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The genetic structure of a population of Pseudomonas aeruginosa, isolated from patients with keratitis,
endophthalmitis, and contact lens-associated red eye, contact lens storage cases, urine, ear, blood, lungs,
wounds, feces, and the environment was determined by multilocus enzyme electrophoresis. The presence and
characteristics of virulence factors were determined by restriction fragment length polymorphism analysis with
DNA probes for lasA, lasB, aprA, exoS, exoT, exoU, and ctx and by zymography of staphylolysin, elastase, and
alkaline protease. These analyses revealed an epidemic population structure of P. aeruginosa, characterized by
frequent recombination in which a particular successful clone may increase, predominate for a time, and then
disasappear as a result of recombination. Epidemic clones were found among isolates from patients with
keratitis. They were characterized by high activity of a hitherto-unrecognized size variant of elastase, high
alkaline protease activity, and possession of the exoU gene encoding the cytotoxic exoenzyme U. These virulence
determinants are not exclusive traits in strains causing keratitis, as strains with other properties may cause
keratitis in the presence of predisposing conditions. There were no uniform patterns of characteristics of
isolates from other types of infection; however, all strains from urinary tract infections possessed the exoS gene,
all strains from environment and feces and the major part of keratitis and wound isolates exhibited high
elastase and alkaline protease activity, and all strains from feces showed high staphylolysin activity, indicating

that these virulence factors may be important in the pathogenesis of these infectious diseases.

Pseudomonas aeruginosa has a wide environmental and eco-
logical distribution and a remarkable ability to adapt to hostile
environments with sparse nutrients. This versatility is probably
due to a comprehensive arsenal of enzymes combined with a fit
gene regulation (28, 58). For humans, P. aeruginosa is an op-
portunistic pathogen able to cause both local and disseminated
infections. In the immunocompromised host, bacteremia,
pneumonia, burn wounds, and gastrointestinal infections pre-
dominate, whereas wounds and infections of the urinary tract,
lungs of cystic fibrosis (CF) patients, external ear, and cornea
often occur as a result of a moist or special environment or the
presence of foreign bodies such as catheters and contact lenses.

P. aeruginosa is a common cause of serious corneal infec-
tions and is the most frequently isolated bacterial species in
contact-lens wearers with keratitis. It has only low binding
affinity to healthy corneal epithelial cells; however, the ability
to adhere may be increased by exposure of cryptic receptors or
jeopardized local defense as a result of tissue damage. Accord-
ingly, binding to and colonization of the cornea occur only in
areas with tissue damage or exposed stroma uncovering recep-
tors for adhesion (21, 57). Important P. aeruginosa adhesins
include pilin, alginate, and the ADP-ribosylating toxin exoen-
zyme S, which also plays a dominant role in invasion of corneal
epithelial cells and Madine-Darby canine kidney cells in vitro
(13, 15). Conversely, both exoenzyme S and exoenzyme T have
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an invasive-inhibitory effect on P. aeruginosa strains expressing
the cytotoxic exoenzyme U (5).

Pathogenicity is clearly multifactorial, as P. aeruginosa is
known to produce a multitude of virulence-associated exo-
products. Among these, elastase (also termed LasB or pseudo-
lysin) and alkaline protease (also termed AprA or aeruginoly-
sin) are known to degrade a large variety of tissue components,
such as proteinaceous elements of connective tissue, and to
cleave cell surface receptors on neutrophils, resulting in inhi-
bition of chemotaxis, phagocytosis, and oxidative burst. Fur-
thermore, elastase is capable of degrading elastin, transferrin,
tumor necrosis factor-a, interleukin 2, components of the com-
plement cascade, immunoglobulin G (IgG), IgA, and secretory
IgA (S-IgA); inducing inhibition of binding of natural killer
cells to target cells; and producing interferon y from T-cells
(56), thus providing a basis for sustained infection. Another
protease, staphylolysin (also known as LasA) appears to play a
role in the pathogenesis of corneal and lung infections (9, 47).
It renders elastin more susceptible to degradation by elastase
and lyses Staphylococcus aureus by cleaving the peptide bonds
within the pentaglycine cross-linking peptides of its cell wall
peptidoglycan (32).

The cytotoxic exoenzyme U has emerged as an important
pathogenicity factor in P. aeruginosa infections. Like exoen-
zyme S and exoenzyme T, it is secreted by a type III secretion
mechanism directly into the cytosol of epithelial cells with
ensuing cell death by an unknown mechanism (12). Another
virulence-determining factor may be the presence of the ¢
CTX cytotoxin-converting phage that carries the ctx gene,
which is thought to encode a pore-forming polypeptide (43).
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TABLE 1. Designation and origin of 145 P. aeruginosa strains

Designation(s)” Country Origin
AABI1-AAB3, AAB5-7, AAB9, AAB12-AABI15, AAB17, AAB19, AAB20 Denmark Keratitis
AKHI, Vejl Denmark Keratitis
MiK1-MiK4 Denmark Keratitis
MK2-MK18, MK20-MK22, MK24-MK25, MK27-MK37, MK39-MK40 United Kingdom Keratitis
Paer9, PAER 10 Australia Keratitis
6206, 6294 Australia Keratitis
Paer31, Paer32 India Keratitis
ME], 19, -23, -26, -38 United Kingdom Endophthalmitis
Paerl, Paer25 Australia CLARE
Paer2, Paer3, Paer5, Paer7 Australia CLSCaw
AAB4, AABS, AAB10, AAB11, AAB16 Denmark CLSCkp
MiU1-MiU10 Denmark Urine
MIE1-MiE10 Denmark Ear
MiB1-MiB10 Denmark Blood
MiL1-MiL10 Denmark Lung
MiS1-MiS10 Denmark Wound
F1-F10 Denmark Feces
Svl, 504 Denmark Swimming pool
ONI16 Denmark Sea water
ON17 Denmark Sea sediment
508 Denmark Food
PI39 London, United Kingdom Sewage
PJ329 Denmark Dialysis water
PAOI1 Australia Wound

@ Each strain was from a different individual.

Epidemiological studies of P. aeruginosa keratitis are sparse.
The bacteria have often been traced to contact lens solutions
(62), but the source from which P. aeruginosa contaminates is
not clear. It is unknown whether this eye infection can be
ascribed to a particular clone or subpopulation with a special
profile of virulence properties or to random strains from the
environment. The population structure of P. aeruginosa has not
been extensively studied. Previous analyses of isolates from
local epidemics and special habitats (i.e., the lungs of CF pa-
tients) and reference strains have been performed; most of
these studies have included limited numbers of strains (4, 6, 16,
28, 33, 35, 49, 50). A recent study found a surprisingly low
sequence diversity in the citrate synthase gene citS, i.e., 1 order
of magnitude lower than in a comparable housekeeping gene
in Salmonella, which exhibits a clonal population structure
(28). In contrast, the organization of the genome was very
diverse, with signs of insertions, deletions, and other genome
rearrangements (50).

