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Isolates ofPseudomonas aeruginosa from cystic fibrosis patients are unusual; they are often susceptible to the
bactericidal effect of human serum, have a rough lipopolysaccharide, and produce an exopolysaccharide that
is responsible for the characteristic mucoid phenotype. In contrast, strains from the environment and from
patients with other diseases usually have smooth lipopolysaccharide, do not produce very much mucoid
exopolysaccharide, and are phenotypically nonmucoid. The predominance of mucoid strains of P. aeruginosa
in infections of patients with cystic fibrosis has not been explained. In the lower airways, where P. aeruginosa
persists in cystic fibrosis, nutrients for bacterial growth may be limited. We investigated whether growth of P.
aeruginosa under conditions of suboptimal nutrition causes conversion to the characteristic cystic fibrosis
phenotype. Ninety-two strains of P. aeruginosa were maintained for up to 90 days in a minimal medium with
acetamide as the sole carbon source. In 56 (52%) of 107 cultures, isolates with rough lipopolysaccharide
emerged, and in 20 (19%) of 104 nonmucoid cultures, mucoid isolates were recovered. Strains with rough
lipopolysaccharide also were sensitive to the bactericidal effect of normal human serum. Under conditions of
suboptimal nutrition in vitro, isolates of P. aeruginosa emerged that produced rough lipopolysaccharide and
were mucoid, typical of many isolates from cystic fibrosis patients. This peculiar phenotype may arise as a

consequence of nutritional limitation within the cystic fibrosis respiratory tract rather than from features
unique to these strains of bacteria.

Strains of Pseudomonas aeruginosa from patients with
cystic fibrosis (CF) are an unusual class of microorganisms.
They often differ from other P. aeruginosa isolates by virtue
of their mucoid colonial phenotype, which derives from the
production of copious amounts of a mucoid polyuronic acid
exopolysaccharide (9). P. aeruginosa isolates from patients
with CF also frequently possess a rough lipopolysaccharide
(LPS) (12), which lacks the normal 0-polysaccharide side
chain that protects gram-negative bacteria from the bacteri-
cidal effect of human serum. Consequently these strains are
often serum sensitive (12, 15, 29, 34, 40) and nontypable with
the conventional antisera directed against the O polysaccha-
ride of LPS (16, 32, 37).
A number of theories have been offered to explain the

preponderance of these peculiar P. aeruginosa strains in CF
respiratory secretions. Selection of mucoid strains under the
pressure of antibiotic therapy has been suggested (11).
However, mucoid strains are often more susceptible to
antibiotics than their nonmucoid isogenic variants (11, 12).
Nosocomial transmission has also been proposed (16, 30,
45), but there is no compelling evidence that this occurs (37,
39, 41). Furthermore, some patients are colonized with
mucoid P. aeruginosa at the first presentation to a CF clinic,
before having had contact with another patient with CF
(Speert, unpublished observation). The exquisite serum sen-
sitivity of these strains, due to their rough LPS (12), is
particularly difficult to understand in view of their capacity
to survive in the presence of an inflammatory response in
respiratory secretions.

In CF, colonization and infection by P. aeruginosa occur
in the endobronchial space. This is quite different from the
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invasive type of infection caused by P. aeruginosa in other
disease states (e.g., septicemia in neutropenic hosts and
wound infections after thermal injury). In the endobronchial
space, bacteria probably are deprived of the abundant nutri-
ents available during invasive disease. The purpose of these
investigations was to determine whether nonmucoid and
smooth-LPS strains of P. aeruginosa acquire the phenotypic
characteristics of CF strains under conditions of suboptimal
nutrition.

MATERIALS AND METHODS

Strains. Ail P. aeruginosa strains were serotyped by using
the International Antigenic Typing System (Difco Laborato-
ries, Detroit, Mich.), in which the bacteria are agglutinated
by antisera directed at the O polysaccharide of LPS (37).
Strains were identified as P. aeruginosa by conventional
microbiological methods (37) and were characterized by
colonial morphology as mucoid, classic, enterobacterium-
like, rough, or dwarf (42).

