10° CFU caused 0-20% mortality in 97%
of the strains tested.

A series of varied morphological types of CF sputum strains were
then examined for virulence in the burned mouse model using CF-1 mice
(Table 13). Morphological types tested were smooth and rough
strains from patients in good and poor clinical conditions. One
mucoid strain was also tested. Of the nine CF strains examined, only
35¢c resembled M-2, being of classic morphology, proteolytic and
O-antigen serotypable. It was the most virulent of the strains with
an LDgg of 8 x 102 CFU. The mucoid strain, 412a, was inter-
mediate in virulence (LDgg = 1 x 104 CFU). This strain poly-
agglutinated in O antisera and demonstrated reduced motility (60% of
M-2) in the capillary assay. Avirulence of the other strains
appeared to be associated with the loss of one or more important
physiological characteristics possibly associated with virulence.
Strains such as 402c, in which all physiological properties differ

from M~2, caused 0% mortality at 106 cFuU.
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Table 12. Comparison of lethality of P. aeruginosa CF strains in the
burned mouse model (HA/ICR mice).

Strain Dose? % LethalityP
M-2(control) 3.1 x 102 100
437e; 3.9 x 10° 0
572b 4.1 x 104 20

86f 6.1 x 109 0
41200 5.5 x 103 0
320¢€ 3.5 x 103 20
435¢ 1.5 x 104 0
903a 4.6 x 103 20

35¢ 3.2 x 104 80
902¢ 5.1 x 104 0
412a 8.2 x 103 40
5724 5.6 x 104 0
402¢ 2.7 x 104 0
409g 3.8 x 104 0

96e 5.3 x 104 0

66g 6.2 x 104 0
415gg 7.2 x 103 0
414ii 3.8 x 104 20
414nn 4.7 x 104 20
448hh 9.3 x 103 0
541a 3.7 x 104 0
144b 3.8 x 10° 20
776e 6.7 x 104 0
676e 4.6 x 104 0

agybcutaneous injection of bacteria (inm 0.1 ml buffer) into burn
site.
bLethality of a group of five mice.
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CHAPTER IV

DISCUSSION

It is clear that the majority of CF Pseudomonas aeruginosa

strains in this investigation differ markedly from strains associated
with acute infections in regard to O-antigenicity, motility,
chemotaxis, proteolytic activity, and virulence in the burned mouse
model. These phenotypic parameters were stable ones not subject to
alteration by environmental conditions. It was hypothesized that,
after initial invasion of the lung by the organism, there may be a
progressive selection against bacterial properties normally
associated with virulence. Strains from patients in good and poor
clinical condition were examined to determine if phenotype could be
associated with patient clinical condition. An attempt was made to
correlate phenotypic heterogeneity of CF strains with colonial
morphology. A synthesis of these two methods creates an interesting
chronology of events which may shed light on the subject of
persistent P. aeruginosa infection in the CF lung.

Serological typing of twenty CF strains yielded results which
agreed with those reported by Hancock (35), Penketh (66) and
Thomassen (86). 1In contrast to the 95% of strains from clinical
strains other than CF which can be allocated to a specific serotype
(66, 69), 75% of the CF strains tested in our investigation were
either polyagglutinable or non-typable. Of the eleven rough colonial
morphology strains tested, only two were typable. Four of the eleven

were non-typable and 45% polyagglutinated with two or more aantisera.
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In contrast to the rough strains, one third of the eight classic
strains were typable, while only one was non-typable. However, as in
the case of rough strains, it was found that half the classic strains
were polyagglutinable. These results are in agreement with Penketh's
study which noted multiple agglutination with O antisera in fifty
percent of strains tested and a low frequency (32%) of typable
strains.

It is not known whether strains that were non-typable by
agglutination possessed O antigen other than those used or lacked O
antigen entirely. It is interesting to note that only one classic
strain was non-typable. The majority of non-typable strains were of
rough colonial morphology and were isolated from patieats in poor
clinical condition.

The observation that half of both classic and rough strains were
polyagglutinable strongly suggests that the cell wall of CF strains
is generally altered in a manner not characteristic of Pseudomonas
associated with acute infections. As referred to in the intro-
duction, it is postulated that P. aeruginosa clinical isolates may or
may not possess the PA antigen as a minor constituent, while it may
be an important characteristic associated with CF strains. These
strains may possess the major PA antigen reported by Penketh (66)
which was present in fifty percent of the strains he studied. It
would be helpful to obtain antisera to this PA antigen to see if this

is the case. This would also elucidate whether or not determinants
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of type specificity are present withvthe PA antigen or if the two are
mutually exclusive.