In the present study, multilocus enzyme electrophoresis
(MLEE) was applied to a collection of eye isolates and a
variety of clinical and environmental isolates to identify sub-
populations or clones of P. aeruginosa associated with disease
or properties characteristic of such isolates. Variations in genes
encoding staphylolysin (lasA), elastase (lasB), alkaline pro-
tease (aprA), exoenzyme S (exoS), exoenzyme U (exoU), and
the cytotoxic phage ctx (ctx) were examined, and enzyme ac-
tivity and size were assessed by zymography for staphylolysin,
elastase, and alkaline protease. Finally, the correlation be-
tween these properties and the phylogenetic relationships and
origin of the strains was determined.

MATERIALS AND METHODS

Bacterial strains. A collection of 145 isolates of P. aeruginosa was examined
(Table 1). Sixty-nine strains were isolated from eyes, including 61 from patients

with keratitis, 5 from patients with endophthalmitis, and 2 from a patient with
contact lens-associated red eye (CLARE). Forty strains from the eye were
isolates from consecutive patients attending Moorfields Eye Hospital in London,
England, over a 12-month period. The remaining strains were isolated from
contact lens cases belonging to patients with keratitis (CLSCkp) (n = 5), contact
lens cases belonging to asymptomatic wearers (CLSCaw) (n = 4), urine (n = 10),
ear infections (n = 10), blood (n = 10), lungs (n = 10) (including 1 from a CF
patient), wounds (n = 10), feces (n = 10), and the environment (n = 7). Only a
single isolate from each patient was included. Finally, strain PAO1, a wound
isolate with a recently completed genome sequence first discovered in Australia
in 1952, was included (58). For reference purposes in the enzyme assays, elas-
tase- and alkaline protease-deficient mutants of strains PAO1 (PAO1AlasB and
PAO1AaprA) were included. These mutants, constructed by insertion inactiva-
tion of the respective genes, were kindly provided by Anastasia Papakonstanti-
nopoulou and Michael A. Curtis, MRC Molecular Pathogenesis Group, St.
Bartholomew’s and the Royal London School of Medicine and Dentistry, Lon-
don, United Kingdom.

All the strains were identified by colonial morphology, Gram staining, mobility
characteristic of polar flagellation, pigment production, fluorescence, and phe-
notypic analysis with the API 20 NE identification kit (bioMérieux, Marcy
I’Etoile, France).

MLEE. Harvested cells of broth cultures were resuspended in buffer (50 mM
Tris HCI, 5 mM EDTA [pH 7.5]) and sonicated to release intracellular enzymes.
The supernatant of the sonicate was stored at —70°C. Each enzyme extract was
examined by starch-gel electrophoresis to determine the relative electrophoretic
mobilities of 11 housekeeping enzymes by using methods described by Selander
et al. (54). The following 11 enzymes were assayed: malate dehydrogenase
(MDH), alkaline phosphatase (ALP), glutamate dehydrogenase, glucose-6-phos-
phate dehydrogenase, adenylate kinase, and carbamate kinase in buffer system
D; esterases and phosphoglucose isomerase in buffer system E; leucine amino-
peptidase in buffer system H; hexokinase in buffer system I; and alcohol dehy-
drogenase in buffer system C.

Data Analysis. Genetic diversity per locus () was calculated using the equa-
tion

n 2
h= m (1 - EX[‘)
where x; is the frequency of the ith allele at the locus and n is the number of
electrophoretic types (ETs) in the sample. The genetic distance between ETs was
expressed as the proportion of loci at which dissimilar alleles occurred, i.e., the
proportion of mismatches.
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TABLE 2. Source of probes used for Southern hybridization

Probe Source Reference Primers Probe size (bp)

lasA PAO1 http://www.pseudomonas.com 5'-CGCCATCCAACCTGATGCAAT 514
5'-AGGCCGGGGTTGTACAACGGA

lasB PAO1 http://www.pseudomonas.com 5'-TGCGATCATGGGTGTTTCGCC 1,403
5'-GCCGAGTAGTTGCGGTTC

aprA IFO3455 44 5'-GTCCTATACCGTCGACCAGGC 928
5’-GTCGCTACCCGAGCCGCCGAT

exoS 388 31 5"-ATCGCTTCAGCAGAGTCCGTC 1,352
5'-CAGGCCAGATCAAGGCCGCGC

exoU PA103 19 5’-GCTACTGCCTCCTCGCTGAAT 2,015
5'-AGTCATCTCAACGGTAGTCGA

ctx PA158 20 5'-ATGAACGATATCGACACGATC 860

5'-TCTACTCTGCCGAGCGGACTC

The multilocus diversity analysis, the dendrogram construction, and the
stability of the tree tested by bootstrap analysis were performed with the com-
puter programs ETSTAT, ETDIV, ETCLUS, and ETBOOT (version 2.2) of
T. S. Whittam (www.bio.psu.edu/People/Faculty/Whittam/Lab/Programs/). The
dendrogram was constructed by computerized cluster analysis performed by the
average-linkage method from a matrix of pairwise genetic distances between
ETs. The bootstrap procedure was performed with 1,000 average linkage-joining
trees with proportional differences as distances.

To test to what extent the P. aeruginosa population was clonal, the index of
association (/) was calculated (38). This is a measure of the variance in the
number of pairwise allelic mismatches relative to that expected under the hy-
pothesis of panmixia (i.e., random association of alleles), where the mean num-
ber of pairwise allelic mismatches is a measure of genetic distance. I is defined
by the observed variance, V;, of the mean number of loci at which two P.
aeruginosa strains differ divided by the expected variance, V', under the assump-
tion of linkage equilibrium minus 1.

L= (VO/VE) -1

If there is random association between loci (linkage equilibrium), V, approx-
imates V; and hence I, = 0. The index of association was calculated from
the MLEE data as outlined by Maynard Smith et al. (38) with the com-
puter program ETLINK of T. S. Whittam (www.foodsafe.msu.edu/whittam
/#programs).

Detection of genetic diversity within virulence genes. Cellular DNA of P.
aeruginosa was extracted as previously described, except that lysozyme was omit-
ted (46). Approximately 2 g of whole-cell DNA was digested with the restriction
endonuclease EcoRI, and the fragments were separated by electrophoresis in 1%
agarose gels for 16 h at 2 V. ecm ~! in TAE buffer (0.04 M Tris-acetate, 0.002 M
EDTA) and subsequently visualized by ethidium bromide staining. The nucleic
acids were transferred and fixed onto Nytran nylon membranes (Schleicher &
Schuell, Dassel, Germany), and the hybridizations were carried out as previously
described (53) except that the filters were soaked in 1% (wt/vol) Triton X-100
prior to prehybridization and 0.1% sodium pyrophosphate was included in all
solutions. The final posthybridization wash was at 60°C in 1< SET (0.15 M NaCl,
0.5 mM EDTA, 20 mM Tris HCI [pH 7.0]) containing 0.1% SDS and 0.1%
sodium pyrophosphate. The filters were stripped between hybridizations by being
immersed in 1 liter of boiling 0.1% sodium dodecyl sulfate (SDS) and left to cool
for 30 min. DNA fragments used as probes in the hybridizations were labeled
with [3>P]dCTP with the Random Primed DNA Labeling kit (Roche Molecular
Biochemicals, Mannheim, Germany), and bands were visualized by autoradiog-
raphy. As exoS and exoT are 75% identical at the nucleotide sequence level,
cross-hybridization between the two chromosomal fragments containing each
gene occurs (66). To discriminate between bands representing the two genes, a
high-stringency posthybridization wash at 68°C in 0.2X SET containing 0.1%
SDS and 0.1% pyrophosphate was performed after hybridization with the exoS
probe, whereby hybridization representing the exoT gene disappeared.

