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The Pseudomonas aeruginosa quorum-sensing systems, las and rhi, control the production of numerous
virulence factors. In this study, we have used the burned-mouse model to examine the contribution of
quorum-sensing systems to the pathogenesis of P. aeruginosa infections in burn wounds. Different quorum-
sensing mutants of P. aeruginosa PAO1 that were defective in the lasR, lasl, or rhll gene or both the lasI and
rhil genes were utilized. The following parameters of the P. aeruginosa infection were examined: (i) lethality to
the burned mouse, (ii) dissemination of the P. aeruginosa strain within the body of the infected mouse (by
determining the numbers of CFU of P. aeruginosa within the liver and spleen), and (iii) spread of the P.
aeruginosa strain within the burned skin (by determining the numbers of CFU of P. aeruginosa at the
inoculation site and at a site about 15 mm from the inoculation site [distant site]). In comparison with that
of PAO1, the in vivo virulence of lasl, lasR, and rhll mutants was significantly reduced. However, the most
significant reduction in in vivo virulence was seen with the lasl rhll mutant. The numbers of CFU that were
recovered from the livers, spleens, and skin of mice infected with different mutants were significantly lower
than those of PAOL1. At 8 and 16 h post burn infection, comparable numbers of CFU of PAO1 and lasI and rhll
mutants were obtained from both the inoculation and distant sites of the burned skin of infected mice. In
contrast, CFU of the lasR mutant and the lasI rhil double mutant were recovered only from the inoculation site
of infected mice at 8 and 16 h post burn infection. The ability of a plasmid carrying either the lasI or rhil gene
or the lasl and rhil genes to complement the defect of the lasl rhll double mutant was also examined. The
presence of any of these plasmids within the lasI rhil double mutant significantly enhanced its in vivo virulence,
as well as its ability to spread within the burned skin. These results suggest that the quorum-sensing systems
play an important role in the horizontal spread of P. aeruginosa within burned skin and in the dissemination
of P. aeruginosa within the bodies of burned-and-infected mice and contributed to the overall virulence of P.

aeruginosa in this animal model.

Pseudomonas aeruginosa is an opportunistic gram-negative
bacillus that rarely causes infections in healthy individuals but
can cause serious infections in immunocompromised hosts (4).
These immunocompromised hosts include cystic fibrosis pa-
tients (7), cancer patients (2), patients with human immuno-
deficiency virus infections (9), and patients with severe burn
wounds (15). One of the most serious complications of burn
injury is bacterial infection (such as P. aeruginosa infection) of
the burn wound (15). The ability of P. aeruginosa to survive
under different environmental conditions, combined with its
inherent resistance to several antibiotics, allows it to colonize
and proliferate within the burned tissues. This localized pro-
liferation may lead to systemic sepsis, which is often associated
with a high degree of mortality (21). The pathogenesis of P.
aeruginosa infection is attributed to the production of both
cell-associated and extracellular virulence factors. The cell-
associated factors include the flagellum (19), the adhesion fac-
tors (e.g., pili and other possible adhesins [38]), and alginate
(14, 20). The extracellular virulence factors include exotoxin A,
exoenzyme S, elastases (LasA and LasB), alkaline protease,
and phospholipase C (3, 14, 17, 22, 46). The virulence of P.
aeruginosa (as well as the roles of specific factors in its viru-
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lence) has been examined by using different animal models
that simulate the types of clinical infection caused by the or-
ganism (25, 41, 42, 47). However, the main problem inherent in
the animal model is the difficulty in correlating the results
obtained from the model with these clinical infections. Among
the factors that contribute to this difficulty are the large dose of
microorganisms required to produce an infection in the animal
model and the severe traumatization of the animals. The non-
lethally burned mouse model, which was developed by Stieritz
and Holder (41), has been used successfully to examine the
pathogenesis of P. aeruginosa infection of burn wounds. P.
aeruginosa infection produced in the burned-mouse model re-
sembles human wound sepsis to a great extent (41). By using
the burned-mouse model, several previous studies have dem-
onstrated the important roles of different virulence factors
(such as the elastases, exotoxin A, and exoenzyme S) in the
pathogenesis of P. aeruginosa infection of the burn wound (22,
27, 36).

In addition to the individual factors mentioned, the viru-
lence of P. aeruginosa may also be affected by the newly de-
scribed quorum-sensing systems which control the production
of several virulence factors (44). The typical quorum-sensing
system, which appears to function in response to cell density, is
composed of a transcriptional activator protein and a small
diffusible molecule (autoinducer) (11, 37). In P. aeruginosa,
two complete quorum-sensing systems (las and rhl) have been
described. The las quorum-sensing system is composed of the



VoL. 67, 1999

VIRULENCE OF QUORUM-SENSING MUTANTS 5855

TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Relevant genotype or phenotype® Reference