OQur serotyping results are consistent with studies by Thomassen
et al., (86) concerning the alteration of bacterial serum sensitivity
during the progress of infection. Cystic strains that were serum
resistent in autologous serum, but sensitive to normal serum, were
primarily from patients in poor clinical condition. The
characteristic of serum sensitivity, which appears to be associated
with altered LPS may explain why CF patients rarely suffer from
bacteremia. The containment of P. aeruginosa in the CF lung may be
contrasted to Pseudomonas pneumonia which results in a higher
incidence of bacteremia. Phair et al. (67) reported that P.
aeruginosa was respoasible for over one third of the cases of
bacteremia caused by gram negative organisms. Mortality was
especially high among patients with pre—existing illness such as
neoplastic disease, renal disease or chronic lung obstruction. Of
the eleven deaths among the thirty~three patients with P. aeruginosa
bacteremia, ten had pneumonia. In contrast, survival among patients
with P. aeruginosa infection was 96% if the source of the infection
was other than the lungs. Phair's study strongly suggests that the
pathogen is especially lethal when infecting the lungs of a
compromised host and that important immune response differences exist
between the compromised host and the CF patient.

The emergence of the CF P. aeruginosa PA antigen may result in

some type of masking phenomenon which protects the pathogen from
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bactericidal activity in autologous serum. While it may not be the
same as the immunodominant antigenic domain isolated from pilin

protein of Neisseria gonorrhaeae for vaccine development (12), the

same general type of immunodominance mechanism in P. aeruginosa may
be effective in autologous serum but unable to protect the pathogen
in normal human serum. Such a masking event may be instrumental in
establishing chronic infection and signal a transition in disease
progression. Such a transition may be followed by selective pressure
for non-typable strains as chronic infection persists. While a
precise explanation remains elusive, there is no doubt about the fact
that an altered cell envelope is present in most strains associated
with the CF lung.

Since a surprisingly large number of CF rough strains were
non-motile in the wotility assay, we suspected that these organisms
lacked flagella. Such a severe physiological aberration would be
unusual in P. aeruginosa. The single, polar flagellum is a major
taxonomic characteristic of the organism associated with more than
95% of clinical strains (5, 55, 66). In fact, when type-specific
thermolabile (flagellar) antigens were studied by Lanyi (55), he
reported that only 1 out of 541 strains was non-motile. Detection of
flagella by electron microscopy confirmed the absence of flagella in
seventy percent of rough strains from patiemts in poor clinical
condition. This severe alteration of phenotype was not limited to
rough colonial morphology, since two classic strains from patieats in

poor clinical condition lacked flagella. However, in coatrast to



63
rough strains, 80% of classic strains from both clinical conditions
were flagellated.

Deficiency in flagellation has been previously reported in a

Bacillus subtilis mutant by Sasajima and Kumadad (74, 75, 76). A

defect in the cell surface structure of the B. subtilis mutant caused
altered cell morphology, bacteriophage sensitivity and non-
flagellation. According to these investigators, a transketolase
mutation may affect the synthesis of polysaccharide which, in turn,
could alter cell surface resulting in an inadequate function of
membrane proteins. Integration of protein in the outer membrane was

also found to be defective in an LPS mutant of Escherichia coli (50).

Perhaps a similar mutation event is selected for in the CF lung,
thereby favoring non-flagellated P. aeruginosa strains in patients
who have been harboring the pathogen for prolonged periods of time.
This idea seems plausible, since once established in the lung, the
organism would no longer need invasive properties such as motility
and chemotaxis.

Since the CF lung is unique in that large amounts of mucus are
secreted, especially at later stages of the disease, one would
suspect that motile strains would be disadvantaged in such an
environment. Any variation in cation elevation of the patieant could
result in subsequent variation of mucus secretion. Elevation of
cations could conceivably alter LPS synthesis as well. Since
magnesium is an important requirement for integrity of outer membrane
(35), increased cation levels could cause outer membrane stability

and select for envelope-deficient phenotypes.
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Boyce et al. (9), attempted to correlate mucoidy with non-
flagellation by strain selection in the laboratory; however, we found
no such correlation in our study. Unlike the transient mucoid
phenotype, non-flagellation is not dictated by eanvironment.
Non-flagellation of P. aeruginosa is apparently a stable
characteristic associated with specific strains. It was not altered
by any variation in growth medium, temperature, or aeratiom. Our
findings are supported by those of both Pugashetti (71) and Penketh
(66) who found that mucoidy and other physiological characteristics
were not related. In addition, one may speculate that, given the
high percentage of strains with altered LPS, the more plausible
hypothesis is that altered synthesis of LPS, not mucoidy, could
create envelope instability which could interfere with the secure
anchoring of the flagellum. This line of thinking is supported by
the fact that a basal body ring of the flagellum is associated with
the LPS-outer membrane layer of the cell (76).