Preparation of the DNA probes. The ctx, lasA, lasB, aprA, exoS, and exoU
internal probes (Table 2) were synthesized by PCR. Except for exoU, all PCR
amplicons were cloned into Escherichia coli plasmid vector pTA using the Topo
TA Cloning kit (Invitrogen, Groningen, The Netherlands). The inserts were
verified by partial sequencing. The probes were excised from the vector by
digestion with EcoRI, and the DNA fragments were isolated by electrophoresis
in 1% agarose gel and extracted with the QIAEX II Agarose Gel Extraction
protocol (Qiagen, Hilden, Germany).

Zymography of staphylolysin. To assess staphylolysin activity, a modification
of the method of Kessler (27) was used. Samples containing 20 .l of supernatant
of log-phase cultures, 1 wl of 10% SDS, 1 ul of glycerol, and 0.3 pl of brom-
phenol blue were subjected to SDS-polyarcylamide gel electrophoresis (PAGE)
at 4°C in a 4 to 20% gradient gel containing 0.1% gelatin. After electrophoresis,
staphylolysin was reactivated by immersing the gel in 2.5% Triton X-100, fol-
lowed by incubation in 20 mM Tris HCI and 0.05% (wt/vol) sodium azide (pH
8.5) for 30 min. The gels were placed over an indicator agar gel (2% [wt/vol]
Noble agar [Difco Laboratories, Detroit, Mich.] in 20 mM Tris-HCI, 0.05%
[wt/vol] sodium azide [pH 8.5]) containing 3 mg of heat-killed S. aureus/ml and
incubated in a humid atmosphere at 37°C. Staphylolysin activity appeared as
clearing zones caused by cell lysis of the staphylococci within 6 to 16 h. The zones
representing enzymatic activity of staphylolysin were numbered in order of mo-
lecular mass in the gel. The results were confirmed by repeating the procedure
at least twice for all strains. Staphylolysin activity was determined by the appli-
cation of 4 ul of supernatant of log-phase cultures into wells in an indicator agar
gel as described above. The diameters of clearing zones were measured, and the
results were scored as high activity (=10-mm diameter), low activity (<10-mm
diameter), or no activity.

Zymography of elastase and alkaline protease. Supernatants of log-phase
cultures in Mueller-Hinton broth supplemented with 1.3 mM CaCl, and 0.9 mM
MgCl, were subjected to zymography under reduced and unreduced conditions
using 4 to 20% gradient SDS-PAGE gels containing 0.1% gelatin (wt/vol) as a
substrate (22, 36). After electrophoresis at 4°C, the proteases were reactivated by
immersion of the gel in 2.5% Triton X-100, followed by incubation at 37°C in 0.1
M glycin (pH 8.3) for 4 h, subsequent staining with 1% Coomassie blue, and
destaining with 10% acetic acid. Gelatinase activity appeared as clear bands in a
blue-stained gel. The zymography assay was confirmed by repeating the proce-
dure at least twice for all the strains. Molecular weight markers (Mark 12 Wide
Range Protein Standard; Novex, San Diego, Calif.) were included in each gel.
Finally, a collection of strains representing each of the identified protease pro-
files was analyzed as described, except that either the metalloprotease inhibitor
EDTA or one of the serine protease inhibitors, TLCK (N-tolyl-lysine chlorom-
ethyl ketone) or BCDS (bathocuproine disulfonate), was added to the incubation
buffers at a 1 mM concentration.

Detection of elastase bands in reduced SDS-PAGE gels without gelatin was
performed by a Western blot technique with a rabbit antiserum raised against
purified recombinant elastase. The antiserum was kindly supplied by A. Lazdun-
ski, Laboratoire d’Ingéniérie et Dynamique des Syst¢emes Membranaires, Centre
National de la Recherche Scientifique, Marseille, France.

RESULTS

MLEE typing. In the collection of 145 strains of P. aerugi-
nosa, all possessed the 11 enzyme activities. The mobility of the
MDH enzyme band was identical in all strains, indicating that
the corresponding gene locus was monomorphic. Bands of the
remaining 10 enzymes showed variable mobilities indicating
that the corresponding gene loci were polymorphic, with 2 to 8
alleles per locus (mean, 4.1) (Table 3). The differences in the
mobility of the 11 housekeeping enzymes were unusually small,
which made it necessary to perform several reruns to correctly
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allocate the mobilities to individual alleles (Fig. 1). The exact
position of the esterase activity band in four strains and the
position of the adenylate kinase activity band in one strain in
the gel could not be determined with certainty, in spite of
numerous attempts. These alleles were scored as null charac-
ters and treated as missing data. The genetic diversity per locus
(h) ranged from 0.000 to 0.821 (mean, 0.357) (Table 3). Com-
parison of the allele profiles identified a total of 88 ETs, among
which 24 ETs contained from 2 to 12 isolates and the remain-
ing 64 ETs were represented by a single strain (Fig. 2). ET 29,
containing 12 strains including PAO1, and ET 73, containing 6
strains, comprised a disproportionately high number of iso-
lates, the majority of which were from patients with keratitis.
Assuming random distribution and calculated on the basis of
the relative frequency of the individual alleles, the expected
number of strains in ET 29 and ET 73 was 2.10 and 0.04,
respectively. Therefore, accumulation of strains in these ETs
could not be explained by random association or by recombi-
nation of the most common alleles at each locus. Notably, the
cluster of 15 isolates assigned to ETs 69 to 73 contained 14
strains from geographically widespread cases of keratitis and 1
strain from sewage in London, England.

The fact that few of the bootstrap values exceeded 50%
indicates that limited confidence can be placed on the individ-
ual nodes of the tree.

1,. Analysis of all 145 strains revealed an I, of 0.274 (stan-
dard error, 0.114). Thus, I, is significantly different from 0,
suggesting linkage disequilibrium in the total population of 145
strains. Analysis of 7, with ETs taken as the unit revealed an I,
value of 0.148 (standard error, 0.146), implying that the I,
value is between 0.294 and 0.002 with 95% confidence limits
and thus very close to including 0. The reduction of I, to a
value close to 0 when ETs were used as the unit suggests an
epidemic population structure (38). The conclusion is sup-
ported by the bush-like configuration of the dendrogram com-
bined with the accumulation of strains in ET 29 and cluster ET
69-ET 73 (61).