Pseudomonas aeruginosa

PAO1 Wild-type, prototrophic strain; clinical isolate 16

PAO-R1 PAO1 AlasR Tc" 12

PDO100 PAO1 Arhil::Tn501 Hg' 5

JP1 PAO1 Alasl Tc" 30

JP2 PDO100 AlasI Hg" Tc* 30
Escherichia coli DH5a supE44 thi-1 recAl gyrA Nal" 1
Plasmids

pSW200 pUCIS cloning vector carrying 1.8-kb PstI fragment that allows plasmid ColE1 to 12

replicate stably in P. aeruginosa

pLASI-2 Cb"; pSW200 carrying 989-bp fragment which contains lacP-lasl 26

pJPP42 pLASI-2 carrying 1.5-kb fragment which contains lacP-rhil 30

pJPP45 pSW200 carrying 1.5-kb fragment which contains lacP-rhll 30

“ Abbreviations: Tc", tetracycline resistance; Hg", mercuric chloride resistance; Nal", nalidixic acid resistance; Cb”, carbenicillin resistance.

transcriptional activator LasR (which is encoded by lasR) and
the diffusible extracellular signal N-(3-oxododecanoyl)homo-
serine lactone (12, 28). This signal (which is also called Pseudo-
monas autoinducer 1 [PAIl]) is synthesized by the P. aerugi-
nosa autoinducer synthase LasI (which is encoded by the las/
gene) (28). At a certain cell density, P. aeruginosa produces
sufficient levels of PAI1, which complexes with and activates
LasR (26). Activated LasR then enhances the transcription of
several virulence genes, including lasA, lasB, toxA, arpA, lasl,
and rhlR (13, 26, 32, 43). Similar to the las system, the rhl
system is composed of the transcriptional activator RhIR
(which is encoded by rhlR) and the diffusible molecule N-
butyryl-L-homoserine lactone (PAI2) (23, 24, 29). PAI2 is syn-
thesized by the P. aeruginosa autoinducer synthase RhlI (which
is encoded by the rAll gene) (23, 24). RhIR is activated by
binding to PAI2 (RhIR-PAI2) (29). Activated RhIR then en-
hances the transcription of the lasB, rpoS, rhlA, and rhil genes
(5, 18, 30).

By using the burned-mouse model, we have recently exam-
ined the role of lasR in the pathogenesis of P. aeruginosa
infections of burn wounds (34). This was done by using a
specific lasR deletion mutant of PAO1, PAO-R1 (34). In com-
parison with PAO1, PAO-R1 showed a significant reduction in
in vivo virulence, systemic spread within the bodies of infected
mice, and spread within burned skin (34). Based on these
results, and since lasR is a major regulator of lasB and lasA, we
suggested that the observed defects in the virulence of
PAO-R1 were due to the loss of the elastolytic activity pro-
duced by LasA or LasB (34). However, further analysis (using
specific PAO1 deletion mutants defective in lasA, lasB, or lasA
and lasB) did not support this hypothesis. The decrease in
virulence seen with PAO-R1 in the burned mouse was not
detected in any of these specific mutants (35). Since LasR plays
an important role in the function of the las and ril quorum-
sensing systems, we speculated that the defect in PAO-R1 is
due to inactivation of the quorum-sensing systems. In this
study, we have examined the contribution of quorum sensing to
the pathogenesis of P. aeruginosa infections in burn wounds.
This was done by using specific PAO1 mutants that are defec-
tive in the production of certain components of the quorum-
sensing systems. Our results showed that the virulence of
PAO1 mutants defective in either lasl, lasR, or rhll is reduced.
However, the most significant reduction was detected with the
mutant that is defective in both lasl and rhll.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacterial strains and
plasmids used in this study are listed in Table 1. Escherichia coli and P. aeruginosa
strains were routinely grown in Luria-Bertani (LB) medium (1). Antibiotics
(Sigma, St. Louis, Mo.) were used at the following concentrations: for E. coli,
carbenicillin at 100 wg/ml and nalidixic acid at 20 pg/ml; for P. aeruginosa,
carbenicillin at 300 pg/ml, rifampin at 80 pg/ml, streptomycin at 100 pwg/ml, and
tetracycline at 50 pg/ml. Mercuric chloride (Sigma) was used at 15 pg/ml in solid
medium and at 7.5 pg/ml in LB medium.

Burned-mouse model. The virulence of different P. aeruginosa mutants was
examined by using the modified burned-mouse model of Stieritz and Holder (34,
41). In this modified model, the type of induced burn is a scald and not a flame
burn. The experiments were conducted with adult female ND4 Swiss Webster
mice weighing 20 to 24 g. The mice were anesthetized by intraperitoneal injection
of 0.4 ml of Nembutal at 5 mg/ml (5% sodium pentobarbital; Abbott Laborato-
ries, North Chicago, Ill.), and their backs were shaved. The mice were securely
placed into a template with an opening (4.5 by 1.8 cm) exposing their shaved
backs. About 15% of the total surface area of the mouse was exposed through the
opening on the template. The thermal injury was induced by placing the exposed
area of the shaved skin in 90°C water for 10 s. Such an injury is nonlethal but
causes a third-degree (full-thickness) burn. Fluid replacement therapy consisting
of a subcutaneous injection of 0.8 ml of 0.9% NaCl solution was administered
immediately following the burn. Mice were challenged by the subcutaneous
inoculation of 100 wl of the bacterial inoculum (see below) directly under the
burn. Control mice were subcutaneously injected with 100 wl of sterile phos-
phate-buffered saline (PBS) directly under the burn. During recovery, the mice
were kept under warming lights and observation. Mortality among infected mice
was recorded at 48 h post burn infection. In some cases, infected mice were
monitored for death until 4 to 5 days post burn infection. Animals were treated
humanely and in accordance with the protocol approved by the Animal Care and
Use Committee at Texas Tech University Health Sciences Center in Lubbock,
Tex.