The most significant observation about the chemotaxis of CF
strains is the association between patient clinical condition and
chemotactic response. Patients in good clinical condition tended to
harbor strains similar in chemotaxis to M-2. All rough strains from
patients in good clinical condition tested, with one exception, were
comparable to M-2 in taxis toward amino acids. Strain 320f was
signficantly less chemotactic than M-2, a result which did not
correlate with the motility assay, in which 320f was more wmotile and
chemotactic during the first two hours. This inconsistency is

perhaps explained by the observation in our laboratory that M-2 has
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a one hour lag phase when grown in liquid media at 37°C. The
difference in lag phase could affect the results in the motility
assay. However, this slower initial growth rate would not affect the
results observed in the chemotaxis capillary experiments. 1In the
latter, only motility and chemotaxis are measured during the thirty
minute assay.

Since rough strains from patients in poor clinical condition
were predominantly non-flagellated, only two could be tested for
amino acid taxis in the capillary assay. Both strains were less
chemotactic than M-2. There was a parallel reduction of motility
suggesting that it is directly affected, resulting in reduced taxis.
As an alternative explanation, one could suppose that, since the
genetic loci for motility and chemotaxis are in close proximity (87,
88), a mutational event in that region of the chromosome could alter
both gene products.

Over half of the classic strains displayed reduced chemotaxis
toward one or more attractants. As in the case of rough strains,
classic strains from patients in poor clinical condition were less
chemotactic than those from patients in good clinical condition.
While the absence of flagella was less frequently observed in classic
strains, the chemotaxis results suggest that the general response is
not the same as that observed in motile, chemotactic strains from
acute infections. Chemoreceptors and the mechanism for sensory
transduction in P. aeruginosa are well studied (2, 21, 51, 52, 90).
Several of the gene products involved in motility and chemotaxis are

integral components of the bacterial cytoplasmic membrane (10).
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Since classic strains also show the trend toward altered LPS (50%
polyagglutinated in O antisera), the altered cell membrane could also
perturb the chemoreceptors in the membrane.

It was observed in this study that some of the strains from
patients in good clinical condition were more motile and chemotactic
than the control strain. In particular, 86f, 572b, and 902c were
significantly more chemotactic than M-2. While it is perhaps
fortuitous, both 86f and 572b possess the type "a'" flagellum while
M-2 has type '"b". The lower molecular weight may result in a more
stable flagellum structure with a more efficient wavelength. This
could result in swimming capacity superior to that of the higher
molecular weight structure. It would be interesting to investigate
this further using additional strains.

It may be the case that in the early stages of CF, when the
locomotive apparatus is intact and there is less mucus secretion,
lung attractants unique to the disease might enhance the chemotactic
response of the invading organism. In the chronic stage of the
disease, more mucus buildup may impair motility and simultaneously
alter or eliminate the attractants. Such changes in the host would
select for non-motile, non-chemotactic strains. The lung is a
natural site of acute infection such as pneumonia; however, even
pneumonia is rare, except in those patients which are immuno-
compromised. Therefore, it is difficult to understand how a chronic
lung infection is established. This is especially perplexing since
most CF patients have good immune response, which under normal

conditions would be able to control the infection. Current evidence
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suggests that many CF patients have an elevated immune response to P.
aeruginosa believed to contribute to lung damage. Hypersensitivity
reactions, especially Type I (anaphylactic) and Type III (immuno-
complex) have been reported (92).