Polymorphism in putative virulence factors and their rela-
tionships to ETs. To test whether the overall genetic relation-
ships observed in the MLEE analysis or the site of isolation
were reflected in putative virulence genes like lasA, lasB, aprA,
exoS, exoT, exoU, and ctx, Southern blots of EcoRI-digested
DNA from all strains were hybridized with DNA probes spe-
cific for each of six genes (Fig. 3). The different restriction
fragment length patterns for lasA, lasB, and aprA gene areas
were compared to the activity and relative size of the corre-
sponding proteases staphylolysin, elastase, and alkaline pro-
tease.

lasA and staphylolysin. Thirteen restriction fragment length
polymorphism (RFLP) types of lasA were found among the
145 strains which all hybridized with the probe. Sixty-seven
percent of the strains exhibited the same RFLP type of the
lasA gene (type 1), 10% were type 2, 5% were type 4, and 3%
were type 9. The remaining 15% of the strains belonged to nine
different RFLP types. Although there was some congruence of
lasA type and ET type, it was of no firm consistency (not
shown).

The zymography (Fig. 4) revealed four different staphyloly-
sin activity patterns based on differences in electrophoretic
mobility. The frequency of types 1, 2, 3, and 4 were 20, 1, 48,
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TABLE 3. Genetic diversity (k) at 11 enzyme loci
of 145 P. aeruginosa strains®

Enzyme locus No. of alleles h
MDH 1 0.000
ALP 4 0.191
EST 8 0.821
GD 3 0.274
Go6P 3 0.191
LAP 2 0.221
PGI 3 0.067
HEX 5 0.596
ADH 6 0.591
ADK 4 0.439
CDK 6 0.531
Mean 4.1 0.357

“ Abbreviations: EST, esterases; GD, glutamate dehydrogenase, G6P, glucose-
6-phosphate dehydrogenase, LAP, leucine aminopeptidase; PGI, phosphoglu-
cose isomerase; HEX, hexokinase; ADH, alcohol dehydrogenase; ADK, adenyl-
ate kinase; CDK, carbamate Kinase.

and 19%, respectively. Forty to fifty percent of the isolates
from urine, lungs and feces showed type 1, 71 to 73% of the
isolates from wounds and the environment exhibited type 3,
and 27% of the Danish isolates from patients with keratitis and
contact lens storage cases (CLSCkp) were type 4. Despite
several attempts with different nutrient media and by harvest-
ing the supernatant in various growth phases, 17 isolates (12%)
showed no staphylolysin activity although they showed hybrid-
ization with the las4 gene probe. Strikingly, seven of these
nonproducing strains were among the 10 isolates from ears.
The zymography revealed differences in the activity of staph-
ylolysin. All strains from feces, 40% of isolates from patients
with endophthalmitis and keratitis (including CLSCkp), and
30% of blood and lung isolates exhibited high activity of staph-

FIG. 1. Extreme examples of mobility differences observed by
MLEE analysis of separate isolates. ALP (A) and glucose dehydroge-
nase (B) are shown. The strains examined in the two gels are unre-
lated.
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ET N JasA LasA (m/a)* JasB aprA Elastase (s/fa)* exoS  exoT exoU ctx
1 1 + 3/Low + + 97 / high + + - -
ot 2 1+ 4imgn + +  66/high - £ e -
3 1 + 1/ High + + 97 / low + + - -
_—60: 4 1 + 4/ Low + + 97 / high - + - -
L 5 1 + 3/ Low + + 97 / high - + - -
6 1 + 4] Low + + 97 / high - + + -
7 1 + 4/ Low + + 66 / high - + + -
8 1 + 4/ Low + + 66 / high - + + -
9 1 + 3/ Low + + 97 / high + + - -
10 1 + 4 [ Low + + 66 / high - + + -
11 1 + 4 / High + + 66 / high - + + -
12 2 + 4/ Low (1) + + 66 / high (1) + + + -
13 1 + 4/ High + + 97 / low - + + -
14 1 + 4 / High + + 66 / high - + + -
15 1 + 3/ Low + + 86/ high - + + -
16 1 + 3 / High + + 86/ high - + + -
17 1 + 3/ Low + + 66 / low - + - -
18 1 + 3/ High + + 66 / high + + - -
19 1 + 4/ Low + + 66/ low - + + -
20 1 + 0/Nd + + N.d - + - -
L 21 1 + 3/ High + + 66/ high - + + -
. 22 1 + 3/ High + + 97 / high + + - -
23 1 + 4/ Low + + 66 / high - + + -
24 1 + 4] Low + + 66 / high - + + -
| 25 1 + 4/ Low + + 66 / high - + + -
— 26 2 + 3/ Low (1) + + 97 / high + + - -
B 27 1 + 0/Nd + + N.d + + - -
28 4 + 3 / High (1) + + 97 / high + + - 13
29 12 + 3 / High (6) + + 97 / high + + - 1M
30 1 + 0/Nd + + 97 / low + + - +
] 31 1 + 0/Nd + + 97 / low - - - -
32 3 + 3/ High (1) + + 97 / high + + - -
33 1 + 3/ Low + + 97 / high + - - -
34 1 + 1/ High + + 97 / high + + - -
35 8 + 3/Low (4) + + 97 /low (1) + + - -
36 4 + 1/ High (2) + + 97 / low (1) + 113 - -
37 1 + 1/ Low + + 66/ low - + + -
38 1 + 3/ High + + 97 / high + + - -
39 1 + 3/Llow + + 97 / high + + - -
40 1 + 1/ Low + + 97 / low + - - -
M 3 + 17 Low + + 97 / low 211 + 12 -
42 1 + 3/ Llow + + 97 / high + + - -
Ll 43 2 + 3/Llow (1) + + 97 / high + + - -
44 1 + 3/ High + + 97/ high + + - -
45 1 + 3/ High + + 97 / high + + - -
46 1 + 3/ Low + + 97 / high + + - -
47 1 + 3/Llow + + 97 / low + + - -
——>—— 48 1 + 1/ High + + 97 / high + + - -
49 2 + 3/ High (1) + + 97 / low + 1M - -
50 1 + 3/ High + + 97 / high + + - -
51 1 + 3/ High + + 97 / high + + - -
52 1 + 1/ High + + 66 / low + + - -
53 1 + 3/ High + + 97 / high + - - -
54 1 + 0/Nd + + N.d - + + -
55 1 + 3/ Low + + 97 / low - + + -
56 5 + 3/Low (2) + + 97 / high (1) + 4an - -
57 2 + 3/ Low (1) + + 66 /low (1) - + + -
58 3 + 1/ High (1) + + 97 / low 21 + 172 -
59 2 + 3/Low (1) + + 97 /low + + - -
60 1 + 1/ High + + 66/ high - + + -
61 1 + 3/Low + + 97 / low + + - -
62 1 + 1/ Low + + 97 / high + - - -
63 2 + 0/Nd (1) + + 66 / high - + + -
64 1 + 1/ Low + + 97 / low + + - -
65 1 + 4 { High + + 97 / high - + + -
66 2 + 3/Low (1) + + 66 / low - + + -
67 1 + 3/ Low + + 66 / high - + + -
68 1 + 3/ Low + + 66 / high - + + -
69 4 + 4/ Low (2) + + 66 / high - + + -
70 2 + 3 / High + + 66 / high - + + -
71 2 + 3/ Low (1) + + 66 / high (1) 1n + + -
72 1 + 3/ High + + 66/ high - + + -
73 6 + 3/ Low + + 66 / high - + + -
74 1 + 3/ Low + + N.d - + + -
75 1 + 3/ Low + + 66 / low + + + -
76 1 + 3/ High + + 66 / high - + + -
L] 77 1 + 1/Low + + 97 / low + + - -
78 4 + 4 / High + + 97 / low + + - -
79 1 + 4/ Low + + 97 / low + + - -
80 1 + 1/ Low + + 97 / low + + - -
81 1 + 4/ Low + + 97 / high + + - -
82 2 + 1/ High (1) + + 97 / high + + - 7
83 1 + 3/ High + + 97 / high + + - -
84 1 + 1/ Low + + 97 / low + + - +
85 2 + 3/ High + + 97 / low + + - +
86 1 + 1/ High + + 97 / high + + - -
87 1 + 3/ High + + 66 / high + + - -
88 1 + 3 / High + + 97 / high + + - -
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FIG. 3. Autoradiograms showing Southern blots of EcoRI RFLP typing of whole-cell DNA from representative P. aeruginosa strains hybridized
sequentially with each of the six probes lasA4, lasB, aprA, exoS, exoU, and ctx. Molecular weight markers in kilobases are indicated to the right of
the autoradiograms. The probes and strains examined are as follows: las4, MK14, MK13, MKO9, and PJ39; lasB, AAB1, AAB2, AABS, and AABG;
aprA, MiE3, MiE2, Miel, MK40, and MK38; exoS, F6, F7, F8, and F9; exoU, MK11, MK10, MK9, and MKS; and ctx, MiL3, MiL1, MiU2, and MiS3.