Preparation of the P. aeruginosa inoculum. Aliquots (50 wl) of overnight
cultures of PAO1 and different P. aeruginosa mutants were subcultured in fresh
LB broth with antibiotics. The cultures were grown at 37°C for 4 h to an optical
density at 540 nm of approximately 0.9 (some cultures were adjusted to an optical
density at 540 nm of 0.9 by the addition of sterile PBS). A 100-pl aliquot of each
culture was then pelleted, washed in PBS, and serially diluted (10-fold serial
dilutions) in PBS. A 100-pl aliquot of the 10> dilution was injected into each
animal. As we have previously determined (34), this dilution contains approxi-
mately 2 X 10% to 3 X 10> CFU of P. aeruginosa. We have also shown previously
that this dose of PAO1 produces 94 to 100% lethality in ND4 Swiss Webster mice
by 48 h post burn infection (34). The number of preinjection CFU of each strain
was determined by plating serial dilutions of the inoculum on LB agar plates.

Quantitation of bacteria within the skin, livers, and spleens of infected mice
at 24 h post burn infection. At 24 h post burn infection, the mice were euthanized
by intracardial injection of 0.2 ml of Sleepaway (sodium pentobarbital-7.8%
isopropyl alcohol euthanasia solution; Fort Dodge Laboratories, Inc., Fort
Dodge, Iowa). Skin sections of approximately 5 by 5 mm were obtained from the
burned skin of both the control and challenged mice. Similarly, the heart, liver
and spleen of each animal were obtained. Individual skin sections and organs
were weighed, suspended in 2 ml of PBS, and homogenized (Wheaton overhead
stirrer; Wheaton Instruments, Millville, N.J.). A 100-pl aliquot of each homog-
enate was plated on LB agar plates to determine the number of post burn
infection CFU. The number of CFU from each organ was calculated per gram of
tissue.
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Spread of P. aeruginosa strains within the skin of infected mice. Groups of
mice (four or five mice per group) were burned and infected with different P.
aeruginosa strains as described above. At a specific time period post burn infec-
tion, the mice were euthanized and specific skin sections (approximately 5 by 5
mm) were obtained from the burned skin of each animal. One section was
obtained from the inoculation site of the burned skin. The other section was
obtained from a site about 15 mm distant from the inoculation site (distant-site
section). In addition to determining the spread of P. aeruginosa within the burned
skin (horizontal spread), we tried to determine the spread of P. aeruginosa from
the infected skin to the underlying tissue (vertical spread). Sections of the
connective tissue underneath the skin at the inoculation site were obtained. The
skin and connective tissue sections were suspended in PBS, homogenized, and
plated on LB agar plates as described above.

Transfer of pl ids into P. aerug mutant JP2. Plasmid DNA was iso-
lated from E. coli by the alkaline lysis procedure (1). The plasmids were then
introduced into JP2 by electroporation as previously described (39).

In vitro and in vivo stability of plasmids in JP2. In vitro stability was examined
by the repeated subculturing (five or six times) of JP2 containing different
plasmids in antibiotic-free LB broth. Individual colonies from the last subculture
were inoculated onto LB agar plates and LB agar plates containing carbenicillin.
The stability of different plasmids in JP2 was determined in vivo (within the
infected mice) by inoculating the individual colonies from the spleens, livers, and
skin of infected mice onto LB agar plates and LB agar plates containing carben-
icillin.

Statistical analysis. The Wilcoxon signed rank test for significance (Statworks;
Cricket Software, Inc., Malvern, Pa.) (40) was done to determine significant
differences between the numbers of CFU obtained from the livers and spleens of
groups of mice infected with PAO1 and the different quorum-sensing mutant
strains. To determine the significance between groups in the mortality experi-
ments, the one-way analysis of variance with the Tukey-Kramer multiple-com-
parisons test (40) was performed by using GraphPad InStat version 3.00 for
Windows 95 (GraphPad Software, San Diego, Calif.).