P. aeruginosa strains from both clinical and environmen-
tal sources were studied (Table 1). Each strain was typed
with a single 0-polysaccharide-specific antiserum (presump-
tive evidence of the presence of smooth LPS). The 10 CF
strains, obtained from different patients cared for at the
Cystic Fibrosis Assessment Clinic, British Columbia's Chil-
dren's Hospital, were atypical for CF isolates and were
chosen for the study because they could be typed easily and
had smooth LPS. Of the 10 CF isolates, 3 were of mucoid
morphotype, 3 were dwarf, and 4 were classic. Clinical
isolates from different patients without CF were kindly
provided by John Anderson, British Columbia's Children's
Hospital, and John Smith, Vancouver General Hospital
(Table 1).
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TABLE 1. Strains of P. aeruginosa

Source No. of strains Strain identification

Clinical
CF sputum 10 C124, C132, C192, C253, C315, C395, C494, C632, C749, C1029
Surface' 9 V24, V29, V42, V81, V83, V100, V113, V116, ENV96
Blood 6 V5, V76, V106, V110, V132, V133
Urine 5 V2, V15, V22, V64, V73
Stool 3 V26, V88, V101
Wound 2 V34, V93
Cyst 1 V41
Placenta 1 V39
Throatb 2 V75, V108

Environmental
Sink or shower drain 12 ENV3, ENV23, ENV53, ENV73, ENV94, ENV95, ENV105, ENV112, ENV115, ENV118,

ENV128, ENV144
Vegetable 10 ENV1, ENV2, ENV4, ENV5, ENV6, ENV7, ENV8, ENV9, ENV10, ENV11
Air 1 ENV13
River water 30 ENV36, ENV37, ENV38, ENV39, ENV41, ENV42, ENV43, ENV46, ENV47, ENV48, ENV49,

ENV50, ENV51, ENV52, ENV53, ENV54, ENV56, ENV57, ENV58, ENV59, ENV60,
ENV61, ENV62, ENV63, ENV64, ENV65, ENV66, ENV67, ENV68, ENV69

a From cultures of uninfected skin, ears, and other superficial sites.
b From surveillance cultures of neonates and neutropenic children.

Environmental isolates of P. aeruginosa from river water
were obtained from Robert Hancock (University of British
Columbia) and were originally isolated in Japan (21). These
strains were of serotypes 1, 3, 4, 5, 6, 8, 9, 11, 15, and 16.
The isolate from the air has been described previously (37).
The other environmental isolates were obtained as follows.
Sink or shower drains were scrubbed with rayon-tipped
swabs and then placed in acetamide broth (18), composed of
20.0 g of acetamide (BDH Chemicals, Toronto, Ontario), 5.0
g ofNaCl, 1.0 g of NH4H2PO4, and 1.0 g of K2HPO4 in 1 liter
of distilled water with 10 mI of 1 M MgSO4. Pieces of
vegetables (parsley, onion, lettuce, potato, and green pep-
per) were also inoculated into acetamide broth. These cul-
tures were incubated at 37°C for 7 days and then subcultured
onto PC agar (5), a selective medium for P. aeruginosa
composed of Columbia agar with 30.0 g of phenanthroline
per liter and 30.0 g of C-390 (Norwich Eaton Pharmaceuti-
cals, Norwich, N.Y.) per liter, for 24 to 48 h.

Multilocus enzyme electrophoresis. All isolates showing a
change to rough LPS or to the mucoid phenotype were
examined for electrophoretically demonstrable allelic varia-
tion at 18 loci by methods described previously (22, 35).
Each unique profile of electromorphs (allozymes) for the 18
enzymes was recognized as a distinctive electrophoretic
type.

Cultivation in acetamide broth. The 92 strains of P. aerug-
inosa were cultured in acetamide broth for 30 to 90 days. In
all, 107 cultures were established (14 strains were cultured
twice or more). Approximately 106 CFU in 1 ml were
inoculated into 10 ml of acetamide broth and maintained
under static conditions at 37°C in 15-ml screw-cap glass
tubes. Every 30 days, the cultures were sampled carefully
from the pellicle or the air-liquid interface, taking care not to
agitate the culture, and were subcultured on Columbia agar.
Isolates with different colonial morphology were subcul-
tured, serotyped with LPS-specific antisera, and frozen.

Six strains (three clinical isolates [V75, V76, and V81] and
three environmental isolates [ENV2, ENV8, and ENV10])
were cultured again in acetamide broth and were sampled at
more frequent intervals for up to 120 days for enumeration of
viable counts. These culture tubes were vortexed vigorously

before their contents were sampled to ensure accurate
quantitation of viable bacteria.