ylolysin as opposed to the missing or low activity exhibited by
the strains from CLARE, CLSCaw, urine, ears, and wounds.
No relationship could be found between the RFLP type and
the molecular size of staphylolysin measured by SDS-PAGE.
Likewise, certain staphylolysin types were accumulated in cer-
tain ETs; however, there were no consistent relationships (not
shown).

lasB and elastase and aprA and alkaline protease. All iso-
lates hybridized with the lasB probe, including four strains that
lacked detectable elastase activity (Fig. 2). The lasB RFLPs
were strikingly uniform as all strains, except four, showed an
identical pattern. Like lasB, the RFLP for the aprA4 gene was
very similar among all strains. Only nine strains presented a
distinct pattern, and of these, six were identical.

SDS-PAGE of unreduced culture supernatants revealed
three patterns of gelatinase activity. One type represented by
95 strains was characterized by a combination of activities at 97
and 55 kDa, another type represented by 46 strains was char-
acterized by activities at 66 and 55 kDa, and four strains only
exhibited activity corresponding to an apparent molecular
weight of 55 kDa (Fig. 2 and Table 4). None of the strains
showed gelatinase activity at 97 and 66 kDa simultaneously.
The molecular masses of mature elastase and alkaline protease
are 33 and 48.4 kDa, respectively, but the enzymes have been
reported to migrate under unreduced conditions correspond-
ing to apparent molecular masses of 116 or 163 and 53 kDa,
respectively, in SDS-PAGE gels (7.5 to 10% gelatin) (8, 60).
Furthermore, the apparent sizes of elastase and alkaline pro-
tease in polyacrylamide gels are dependent on the concentra-
tion of gelatin and polyacrylamide in the gels (25). By com-

parison of wild-type strain PAO1 with its elastase- and alkaline
protease-deficient mutants, we concluded that the 97-kDa
band represented elastase activity and that alkaline protease
was represented by the activity band at 55 kDa (Fig. 5). Thus,
all 145 strains possessed alkaline protease activity.

Under reducing conditions, both the 97- and 66-kDa activity
bands disappeared, concurrent, in some cases, with a clearly
stronger reactivity band at 55 kDa (Fig. 5A). Reduction of
culture supernatant from the alkaline protease-deficient mu-
tant of PAOI, likewise, resulted in disappearance of elastase
activity at 97 kDa but no emerging activity corresponding to a
smaller molecular mass. Thus, it can be concluded that the
increased intensity of the 55-kDa activity band was not due to
elastase activity showing up corresponding to a smaller molec-
ular mass as a result of reduction.

Gelatinase activity at 66 kDa under nonreducing SDS-
PAGE conditions has not previously been described. Addition
of protease inhibitors to the incubation buffer showed inhibi-
tion of all the gelatinase activity bands by EDTA, but not by
TLCK or BCDS (Fig. 5), indicating that the 66-kDa band is a
metalloprotease like elastase and alkaline protease (56) and
therefore does not represent the recently described serine pro-
tease IV (7, 8, 45). The activities at 97 and 66 kDa were
mutually exclusive. Western blot analysis of reduced superna-
tants from two strains representing the two gelatinase forms
(strains PAO1 and MK30) revealed a band at 33 kDa reacting
with the antiserum specific against P. aeruginosa elastase in
both. Accordingly, we refer to the 66-kDa band as a distinct
version of elastase.

Sixty-five percent of the strains showed elastase activity at 97

FIG. 2. Dendrogram based on MLEE analysis of 145 P. aeruginosa strains. Presence of the genes lasA, lasB, aprA, exoS, exoT, exoU, and ctx and
presence and activity of the proteases staphylolysin (LasA), elastase, and alkaline protease are indicated for each ET. Numbers in brackets indicate
the number of strains differing from the majority characteristics. Numbers divided by an oblique stroke (/) indicate the number of strains positive
or negative for the respective genes. Only abberations from majority characteristics of the ET are shown. N, number of isolates in the ET; m/a,
electrophoretic mobility of LasA in SDS-PAGE activity of LasA; s/a, size of elastase in SDS-PAGE activity of elastase; N.d, not detectable. Only

bootstrap values exceeding 50% are shown in the dendrogram.
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1 2 3 4 5 6

FIG. 4. Staphylolysin activity of representative strains of P. aerugi-
nosa revealed by clearing zones in an indicator gel containing heat-
killed S. aureus. For details of the assay, see the text. The gel demon-
strates three of four mobility types recognized among the 88% of
strains possessing staphylolysin activity. The three types demonstrated
are type 1 (lanes 1, 5, and 6), type 4 (lanes 2 and 4), and type 3 (lane
3). Type 2 (not shown) showed mobility intermediary between types 1
and 3.

kDa, 32% showed activity at 66 kDa, and 3% lacked detectable
activity (Table 4). Apart from showing congruence with the
ETs (Fig. 2), the differences in the protease profiles correlated
with the site of isolation. All strains from wounds and
CLSCaw, 90% of feces isolates, and 80% of the strains from
patients with endophthalmitis, CLSCkp, blood, and lungs ex-
hibited activity at 97 kDa, while 50 to 51% of the strains from
patients with keratitis and from ears showed elastase activity at
66 kDa (Table 4).