RESULTS

The role of the quorum-sensing systems in the pathogenesis
of P. aeruginosa infection of burn wounds was examined by
using several P. aeruginosa mutants that are defective in certain
aspects of the quorum-sensing systems (Table 1). These mu-
tants were defective in the lasR (PAO-R1), lasI (JP1), rhll
(PDO100), or lasI and rhil (JP2) genes (5, 12, 30). All mutants
were generated from P. aeruginosa PAO1, which is a virulent
strain originally isolated from a wound infection (41). Mutants
PAO-R1 and JP1 were generated by the gene replacement
technique using tetracycline resistance (Tc") cassettes (12, 30).
PAO1 mutant PDO100 was generated by transposon (Tn501)
mutagenesis (5). JP2 was generated by both gene replacement
(Tc* cassette) and transposon (Tn501) mutagenesis (5, 30). We
have excluded the possibility that mutations in the quorum-
sensing genes affect the general growth characteristic of PAOI.
Strain PAO1 and the different quorum-sensing mutants were
grown individually in antibiotic-free LB broth, and their
growth was monitored throughout the growth cycle (about 20
to 22 h). No major differences between the growth rate of
PAOL1 and that of any of the quorum-sensing mutants were
detected (data not shown). We have also excluded the possi-
bility that the elastase-deficient phenotype of PAO-R1, JP1,
JP2, and PDO100 was altered upon the growth of these mu-
tants in antibiotic-free medium. The strains were extensively
subcultured in LB broth and plated on LB agar plates for
isolated colonies. Two hundred isolated colonies of each mu-
tant were inoculated onto LB agar plates, selective antibiotic
plates (tetracycline or mercuric chloride plates), and elastin
plates. All isolated colonies were antibiotic resistant and elas-
tase deficient (data not shown).

In vivo virulence of quorum-sensing mutants. Groups of
mice (four to seven per group) were burned and inoculated
with approximately 2 X 10? CFU of each of the tested strains
as described in Materials and Methods. Three separate exper-
iments were conducted with each strain. The mortality of the
mice was recorded at 48 h post burn infection. As shown in

INFECT. IMMUN.

TABLE 2. Mortality of burned mice infected with P. aeruginosa
PAO1 and quorum-sensing mutant strains

No. of mice dead/total (% mortality)*

Strain Avg %
Expt 1 Expt 2 Expt 3 mortality”
PAOI 7/7(100)  5/6(833)  6/6(100) 943
PAO-R1 25 (40)  1/4(25) 1/5 (20) 283
PDO100 25(40)  3/5(60) 2/5 (40) 467
JP1 35(60)  2/5(40) 2/5 (40) 46.7
JP2pSW200° 05 (0) 15(20)  0/5(0) 6.7

“ A total of 2 X 102 to 3 X 10? CFU of each strain was injected subcutaneously
at the burn site immediately after burning. The mice were burned and then
inoculated with each strain as described in Materials and Methods. The mortality
among mice infected with each strain was determined at 48 h post burn infection
as previously described (34). Three separate experiments were conducted with
each strain.

> The average percent mortality of three independent experiments is shown.

¢ Plasmid pSW200 is a cloning vector (Table 1). Strain JP2/pSW200 was used
as a negative control for other complementation studies (see Table 3). The
presence of pSW200 in JP2 had no effect on its in vivo virulence.

Table 2, the percent mortality of mice infected with PAO-R1
was significantly (P < 0.001) lower than that of those infected
with PAOI1. These results are similar to our previously re-
ported results (34). In addition, the percent mortality among
mice infected with PDO100 or JP1 was 46.7%, which is also
significantly (P < 0.01) lower than the mortality of mice in-
fected with PAO1 (Table 2). However, the most significant
reduction in percent mortality was seen in mice infected with
JP2 (only 6.7%; P < 0.001) (Table 2). The observed reduction
in the percent mortality of mice infected with different quo-
rum-sensing mutants correlates with the increase in the sur-
vival time of burned-and-infected mice. The percent mortali-
ties in Table 2 were recorded at 48 h post burn infection.
However, there was no increase in these percent mortalities,
even at 3 or 4 days postinfection (data not shown). These
results suggest that in the burn infection model, the in vivo
virulence of P. aeruginosa is significantly reduced upon the loss
of any one of three quorum-sensing system components (lasl,
rhil, or lasR). However, the reduction is most prominent when
both quorum-sensing system components lasI and rhll are de-
fective (Table 2).

Systemic spread of quorum-sensing mutants within burned-
and-infected mice. Quorum-sensing system mutations may af-
fect the dissemination (the systemic spread) of P. aeruginosa
within the bodies of burned mice. The systemic spread of
PAOI1 and the quorum-sensing mutants was examined by de-
termining the numbers of CFU of these different strains within
the livers and spleens of burned-and-infected mice. The livers
and spleens of infected mice were harvested at 24 h post burn
infection and homogenized. The homogenates were plated on
LB agar plates to determine the number of CFU of each strain.
As shown in Fig. 1A, at 24 h post burn infection, the numbers
of microorganisms of the different quorum-sensing mutants
(CFU per gram of tissue) that were recovered from the livers
of infected mice were significantly (P < 0.01) lower than that
of PAO1. Comparison of the quorum-sensing mutants with
each other revealed that the numbers of microorganisms re-
covered from the livers of mice infected with JP2 were signif-
icantly (P < 0.01) lower than the number of microorganisms
recovered from livers of mice infected with either JP1,
PDO100, or PAO-R1 (Fig. 1B). Similar results were obtained
from the spleens of infected mice (data not shown). Previous in
vitro analysis has shown that the phenotypes of these mutants
are stable (30). We have also confirmed the stability of these
phenotypes in vivo. About 200 colonies of PAO-R1, PDO100,
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FIG. 1. Numbers of CFU of PAO1 and different quorum-sensing mutants obtained from the livers of burned-and-infected mice. Groups of mice were burned and
then infected with each strain, and the numbers of CFU within the livers were determined as described in Materials and Methods. (A) Comparison of the numbers
of CFU from the livers of PAO1-, PAO-R1-, PDO100-, JP1-, and JP2-infected mice. (B) Comparison of the numbers of CFU obtained from the livers of mice infected
with quorum-sensing mutants (PAO-R1, PDO100, JP1, and JP2). Values represent the averages of three independent experiments =+ the standard error of the mean

(shaded areas). Symbols: *, P < 0.05; #*, P < 0.01; ##x, P < 0.001.