Analysis of LPS. LPS was extracted from six of the
smooth-LPS strains of P. aeruginosa (V75, V76, V81,
ENV2, ENV8, and ENV10) and from isolates derived from
these six after prolonged cultivation in acetamide broth.
Some of the derived strains (referred to as progeny) were
agglutinated by multiple LPS-specific antisera. The LPS was
extracted and analyzed by silver-stained sodium dodecyl
sulfate-polyacrylamide gel electrophoresis by the method of
Hitchcock and Brown (14).
Serum sensitivity testing. Twenty strains of P. aeruginosa

and their progeny were tested for susceptibiity to the
bactericidal effect of serum as described previously (37).
Approximately 106 CFU of each strain were incubated in 10
or 25% human serum (pooled from five healthy adults and
diluted in Tris buffer [pH 7.4] with 0.1% gelatin). Simulta-
neous control assays were performed in Tris buffer without
added serum. Viable counts were determined by the spread-
plate technique before and 120 min after the bacteria were
inoculated into the serum.

Extraction and analysis of mucoid material. Mucoid extra-
cellular material was extracted from an isolate that con-
verted to the mucoid morphotype after in vitro cultivation of
strain ENV48 as described previously (9). Briefly, the bac-
teria were grown at 37°C for 24 h on tryptose blood agar,
without added blood. Bacteria and extracellular slime were
scraped from the agar into sterile normal saline, stirred until
uniform, and centrifuged repeatedly until a pellet was no
longer visible. The mucoid material was precipitated from
the supernatant by adding 95% ethanol at a ratio of three
parts to one. The precipitate was spooled out with a glass rod
and air dried. The uronic acid content of this material was
determined by the carbazole assay (20). It was compared
with the known standard polyuronic acid polysaccharides,
mucoid exopolysaccharide from a strain of mucoid P. aerug-
inosa (a gift from Alfred Linker, Department of Pathology,
University of Utah), and sodium alginate (Sigma Chemical
Co., St. Louis, Mo.).
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FIG. 1. Viability of three environmental (A) and three clinical (B) strains of P. aeruginosa during prolonged incubation in acetamide broth.

RESULTS

Survival of P. aeruginosa during prolonged cultivation in
acetamide broth. In all, 107 cultures of the 92 strains were
established; all strains remained viable after 30 days, 66
(61.6%) were viable at 60 days, and 23 (21.4%) were viable at
90 days. There was no evidence of contamination by other
bacterial species.
The viability of six of these strains (three CF and three

environmental) was assessed at more frequent intervals (Fig.
1). The cultures were maintained under static conditions but
were vortexed before being sampled. All six strains re-
mained viable for more than 2 weeks, and three (V76,
ENV2, and ENV10) were still viable until the cultures dried
out at 125 days. These conditions were probably less con-
ducive than static conditions to sustaining viability; there
was repeated vortexing with frequent aeration and therefore
more rapid growth of P. aeruginosa, a strict aerobe. The
bacteria may have exhausted available nutrients more rap-
idly than if they had remained static.

Phenotypic dissociation of P. aeruginosa during cultivation
in acetamide broth. Multiple colonial morphotypes were
observed in most of the cultures after incubation for 30 days
or more in acetamide broth. This colonial dissociation has
been observed previously (44), but the emergence of mucoid
colonies was unexpected. Up to four morphotypes (classic,
dwarf, enterobacter, rough, and mucoid) were observed in
each of the cultures, and 20 (19.2%) of the original 104
nonmucoid cultures gave rise to mucoid colonial variants.
Emergence of the mucoid phenotype occurred among envi-
ronmental (14 [24.6%] of 57), CF (2 [14.3%] of 14), and other

clinical (4 [12.1%] of 33) strains. Examples of morphotypic
dissociation are shown in Table 2 for two CF, five environ-
mental, and three other clinical isolates. There was consid-
erable instability among the five colonial morphotypes, with
new variants arising and then disappearing on subsequent
sampling (e.g., the mucoid morphotypes from strains
ENV105 and ENV2). Figure 2 depicts a classic type envi-
ronmental isolate from river water (ENV48) and a mucoid
variant derived by cultivation in acetamide broth for 30 days.
The mucoid strain had the characteristic slimy, glistening
appearance with coalescence of adjacent colonies. In con-
trast, the individual colonies of strain ENV48 were discrete
and had the characteristic feathered edges of the classic
morphotype.
The LPS-specific serotype changed from monotypable to

polytypable or nontypable in 56 (52.3%) of 107 cultures after
cultivation for 30 days or more in acetamide broth. This was
interpreted as preliminary evidence for conversion from
smooth to rough LPS, since the antisera react with the
O-polysaccharide moiety of smooth LPS. Polytypability was
due, presumably, to the fact that several of the antisera react
with common antigenic determinants on the exposed core
polysaccharide of rough LPS. Examples of changes in LPS
serotype during prolonged cultivation are shown in Table 2.
After 30 days or more, some strains became polytyable,
some became nontypable (C632) or autoagglutinable
(ENV23), and others demonstrated an apparent change in
serotype from one single type to another in part of the
population (ENV105 and V76). The acquisition of a new
serotype probably resulted from the loss of the O polysac-
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TABLE 2. Phenotypic conversion of several strains of P. aeruginosa during prolonged culture in acetamide broth