Irrespective of size, the elastase activities could be visually
divided into weak or high activities based on the intensity of
the bands observed in activity gels. Examples of weak and high
enzyme activities are shown in Fig. 6. Repeated blind exami-
nation of the activity gels confirmed the reproducibility of
scores. Growth curves constructed for representative strains
(not shown) revealed that differences in activity were unrelated
to differences in growth rate. Interestingly, all environmental
and feces isolates and the majority of keratitis (75%) and
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wound (73%) isolates showed high activity compared to other
clinical isolates. The proportion of Danish keratitis isolates
with high protease activity was a little lower (60%) than that of
English, Australian, and Indian isolates (83%). In comparison,
only 30 to 40% of the strains from urine, ear, blood, and lungs
showed high protease activity. The majority (76%) of elastase
bands at 66 kDa were associated with high activity, compared
to 59% of the bands at 97 kDa.

There was a positive correlation between the activity levels
of alkaline protease and elastase, in accordance with the fact
that the two genes are under joint regulation (39). However,
there was no association between particular RFLP types of
lasB and aprA and molecular size or activity level of the elas-
tase or alkaline protease.

ctx. The prophage-associated ctx gene was exclusively found
in six genetically related Danish strains from urine (n = 2),
blood (n = 1), wounds (n = 2), and feces (n = 1) (Fig. 2).
Three RFLP types of ctx were found among these strains.

exoS, exoT, and exoU. The majority of the 145 strains (59%)
exhibited a combination of exoS and exoT, 34% possessed only
exoT, and 6% possessed only exoS. One strain lacked both exoS
and exoT. Strains isolated from patients with keratitis showed
a higher percentage of exoT carriers alone (49%), while 80 to
100% of strains from urine, lungs, wounds, and feces exhibited
a combination of exoS and exoT (Table 4).

Forty-nine (34%) of the 145 isolates hybridized with the
exoU gene probe. The presence or absence of exoU strongly
correlated with the ETs. With one exception in ET 41 and ET
58, both containing three strains, there was complete congru-
ence (Fig. 2). Ten RFLP types were identified, with type 7 the
most prevalent (46%). However, there was no correlation be-
tween the exoU RFLP type and ET affiliation of the strains.
The genes exoS and exoU were almost mutually exclusive, as all
but three exoU-positive strains lacked exoS.

The distribution of the exoU gene among the clinical isolates

TABLE 4. Genetic and enzyme diversity in strains from different origins

Enzyme Presence of gene”
Staphylolysin Elastase
Isolation site”
o High Molecular mass (kDa) Activity exoU exoS exoT
Missing B
activity 66 97 Missing® Low High + - + +
Keratitis (61) 3 25 31 29 1 15 46 31 30 31 30 57 4
Endophthalmitis (5) 0 2 1 4 0 2 3 1 4 4 1 5 0
CLARE (2) 1 0 1 1 0 1 1 0 2 2 0 2 0
CLSCaw (4) 1 0 0 3 1 2 2 0 4 3 1 4 0
CLSCkp (5) 0 2 1 4 0 5 0 3 2 2 3 4 1
Urine (10) 3 1 2 7 1 7 3 0 10 10 0 10 0
Ear (10) 7 0 3 6 1 6 4 5 5 4 6 8 2
Blood (10) 0 3 2 8 0 6 4 4 6 6 4 10 0
Lung (10) 1 3 2 8 0 7 3 2 8 8 2 10 0
Wound (11) 0 0 0 11 0 3 8 0 11 11 0 9 2
Feces (10) 0 10 1 9 0 0 10 1 9 9 1 10 0
Environment (7) 0 3 2 5 0 0 7 2 5 5 2 5 2
Total (145) 16 49 46 95 4 57 88 49 96 95 50 134 11
% Total 11 34 32 65 3 39 61 34 66 66 34 92 8

“ Number of isolates are in parentheses.
b+, present; —, absent.
¢ Missing activity.
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FIG. 5. SDS-PAGE gels of culture supernatant from selected strains with clear zones representing gelatinase activity. (A) Lanes 1 to 4 show
unreduced samples from four strains producing the two elastase types at 97 and 66 kDa, respectively, and alkaline protease at 55 kDa. Lanes 5
to 8 show the same samples after reduction. Lanes 9 to 14 show gelatinase activity in alternately reduced and unreduced supernatants produced
by PAO1 (lanes 9 to 10) and the mutants PAO1AlasB (lanes 11 to 12) and PAO1AaprA (lanes 13 to 14). (B) Lanes 1 to 5 show uninhibited elastase
activity at 66 kDa and alkaline protease activity at 55 kDa; lanes 6 to 10 show inhibition of the same samples by 1 mM EDTA; lanes 11 to 15 show
lack of inhibition by TLCK. (C) Lanes 1 to 4 show elastase activity at 97 and 66 kDa and alkaline protease activity at 55 kDa inhibited by 1 mM
EDTA. Lanes 5 to 8 represent the same samples and show a lack of inhibition by BCDS. Molecular mass markers in kilodaltons are indicated to

the right.

was very heterogeneous. Fifty to 51% of the isolates from
patients with keratitis and ear infections harbored the gene. In
contrast, all strains from CLSCaw, CLARE, urine, and wounds
and 10% of strains from feces lacked the gene. There was no
relationship between exoU RFLP type and the origin of iso-
lates.

Eye isolate-rich ETs and clusters. ET 29 and the cluster of
ETs 69 to 73 clearly differed from each other in the MLEE
analysis and in the presence and types of several virulence
factors. All 12 strains in ET 29, which were isolated from 1952
to 1997, possessed type 1 lasA, showed elastase activity at 97
kDa varying from very weak to high, and lacked the exoU gene,
whereas the cluster of ETs 69 to 73 exhibited different types of
lasA, high elastase activity at 66 kDa, and the presence of exoU.
Although the strains from Moorfields Eye Hospital patients
dominated ET 29, ET 29 included Danish clinical isolates from
urine, ears, lungs, wounds, and blood, whereas the cluster of
ETs 69 to 73, except for the isolate from sewage in London,
exclusively contained isolates from patients with keratitis (n =
14) with a wide geographical origin including the United King-
dom, India, Australia, and Denmark. No relationships could be
found between ETs, diversity in the virulence genes, or pro-
tease profiles among the keratitis isolates from contact lens
wearers and nonwearers.

Overall relationships between genotype and phenotype.
Apart from a few exceptions, the members of a single ET
shared the same zymogram protease profiles and possession or

FIG. 6. Activity differences of elastase (upper bands) and alkaline
protease (lower bands) of four strains of P. aeruginosa. The two strains
to the left were scored as having low elastase activity and the two
strains to the right were scored as having high elastase activity.

absence of the gene encoding the cytotoxic exoenzyme U,
confirming the genetic relationship of strains in the same ET
(Fig. 2). A single strain in each of ETs 12, 35, 36, 56, 57, and
71 exhibited a different elastase profile; likewise, a single strain
differed in ETs 41 and 58 with regard to the possession of exoU.
Apart from ET 29 and the cluster of ETs 69 to 73, the strains
of different origins were scattered at random in the dendro-
gram, and the genetic relationships between the strains seemed
to be independent of the site of isolation and spatial and
temporal distribution.