JP1, and JP2 that were obtained from the livers, spleens, and
skin of infected mice were examined for antibiotic resistance
and elastase production by using elastin plates. All tested col-
onies were carbenicillin resistant and elastase deficient (data
not shown). These results suggest that a mutation in either one
of the quorum-sensing systems interferes with the systemic
spread of P. aeruginosa within the bodies of burned-and-in-
fected mice.

Horizontal spread of quorum-sensing mutants within
burned skin. We have tried to determine if the defect in the in
vivo virulence and the systemic spread of the different quorum-
sensing mutants within the bodies of burned mice is due in part
to the inability of these mutants to efficiently spread within
burned skin. At 8 and 24 h post burn infection, mice were
euthanized and two sections (about 5 by 5 mm each) of burned
skin were removed from each animal. One section was ob-
tained from the inoculation site, while the other was obtained
at a site about 15 mm distant from the inoculation site (distant
site). At 8 h postinfection, comparable numbers of microor-
ganisms (CFU per gram of tissue) of PAO1, PDO100, and JP1
were obtained from both the inoculation and distant sites (Fig.
2A and B). In contrast, at 8 h postinfection, comparable num-

bers of microorganisms of PAO-R1 and JP2 were obtained
from the inoculation site only and no microorganisms were
obtained from the distant site (Fig. 2A and B). At 24 h postin-
fection, comparable numbers of all of the quorum-sensing mu-
tant strains were obtained from both the inoculation and dis-
tant sites (Fig. 2A and B). These results suggest that PAO1
carrying a mutation(s) in either the lasR gene (PAO-R1) or the
lasI and rhll genes (JP2) is defective in horizontal spread
within burned skin at early stages of infection (8 h postinfec-
tion).

Although PAO-R1 and JP2 are defective in their spread
within burned skin at 8 h postinfection, they spread efficiently
by 24 h postinfection (Fig. 2A and B). Thus, we tried to de-
termine the possible time (between 8 and 24 h) at which
PAO-R1 and JP2 start to spread within burned skin. Groups of
mice were infected post burn with either PAO1, PAO-R1, or
JP2. Skin sections were obtained at §, 16, 20, and 24 h postin-
fection, respectively. As shown in Fig. 3A and B, at §, 16, 20,
and 24 h postinfection, comparable numbers of CFU were
obtained from the inoculation and distant sites of mice in-
fected with PAO1. However, at 8§ and 16 h postinfection, both
PAO-R1 and JP2 were recovered from the inoculation site
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FIG. 2. Spreading of PAO1 and different quorum-sensing mutants within burned skin at 8 and 24 h post burn infection. A total of 2 X 10? to 3 X 10?> CFU of each
strain was injected subcutaneously at the burn site immediately after burning as described in Materials and Methods. At the specified time, the mice were euthanized,
two separate skin sections were obtained, and the number of CFU in each section was determined. A section of the burned-and-infected skin (5 by 5 mm) was isolated
at the site of inoculation and homogenized, and the number of CFU was determined. A similar section (5 by 5 mm) was obtained from the burned-and-infected skin
at a distance of 15 mm from the inoculation site (distant site). (A) Number of CFU at the inoculation site. (B) Number of CFU at the distant site. Each value represents
the average of three independent experiments * the standard error of the mean.

only (Fig. 3B). These results suggest that PAO-R1 and JP2
would not overcome the defect in spreading within the burned
skin until after 20 h postinfection. None of the mutants ap-
peared to be defective in spreading from burned skin to the
tissues immediately underlying it (vertical spread). Besides the

two skin sections described above, we have obtained sections of
the connective tissues underneath the skin at the inoculation
site only. The numbers of CFU of PAOL1 and all tested mutants
per gram of these connective tissue sections were comparable
(data not shown).
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FIG. 3. Spreading of PAO1, PAO-R1, and JP2 within burned skin at 8, 16, 20, and 24 h post burn infection. At the specified time, the mice were euthanized and
the numbers of CFU within the inoculation site and the distant site of the burned skin were determined as described in the legend to Fig. 2. (A) Numbers of CFU of
PAO1, PAO-RI, and JP2 at the inoculation site. (B) Numbers of CFU of PAO1, PAO-R1, and JP2 at the distant site. Each value represents the average of three

independent experiments * the standard error of the mean.