Two major ﬁfoteases are associated with P. aeruginosa virulence:
alkaline protease and elastase. Hastie et al. (36) found that the
majority of CF clinical strains possessed proteolytic activity, while
Jagger (44) reported that the more chronically infected patients had
more weakly proteolytic strains than patients newly colonized. Our
study used the skim milk plate assay which is sensitive for both
extracellular products. We concluded that the proteolytic activity
of CF strains 1is primarily associated with the initial, invasive
organism. Fifty-two perceant of CF strains from patients in good
clinical condition were as proteolytic as M-2. Seventy-two percent
of all strains from patients in good clinical condition demoanstrated
proteolytic activity. In sharp contrast, only twenty percent of CF
strains from patients in poor clinical condition were as proteolytic
as M-2. More striking is the observation that sixty percent of the
strains from patients in poor clinical condition demonstrated no
proteolytic activity. The loss of this important virulence factor inm
such a large number of strains from chronically infected patients is
not reported in the literature. It is, however, a logical step in
the establishment of persistent infection. 'Proteases have tissue
damaging activity and can degrade anatomical barriers to facilitate
spread (81, 94). Absence of protease activity in the chronic

infection may reflect the fact that the "spreading factor" is no
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longer needed once the organism is established in the lung. Pro-
tease-positive strains from newly colonized patients may, on the
other hand, need this characteristic to invade the lung.

In acute thermal injury, proteases can modify available nutrients
by breaking down large protein molecules that cannot penetrate the
cell envelope unless converted into smaller nutrients (19). Perhaps
with the cell envelope alteration characteristic of strains from
patients in poor clinical condition, such degradation of nutrients is
not as imperative to the survival of the pathogen. Finally, while a
clear explanation is not readily available, it is interesting to note
that loss of protease activity is often accompanied by absence of
flagellum.

Since many of the CF strains possess phenotypic alterations not
manifested in invasive organisms, we suspected that they may also be
less virulent when tested in an animal infection model. Several
studies support this line of reasoning. A report by Lindberg et al.
(57) found that E. coli strains in patients with asymptomatic
bacteriuria had altered cell walls compared to those in patients with
symptomatic infections. They hypothesized that the cell wall
alteration could reduce virulence. Studies by Craven and Montie (20)
showed that reduced virulence of P. aeruginosa in the burned mouse
model was associated with absence of putative virulence factors such
as proteases and exotoxin A,

We decided to examine the relative virulence of the CF strains
compared to the virulent burn strain in the burned mouse model for

acute infection which is routinely used in our laboratory research.
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In a preliminary screening of twenty-three strains, only 35c¢
demonstrated virulence comparable to M—-2. For over ninety percent of
the strains, injections of up to 103 CFU caused 0-20% mortality.

Once the strains were further characterized, we selected a series
of nine varied morphological types to test for virulence in the
burned mouse model using a different strain of mice. Non-flagellated
strains were not included in this secoand group because of the lack of
virulence exhibited by majority of the strains in the initial
screening. Another reason for their omission was the severe loss of
virulence associated with absence of flagellum in a recent study by
Montie et al. (60). The results of the second set of animal studies
were consistent with the preliminary screening. Only strain 35c¢c had
an LD5y close to M-2. This strain is the CF strain which most
resembles M~2 in physiological characteristics studied in this
investigation. While the mucoid strain was intermediate in virulence
(LDsq = 104 CFU), all the other strains tested were avirulent.

Five of the strains demonstrated no killing at 106 CFU. Avirulence
appeared to be associated with loss of one or more physiological
characteristics possibly associated with virulence. The weakly
proteolytic but highly chemotactic and motile strain, 86f, was
avirulent at injections of 106 CFU. Strain 402c differed from M-2
in all the parameters under investigation and it, too, was
avirulent.

The nine strains used for the virulence studies, as well as M-2,
were checked for presence of plasmids using the method of Kado et al.

(45). Plasmid-~associated virulence has been reported by Kopecko et
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al. (49) in a study about Shigella sonnei surface antigens. The

virulent form of S. sonnei possesses the surface antigen whose
synthesis is mediated by a large plasmid. Some S. sonnai strains
spontaneously and irreversibly lose the plasmid and become avirulent.
The presence of plasmids in M-2 and 35c¢ could be a possible
explanation for their virulence in the animal model, if there were a
concurrent absence of plasmids in the other strains. Preliminary
screening for the presence of plasmids (data not shown) indicated
that all strains, including M-2, possessed no extrachromosomal
material. Thus, it is unlikely that a plasmid-mediated virulence
factor could account for virulence differences between M-2, 35c and
the other strains.