DISCUSSION

The genetic diversity of P. aeruginosa has been previously in-
vestigated only in local epidemics, in special habitats like the
lungs of patients with CF, and among serotype reference
strains (2, 4, 16, 28, 33). Combined with the fact that most of
these studies included a limited number of strains, it becomes
difficult to apply the results to the P. aeruginosa population
structure in general. The present study included 145 strains of
P. aeruginosa representing clinical and environmental strains
from a variety of sources, with isolates from eyes constituting
the majority. They were sampled with a wide geographical
distribution from four countries including Denmark, the
United Kingdom, India, and Australia and were isolated dur-
ing a 15-year period from 1984 to 1999. This comprehensive
strain collection was selected to gain insight into the evolution,
population structure, and disease-associated properties of this
widespread opportunistic pathogen, with a special emphasis on
eye infections.

The low mean genetic diversity (0.357) in the collection of P.
aeruginosa strains determined by MLEE analysis is more in
accordance with that found in many human pathogens with
narrow ecological specificity, such as Haemophilus influenzae
and Bordetella pertussis (55), than in related soil bacteria, which
range from 0.574 to 0.581 in Burkholderia cepacia (26, 63);
0.718 in a Pseudomonas population consisting of Pseudo-
monas fluorescens, Pseudomonas putida, Pseudomonas syringae,
Pseudomonas viridiflava, and Pseudomonas cichorii (18); and
0.876 in Pseudomonas stutzeri (48). However, the finding is in
accordance with observations recently reported by Kiewitz and
Timmler (28) based on comparative sequence analyses of a
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combination of housekeeping genes (citS and oriC), resistance
determinants (ampC), and genes encoding surface exposed
proteins (pild, fliC, and oprl). In several of these genes, the
pairwise difference of nucleotide sequences was only 0.25%),
which also explains the unusually small electrophoretic mobil-
ity differences observed among the alleles of the 11 housekeep-
ing enzymes analyzed in our study. Kiewitz and Timmler (28)
have proposed that this paradoxically high degree of genetic
conservation in an ancient and ecologically versatile species
may be the result of a strong selection for optimal codon usage.

The genetic structure of a bacterial population is highly
influenced by the level of recombination among its members.
In recent years, evidence of recombination in housekeeping
genes has been found in several bacterial species (11). How-
ever, if the rate of recombination is sufficiently low, selection of
favorable mutants will occur, giving rise to a clonal population
structure characterized by linkage disequilibrium of alleles
(37). Statistical analysis of our MLEE data for the 88 ETs
revealed an I, value close to 0 (0.148 = 0.1463), indicating that
alleles were in linkage equilibrium and that recombination is
frequent enough to break up clonal formation. However, when
calculated on the basis of all isolates, /; increased to 0.274 =
0.1142, which is statistically significantly different from 0 and in
support of linkage disequilibrium. Combined, these findings
suggest an epidemic population structure (38) with frequent
recombination among members of the population and occa-
sional emergence of clones that successfully spread and persist
for a while within a limited geographic and temporal span. It is
conceivable that this is the scenario that explains the extremely
low genetic diversity (0.138) recently reported for a collection
of P. aeruginosa isolates from five CF centers in France. Nine-
ty-two percent of 314 CF isolates clustered in two ETs, sepa-
rated only at the shikimate dehydrogenase locus (35). A recent
report of the application of random amplified polymorphic
DNA typing to a collection of French P. aeruginosa isolates
from patients with pneumonia and bacteremia and from the
environment also revealed evidence of recombination com-
bined with repeated isolation of selected random amplified
polymorphic DNA types (51).

It is conceivable that epidemic spread of a virulent clone also
explains the 14 keratitis isolates in the ET 69 to 73 cluster.
Eight of these isolates were recovered from patients attending
the Moorfields Eye Hospital in London, and we detected a
London sewage isolate in the same cluster. In a survey per-
formed at Moorfields Eye Hospital, Acanthamoeba contami-
nation of cold water taps supplied by roof tanks was identified
as the source of infection in 7 of 26 cases of Acanthamoeba
keratitis diagnosed. In five cases, the strains showed identical
mitochondrial DNA RFLP results for isolates from patients’
corneas and those from their home tap water, firmly implicat-
ing tap water as the source of infection (29). The special ar-
rangement of water storage tanks in the roof used to supply the
bathroom in most homes in the United Kingdom provides an
ideal environment for microbes, including P. aeruginosa and
Acanthamoeba, to multiply. This may well be the source of the
keratitis cases caused by the 14 isolates of P. aeruginosa be-
longing to the same clone.

As opposed to housekeeping genes, bacterial virulence fac-
tors are generally believed to be under strong selection for
antigenic diversification. Several previous studies indicate that
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the P. aeruginosa proteases elastase, alkaline protease, and
staphylolysin are implicated in the pathogenesis of human in-
fections (41, 47, 64). The structural genes lasA, lasB, and aprA
encoding these proteases were ubiquitous in the studied pop-
ulation. However, the observed RFLP patterns indicate a sur-
prisingly low degree of polymorphism in regions of these vir-
ulence-associated genes and suggest that the human habitat
and its inherent immunological selection pressure are not suf-
ficiently important to override the apparent need for genetic
conservation in P. aeruginosa. The low heterogeneity of lasB
confirms the results of other studies (17, 34), but this is the first
study to use lasA and aprA as probes in RFLP analyses. The
vast majority of strains showed RFLP patterns identical with
these probes.

The toxin genes ctx, exoS, exoT, and exoU were notable
exceptions to this pattern. Only proportions of the strains pos-
sessed these toxin genes (exoT > exoS > exoU > ctx). However,
presence of the individual genes correlated, with few excep-
tions, with particular phylogenetic lineages (Fig. 2). Interest-
ingly, exoU and ctx have a G+C content of 54 and 58%, re-
spectively (GenBank accession numbers X14956 and U97065).
This as opposed to the coding regions of lasA, lasB, aprA, exoS,
and exoT, which all reflect the overall 66.6% G+C content of
the P. aeruginosa genome (58). The genome of strain PAO1
includes 10 regions of 3.0 kb or greater that exhibit significantly
lower G+C content (49.2 to 58.5%) and unusual codon usage,
possibly indicative of recent horizontal transfer (58). However,
neither ctx nor exoU is present in strain PAO1. The aberrant
G+C% content of ctx is in accordance with the previous dem-
onstration of the gene as part of a prophage in a Japanese
isolate of P. aeruginosa (20, 40). Interestingly, among the 145
isolates examined by us, ctx was present only in 6 Danish
isolates from urine, feces, wounds, and blood.

The significantly different G+C content of the exoU gene
and its presence in only part of the population, likewise, sug-
gest acquisition by horizontal transfer from an external source.
This may also apply to exoS and exoT, although their G+C
content does not differ from that of the genome in general.
While there are no known homologues of exoU, available ge-
netic data indicate that the exoS and exoT loci are phylogeneti-
cally related to the virulence determinant yopE of Yersinia
enterocolitica (67). The observed extensive genetic polymor-
phism of exoU suggests that this gene is exempt from the strict
control for conservation that applies to other parts of the
P. aeruginosa genome.

Several studies have elucidated the significance of specific
proteases and exoenzymes in the pathogenesis of experimental
Pseudomonas infections by using deletion mutants. However,
there is limited information about the presence and relative
activity of these putative virulence factors in clinical isolates
from different diseases.