Complementation of the defect of JP2 with plasmids that
carry the lasI and rhil genes. The above-described results
showed that the loss of either the lasR gene or both the lasI and
rhil genes contributed to the significantly reduced in vivo vir-
ulence, systemic spread, and local spread of PAO1 within
burned skin. Thus, to confirm this possibility, we conducted
several complementation experiments. Plasmids that carry lasl,
rhil, or both lasI and rhll (pLASI-2, pJPP45, and pJPP42,

respectively) were introduced into JP2. The ability of these
plasmids to complement the defect of JP2 in elastase and
rhamnolipid production was previously confirmed (30). A JP2
strain carrying each of the three plasmids was compared with
PAOL1 for in vivo virulence, systemic spread, and local spread
within the skin of burned mice. JP2 carrying cloning vector
pSW200 was used as a negative control. Prior to these in vivo
experiments, the segregation of the plasmids from JP2 was
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TABLE 3. Effects of plasmids that carry the las/ or rhll gene or
both the lasl and rhll genes on the virulence of P. aeruginosa JP2

No. of mice dead/total (% mortality)*

Strain Avg %
Expt 1 Expt 2 Expt 3 mortality”
PAOI 777(100)  5/6(83.3)  6/6(100) 943
JP2/pSW200°  0/5 (0) 15200 0/5(0) 6.7
JP2PLASIZ  4/5(80)  3/5(60)  4/5(80) 733
JP2pIPPAST  2/5(40)  3/5(60)  2/5(40) 467
JP2pJPP42  4/5(80)  5/5(100)  5/5(100) 933

“ A total of 2 X 102 to 3 X 10? CFU of each strain was injected subcutaneously
at the burn site immediately after burning. The mice were burned and then
inoculated with each strain as described in Materials and Methods. The mortality
among mice infected with each strain was determined at 48 h post burn infection
as previously described (34). Three separate experiments were conducted with
each strain.

> The average percent mortality of three independent experiments is shown.

¢ Plasmid pSW200 is a cloning vector (negative control), plasmid pLASI-2
carries a DNA fragment containing the intact lasI gene, plasmid pJPP45 carries
a DNA fragment containing the intact rAll gene, and plasmid pJPP42 carries a
DNA fragment containing the intact las/ and rhll genes.

determined). As shown in Table 3, the presence of a plasmid
carrying either lasl or rhll in JP2 increased its in vivo virulence.
In comparison with that of the control strain (JP2/pSW200),
the percent mortality of JP2/pLASI-2 was increased by 11-fold
while that of JP2/pJPP45 was increased by 7-fold (Table 3).
However, the most significant enhancement (P < 0.001) oc-
curred when both genes were complemented (JP2/pJPP42).
The percent mortality of JP2/pJPP42 was 14-fold higher than
that of JP2/pSW200 (Table 3). Similarly, the presence of lasl,
rhil, or both significantly enhanced the systemic spread of JP2
within the burned mice. The numbers of microorganisms of
JP2/pLASI-2, JP2/pJPP45, and JP2/pJPP42 obtained from the
livers and spleens of infected mice were significantly higher
(P < 0.01) than those of JP2/pSW200 (data not shown). Fi-
nally, the defect of JP2 in horizontal spreading within burned
skin was complemented by lasl, rhll, or both (Table 4). In
contrast to mice infected with JP2/pSW200 (where the micro-
organisms were obtained from the inoculation site only), com-

TABLE 4. Effects of the lasl or rhll gene or both the lasI and rhll
genes on the spread of P. aeruginosa quorum-sensing mutant JP2
within burned skin at 8 h post burn infection

Mean no. of CFU” (= SEM) recovered from:

Strain
Inoculation site” Distant site”
PAO1 1.8 X 10° = 7.0 X 10° 3.0 X 10° = 7.6 X 10*
PAO-R1 1.0 X 10° = 2.8 X 10° 0.0
JP2/pSW200° 53X 10° + 7.2 x 10* 0.0
JP2/pLASI-2¢ 8.3 X 10° = 2.8 x 10* 4.6 X 10* + 1.4 x 10°
JP2/pJPP45¢ 3.4 x10° + 8.5 x 10* 5.4 % 10° + 2.4 X 10°
JP2/pJPP42¢ 9.2 X 10° + 8.2 x 10* 32 x10° =52 % 10*

@ A total of 2 X 10% to 3 X 10 CFU of each strain was injected subcutaneously
at the burn site immediately after burning. The mice were burned and then
inoculated with each strain as described in Materials and Methods. At 8 h post
burn infection, the mice were euthanized and two separate skin sections were
obtained. The number of CFU in each section was determined as described in
Materials and Methods.

b A section (5 by 5 mm) of burned-and-infected skin at the site of inoculation
was isolated and homogenized, and the number of CFU was determined (the
inoculation site). A similar section (5 by 5 mm) was obtained from the burned-
and-infected skin at a distance of 15 mm from the inoculation site (distant site).