Larger surveys are needed to correlate the phenotypic changes
associated with CF strains and their potential role in virulence
reduction. It would be valuable to obtain strains from several
hospitals to minimize effects of antibiotic therapy, isolation of
strains, and maintenance of cultures. It would be interesting to
determine whether or not the CF strains produce exotoxin A, an
important virulence factor in acute infections such as pneumonia or
thermal shock. In vitro studies by Baker et al. (6) using trachael
tissue infected with different P. aeruginosa strains showed that
exotoxin A and elastase, but not alkaline protease, may be
responsible for much of the destruction of the respiratory tract
tissue. Results using an in vivo acute lung infection model found
that elastase, but not exotoxin A, was an important virulence factor

during acute pneumonia due to P. aeruginosa (7). The in vivo results
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appear to depend on the type of model used. Woods et al. (93)
determined that both active toxin A and elastase are required for
expression of maximum virulence of this pathogen in a chromic
pulmonary infection model.

The results of our animal studies indicate that avirulence is
manifested by the overwhelming majority of the CF strains tested. It
appears to be associated with the loss of any one of the putative
virulence factors, as seen by the fact that virulence was expressed
only in the strains where all virulence properties investigated in
this study were present.

Our investigation culminates with the following hypothesis
concerning the establishment of a chronic P. aeruginosa infection in
the cystic fibrosis lung. The initial invasive strain would appear
to be similar to M-2, the invasive burn strain. Like M-2 it has
classic colonial morphology, is vigorously motile, chemotactic,
proteolytic and has a single O-antigen serotype. The early invasive
strain is virulent in the burned mouse model which indicates that it
possesses the physiological factors associated with the expression of
full virulence of this pathogen.

We hypothesize that, as the infection is established in the
lung, host selective pressures, resulting, for example, from elevated
cation levels, result in the emergence of a different phenotype with
rough colonial morphology. While it retains its motility, chemotaxis

and proteolytic activity, its O-antigen reflects altered LPS and we

note a loss of virulence in the animal model.
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Once chronic infection is established in the lung, we hypo-
thesize that there is a loss of several characteristics which are
associated with virulence in the burn infection. The greater
majority of these isolates lack flagella, are protease-negative,
non-motile, non-chemotactic and have altered LPS as reflected in the
high frequency of polyagglutination and non-typable strains. It is
important to note that these are not transient changes, but rather
genetically stable physiological characteristics. It would appear
that progressive selective pressure in the chronically infected CF
lung favors emergence of an avirulent phenotype with an altered cell
envelope.

The classic CF strains studied appear to be more resistant to
host selective pressures, even during chronic stages of the
infection. They show only partial reduction of motility and
chemotaxis in some, but not all, strains. Even though fifty percent
of the classic strains tested were polyagglutinable, the cell
envelope perturbation appears less severe than in the case of rough
strains. There was only one non-typable classic strain. However,
with the exception of one strain, 35c, the classic strains were also
avirulent in the animal model.

While more information must be obtained regarding the adaptation
of P. aeruginosa to the special environment of the CF lung, some
significant practical applications of this investigation are readily

discernible. Observations in this study, particularly the striking

absence of flagella and proteolytic activity in strains from patients
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in poor clinical comndition, offer palpable proof that prophylactic
vaccine therapy must be aggressively initiated as soon as cystic
fibrosis is detected. Various vaccine preparations based on
antigenic subunits, such as flagella and LPS, currently the subject
of intense investigation, would be of little use after chronic
infections is established in the patient. The observation that cell
wall alteration is associated with the majorority of CF strains may
lessen the efficacy of any envelope-associated immunotherapy and
antibiotic therapy. In view of these findings, additional knowledge
about host-pathogen interactions and increased efforts aimed at
prevention of initial colonization should ultimately ameliorate and

prolong the life of the cystic fibrosis patient.
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Table 14. Standard dilution curves for quantitation of bacteria.

Adsorption
Strain? at 590 mm Login CFU/ml
572b 0.4 8.56
0.6 8.72
0.8 8.89
] 86 f 0.4 9.36
0.6 9.60
0.8 9.82
402cb 0.4 9.53
0.6 9.83
0.8 10.13
35¢¢ 0.4 8.88
0.6 9.05
0.8 9.22
776e 0.4 9.05
0.6 9.28
0.8 9.50
144b 0.4 9.06
0.6 9.24
0.8 9.41
M-2 0.4 8.69
0.6 8.85
0.8 9.02

4CF strains were grown in Luria broth at 37°C with shaking for
14-15 hours; M—2 was grown for 12 hours.

b409g quantitation was based on this standard curve.

€320f, 412a quantitations were based on this standard curve.
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