The main focus of this study was on isolates from eye infec-
tions. Previous experimental studies with keratitis models have
demonstrated that the P. aeruginosa proteases, which are
found in all strains, play an important role in pathogenesis.
Thus, staphylolysin production increases virulence in animal
models of keratitis (9, 47), and both elastase and alkaline
protease are known to induce extensive necrosis in corneal
tissues in a dose-dependent manner (24, 30, 59, 60). In addi-
tion, elastase activates corneal matrix metalloproteinases, re-
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sulting in further destruction of the cornea (36, 59), and all
three proteases may interfere with the protective functions of
both humoral and cellular components of the immune system
(56). The 61 keratitis isolates included in this study were dis-
tributed across the entire MLEE dendrogram and showed no
uniform pattern of putative virulence determinants, apart from
the production of these three proteases (Table 4). This may
indicate that there is no uniform pathogenesis of P. aeruginosa
keratitis. It is conceivable that given the right conditions, such
as a corneal scratch combined with wear of a soft contact lens,
any strain with protease activity may cause keratitis. Con-
versely, strains with particular properties may cause keratitis in
a previously undamaged eye. We believe that the 14 keratitis
strains in the ET 69 to 73 cluster represent such strains with
enhanced pathogenic potential. These strains were of a wide
geographic origin and exhibited a cytotoxic genotype with both
exoU and exoT, in addition to a high elastase activity at 66 kDa.
This hypothesis is supported by previous identification of
ExoU as an important factor in the pathogenesis of experimen-
tal keratitis, possibly due to its ability to induce apoptosis of
epithelial cells and macrophages (10, 13, 14). The pathogenic
role of ExoU is further supported by our finding that six iso-
lates from the superficial inflammatory eye condition CLARE
and CLSCaw lacked the exoU gene (Table 4).

Neither was there any uniform pattern of characteristics of
isolates from other types of infection (Table 4). One notable
exception was the 10 isolates from urinary tract infections,
which all had the exoS gene but lacked exoU. In the whole
collection, these two genes were, with the exception of three
keratitis isolates, mutually exclusive in accordance with previ-
ous observations (10, 13). Increased ExoS activity in urinary
tract isolates was recently demonstrated (52) which, combined
with our findings, indicates that this exoenzyme may be impor-
tant in the pathogenesis of urinary tract infections caused by P.
aeruginosa. Exoenzyme U production was recently shown to be
associated with increased virulence in a murine model of acute
pneumonia and systemic spread in accordance with the hy-
pothesis that cytotoxicity plays a role in dissemination of P.
aeruginosa (1). However, only 6 of 20 (30%) of our blood and
lung isolates possessed the exoU gene (Table 4), suggesting
that it is not a crucial factor. This conclusion is in agreement
with the low prevalence of exoU found among Japanese P.
aeruginosa isolates from blood and lungs (13 and 9%, respec-
tively) (23).

Expression of virulence factors in P. aeruginosa is under
comprehensive regulation (58), and expression in vitro does
not necessarily reflect expression during infectious processes.
Nevertheless, previous studies have demonstrated correlation
between relative protease activities in vitro and certain disease
associations of clinical isolates. In the present study, the activ-
ity of elastase and alkaline protease was determined by a semi-
quantitative method measuring the specific activity of the two
individual proteinases. The activity of the two proteinases was
positively correlated in agreement with the fact that both are
regulated by the transcriptional activators lasR-lasI and rhIR-
rhil by a quorum-sensing mechanism (39). Dividing the activity
into low- and high-activity groups revealed that all strains from
the environment and feces and the major part of keratitis and
wound isolates exhibited high protease activity in contrast to
isolates from urine, ears, blood, lungs, and CLSCkp. A previ-
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ous study of P. aeruginosa strains indicated that elastase pro-
duction is highest in isolates from acute lung infections; inter-
mediate in isolates from burns, wounds, and urine; and lowest
in isolates from CF sputum and blood (65), thus differing
mainly from the present findings for lung isolates. Elastase
production by environmental strains has been reported to be
similar to that of clinical strains (42). However, the detection
of elastase activity in those studies was performed by an elas-
tin-Congo red assay, which, in addition to elastase, detects
activity of both staphylolysin and alkaline protease (64).

Variation was also noted in this study in the staphylolysin
activity of the isolates. A total of 12% of the 145 isolates lacked
detectable activity (Table 4). Most notable, all 10 feces isolates
showed high activity, while 7 of 10 ear isolates lacked activity.
The significance of this is not clear, but the environment in the
gut appears to select for P. aeruginosa strains with generally
high protease activity (Table 4).

The molecular mass of mature elastase is 33 kDa. However,
for as-yet-unexplained reasons, enzyme activity appears to cor-
respond to a considerably higher molecular size in SDS-PAGE
gelatin under nonreducing conditions, the exact position de-
pending on the concentration of gelatin and polyacrylamide in
the gels (8, 25, 60). By comparison of wild-type strain PAOL1
with its elastase-deficient mutant we concluded that the 97-
kDa band observed in strain PAO1 and 94 other strains rep-
resented elastase (Fig. 5). However, in the remaining 46 strains
the activity corresponded to a molecular mass of 66 kDa. The
enzyme activity at both these locations disappeared under re-
ducing condition in contrast to the activity of alkaline protease
(Fig. 5). Based on the following evidence, we conclude that the
gelatinase activities observed at 97 and 66 kDa represent two
different allelic versions of elastase. The two forms were mu-
tually exclusive in the collection of 145 strains and both were
recognized by an antiserum specific to elastase. The activity of
both forms was lost under reducing conditions, and both were
inhibited by EDTA but not by traditional inhibitors of serine
proteases (Fig. 5), excluding that the 66-kDa form represents
the recently described protease IV (7, 43).

The molecular nature of the two different sizes of elastase,
which have not been previously described, is yet unknown.
Elastase is known to have two intrachain disulfide bridges
linking Cys30 with Cys57 and Cys 270 with Cys297 in the
301-residue mature protein (http:/ncbi.nlm.nih.gov/entrez
/quiry . fcgi?cmd = Retrieve&db = Protein&list_uids=119263&
dopt=GenPept), which are necessary for processing and activ-
ity of the secreted protease (3). The two mobility variants of
elastase observed in nonreducing gels with gelatin is likely to
reflect different conformations of the mature protein resulting
from differences in the lasB gene sequence. An alternative
explanation is the formation of sequence-dependent nonco-
valently linked oligomers (dimers or trimers).

In conclusion, this study revealed an epidemic population
structure of P. aeruginosa in which frequent recombination is
combined with occasional epidemic spread of emerging suc-
cessful clones. Examples of epidemic clones were demon-
strated among isolates from cases of keratitis. Such clones were
characterized by high activity of a hitherto-unrecognized 66-
kDa version of elastase, high alkaline protease activity, and
possession of the exoU gene encoding a cytotoxic exoenzyme.
The results furthermore suggest that strains with other prop-
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erties may cause keratitis in the presence of predisposing con-
ditions.
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