¢ Plasmid pSW200 is a cloning vector (negative control), plasmid pLASI-2
carries a DNA fragment containing the intact lasl gene, plasmid pJPP45 carries
a DNA fragment containing the intact i/l gene, and plasmid pJPP42 carries a
DNA fragment containing the intact /asI and rhll genes.
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parable numbers of microorganisms were obtained from both
the inoculation and distant sites of burned skin of mice in-
fected with JP2/LASI-2, JP2/pJPP45, and JP2/pJPP42 (Table
4). Individual colonies of JP2/pLASI-2, JP2/pJPP45, and JP2/
pJPP42 that were obtained from livers, spleens, and skin of
infected mice were tested and produced elastolytic activity,
which indicates that the plasmids did not segregate from JP2 in
vivo (data not shown). These results suggest that the defect in
the virulence of JP2 is due to the loss of the PAI1 and PAI2
(the synthesis of which are directed by lasl and rhll, respec-
tively). We have tried to determine if plasmids carrying the
lasR gene would complement the defect of PAO-R1 (specifi-
cally, the defect in its spreading within the skin). However,
despite several attempts (including the utilization of two dif-
ferent lasR plasmids), both plasmids segregated from PAO-R1
at a high rate under in vitro and in vivo conditions (data not
shown).

DISCUSSION

In the present study, we have examined the role of quorum
sensing in the pathogenesis of P. aeruginosa infection of burn
wounds. Our results suggest that both quorum-sensing systems
(las and rhl) contribute to the virulence of P. aeruginosa. In
comparison with P. aeruginosa parent strain PAO1, lasI (JP1),
and rall (PDO100) mutants showed a significant reduction in
virulence (Table 2). In addition, both mutants were signifi-
cantly less efficient than PAOL1 in spreading within the bodies
of burned-and-infected mice (Fig. 1A). Our results also suggest
that both quorum-sensing systems are required for the opti-
mum virulence of P. aeruginosa in the burn infection model.
Although the in vivo virulence of JP1 and PDO100 is reduced,
the most significant reduction in in vivo virulence was detected
in JP2, in which both quorum-sensing systems are inactivated
(Table 2). This defect of JP2 was partially complemented by
plasmids that carry either lasl or rhll (Tables 3 and 4) but
completely complemented by a plasmid that carries both lasl
and rhll (Tables 3 and 4). Our results provide additional evi-
dence supporting the hypothesis that the P. aeruginosa quo-
rum-sensing systems function in a hierarchy and that the lasR
gene plays an essential role in this hierarchical function (31).
As we have previously shown (34), and confirmed in this study,
the in vivo virulence of the lasR mutant (PAO-R1) is signifi-
cantly lower than that of PAO1 (Table 2). In comparison with
JP1 and PDO100, the in vivo virulence of PAO-R1 is lower
(Table 2). In addition, similar to JP2, PAO-R1 was defective in
spreading within burned skin by 8 and 16 h post burn infection
(Fig. 3). Unfortunately, we were not able to provide a definite
confirmation of these results by complementation experiments.
In the absence of antibiotic selective pressure, plasmids carry-
ing the lasR gene segregated from PAO-R1 at a high rate (data
not shown).

Among the different mutants that carry deletions in quorum-
sensing genes, the PAO-R1 mutant that carries a deletion in
the lasR gene was analyzed by several previous studies (33, 34,
42). In these studies, the effect of a lasR mutation on the
virulence of P. aeruginosa was examined by different animal
models. Using the burned mouse model, we have previously
shown that the in vivo virulence of PAO-RI and its ability to
disseminate within the bodies of burned-and-infected mice
were significantly lower that those of PAO1 (34). In addition,
PAO-R1 was not able to spread within burned skin at 8 h post
burn infection (34). In contrast to the results of the burned-
mouse studies, experiments with the murine model of corneal
keratitis indicated that /asR is not necessary for the establish-
ment or maintenance of corneal infections (33). There was no
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significant difference between the 50% infective doses of
PAOL1 and PAO-R1 (33). In addition, the numbers of micro-
organisms that were recovered from the corneas that were
infected with either PAO1 or PAO-R1 were similar (33). In the
neonatal-mouse model of P. aeruginosa pneumonia, PAO-R1
was shown to be significantly less virulent than PAO1 (42). In
comparison with PAO1, PAO-R1 produced no mortality in
infected mice (42). In both the burned-mouse model and the
neonatal-mouse model of P. aeruginosa pneumonia, PAO-R1
was able to establish an infection at the inoculation site (42;
Fig. 2). At 24 h postinfection, PAO-R1 had successfully colo-
nized the lung tissue (42). However, it did not replicate effi-
ciently within the lung tissue, produced very little damage, and
did not disseminate as well as PAO1 (42). In the burned-mouse
model, PAO-R1 failed to spread within burned skin at 8 and
16 h but not at 20 or 24 h post burn infection (Fig. 3). Thus, as
previously suggested (42), the contribution of the lasR gene to
the pathogenesis of P. aeruginosa may depend on the type of
infected tissue. The defect in the virulence of PAO-R1 (in the
burned-mouse model at least) is likely to be due to the loss of
the elastases (LasB and LasA), as well as other virulence fac-
tors that are controlled by the quorum-sensing systems. We
have recently observed that the reduction in the in vivo viru-
lence of PAO1 mutants defective in lasB, lasA, or lasA and lasB
is not as significant as that of PAO-R1 (35). Other than PAO-
R1, none of the lasB or lasA mutants was examined by the
neonatal-mouse model of P. aeruginosa pneumonia.

It is clear from the present results that mutations in the
quorum-sensing systems interfered with the ability of P. aerugi-
nosa to cause general and local damage in the burn wound
infection (Fig. 1 and 3; Table 2). One possible explanation for
these findings is that the spread of P. aeruginosa within burned
skin requires a low level of either elastase, rhamnolipid, or
other factors that are controlled by either quorum-sensing
system. These factors include pyocyanin, the stationary-phase
sigma factor RpoS, and the P. aeruginosa secretion apparatus
XCP, which are controlled by the Al system (6, 18, 31), and
exotoxin A and alkaline protease, which are controlled by the
las system (13). Based on our recent analysis of elastase-defi-
cient mutants, elastase is not likely to be the required factor. In
comparison with PAO1, a lasB lasA double mutant spread just
as efficiently within burned skin at 8 and 16 h post burn infec-
tion (35). The role of rhamnolipid (and possibly other factors)
is supported by previous analysis of JP1, PDO100, and JP2
(30). In comparison with PAO1, JP1 and PDO100 produced
reduced levels of rhamnolipid whereas JP2 produced none
(30). In addition, and similar to the present complementation
in the spread of JP2 within burned skin, rhamnolipid produc-
tion by JP2 was partially complemented by either a lasI or a rhil
plasmid and completely complemented by a plasmid that car-
ries both genes (30). Thus, it is possible that the production of
a sufficient amount of an rhl-controlled factor by JP1 and
JP2/pJPP42/(rhil ") facilitates their horizontal spread within
the skin. The spread of PDO100 and JP2/pLASI-2/(lasI ") may
be explained by the ability of lasI to provide some activation for
the rhl system, bypassing the need for rhll. Pearson et al. (30)
have previously suggested that besides its involvement in the
synthesis of the PAIl, Lasl may synthesize small amounts of
other autoinducers (such as VAI-1 [8]) that may activate the
rhl system, thus partially complementing the defect of JP2.
Similarly, rhll may activate the las system and enhance the
production of exotoxin A or alkaline protease, which might be
needed for the spread of JP2 within burned skin. The failure of
PAO-R1 to efficiently spread within burned skin is probably
due to the lack of activation of the las or rhl system (18, 31, 32).
Currently, we are conducting experiments to determine the
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spread of specific foxA4, apr, rhlA, and rpoS mutants within
burned skin.

Another possible explanation for our results is that, besides
their function in the activation of the quorum-sensing systems,
the P. aeruginosa autoinducers themselves may function as
virulence factors and facilitate the spread of JP2 within burned
skin. A recent study has suggested that PAI1 may play a direct
role in P. aeruginosa virulence by modulating the host inflam-
matory response (10). However, further experiments, including
the inoculation of either PAI1 or PAI2 (alone or in conjunc-
tion with JP2) in the burned-mouse model, is necessary to
determine if the autoinducers function as virulence factors.

The observed defect in the spreading of JP2 and PAO-R1
within burned skin is temporary (observed only until 20 h post
burn infection). By 24 h post burn infection, JP2 and PAO-R1
spread efficiently (Fig. 2 and 3). The reason for their spreading
at 24 h post burn infection is not known. It is unlikely that the
observed spreading is due to the selection for suppressor mu-
tations within PAO-R1 or JP2. Van Delden et al. (45) have
recently shown that starvation of PAO-R1 (by using casein as
the sole carbon and nitrogen source in the growth medium)
resulted in the selection of rare suppressor mutations. At late
stationary phase, the elastolytic activity produced by these sup-
pressor mutants was about 30% of that of PAO1 (45). How-
ever, when the same approach was used with JP2, no suppres-
sor mutants were obtained (45). The conditions within burned
skin are less likely to induce the selection for PAO-R1 sup-
pressor mutants (burned tissues may provide sufficient nutrient
for PAO-R1 that can be used as carbon and nitrogen sources).
In addition, we have excluded the possibility that PAO-R1 and
JP2 that were recovered from the distant site at 24 h post burn
infection represent possible suppressor mutants. Several colo-
nies of PAO-R1 and JP2 that were obtained from the distant
site were screened on elastin plates, and all were elastase
deficient, even after 72 h of incubation (data not shown).

The defect in the spreading of P. aeruginosa within burned
skin may contribute (directly or indirectly) to the observed
general defect. The simplest explanation for this contribution
is that a reduction in the horizontal spreading of P. aeruginosa
within burned skin may cause a concomitant reduction in the
numbers of the microorganisms that spread vertically (through
the connective and lymphoid tissues underneath the burned
skin). This may lead to a reduction in the number of microor-
ganisms that are disseminated within the bodies of burned
mice and an eventual reduction in in vivo virulence. Such a
scenario may be plausible with JP2 but not with PAO-R1. In
comparison with the other two quorum-sensing mutants (JP1
and PDO100), the systemic spreading, as well as the in vivo
virulence, of JP2 is significantly reduced (Table 2 and Fig. 1).
However, the systemic spreading of PAO-R1 is more efficient
than that of JP1 and PDO100 (Fig. 1B). In addition, the in vivo
virulence of PAO-R1 is not as significantly low as that of JP2
(while the percent mortality of infected mice is 28.3% with
PAO-R], it is 6.7% with JP2) (Table 2). The reasons for the
differences between PAO-R1 and JP2 are not known. Analysis
of additional quorum-sensing mutants may clarify these differ-
ences.
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