Parent strain Colonial morphotype (serotype) of progeny after in vitro culture for:
Strain

Source Morphology Serotype 30 days 60 days 90 days

C395 CF patient Classic 1 Classic (1) Classic (1)
Enterobacter (1)
Classic (PT)

C632 CF patient Classic 5 Mucoid (5) Mucoid (5)
Classic (NT)

ENV105 Sink drain Enterobacter 9 Mucoid (9) Dwarf (9)
Classic (9) Classic (PT)
Dwarf (3) Enterobacter (PT)

ENV115 Sink drain Enterobacter 6 Classic (6) Enterobacter (PT)
Enterobacter (PT)

ENV23 Sink drain Classic il Classic (11) Enterobacter (11) Classic (11)
Rough (11) Enterobacter (11)

Dwarf (11)
Rough (AA)

ENV10 Onion Classic il Classic (11) Classic (11)
Dwarf (11) Dwarf (PT)

Enterobacter (11)
Mucoid (PT)
Mucoid (11)

ENV2 Lettuce Classic 8 Classic (8) Classic (8) Classic (8)
Mucoid (8) Dwarf (PT) Mucoid (8)
Enterobacter (8) Dwarf (8)

Enterobacter (8)

V106 Blood Enterobacter il Classic (11) Enterobacter (11)
Dwarf (11) Mucoid (11)

V22 Urine Classic 9 Mucoid (PT) Classic (9)
Enterobacter (PT) Enterobacter (PT)
Dwarf (PT)

V76 Blood Classic 6 Classic (6) Classic (6)
Dwarf (10) Dwarf (PT)
Dwarf (PT) Dwarf (6)

a PI, Polytypable; NT, nontypable; AA, auto-agglutinating.

charide with subsequent nonspecific agglutination by an
antiserum. Emergence of nontypable or polytypable isolates
was observed at similar frequencies in the strains from CF
patients (9 [52.9%] of 17), other patients (29 [49.1%] of 57),
or the environment (19 [57.6%] of 33).
LPS analysis. Outer membranes were purified, and LPS

was analyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis to determine whether the loss of typability
was due to change in LPS from smooth to rough. LPSs from
six montypable strains (three environmental and three from
patients without CF) and their polytypable progeny are
shown in Fig. 3. In each case, the monotypable parent strain
(lanes 2, 4, 6, 10, 12, and 14) had the characteristic ladder of
the O polysaccharide, as did the standard smooth laboratory
strain (lane 8). The progeny derived after in vitro cultivation
(lanes 1, 3, 5, 9, 11, and 13) lacked the O polysaccharide, as
did the standard rough laboratory strain (lane 7). There were
also differences in the core region (shown at the bottom of
each lane), in which the parent strains had a higher-molec-
ular-weight band that was lacking in the progeny. In addition
the rough cores of the progeny migrated slightly more
rapidly than the rough cores of the corresponding parent
strains.

Serum sensitivity. Resistance to the bactericidal effect of
normal human serum is dependent upon the presence of
smooth LPS in P. aeruginosa. We therefore wished to
determine whether the loss of typability after prolonged
cultivation in acetamide broth was correlated with acquisi-
tion of serum sensitivity. All 20 monotypable parent strains
(11 from patients without CF and 9 from the environment)
were resistant to the bactericidal effect of 10% pooled
normal human serum (Table 3). Polytypable strains were
derived from each of these strains; 19 were more serum
sensitive than their parents. Some of the progeny were
resistant to 10% serum, but when tested with 25% serum all
except for the polytypable progeny of strain V110 (which
remained serum resistant) were more susceptible than their
parents to the bactericidal effect of human serum. All 13
monotypable progeny strains were serum resistant.

Analysis of genetic relatedness of parent and progeny strains
by using multilocus enzyme electrophoresis. Multilocus en-
zyme electrophoresis was performed on all strains in which
emergence of the mucoid phenotype and/or rough LPS was
observed. In all cases, the electrophoretic type of parent and
progeny pairs were identical; this indicated that they were
genetically related and that the latter were not contaminants.
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FIG. 2. A nonmucoid strain of P. aeruginosa (ENV48) isolated
from river water (A) and the mucoid progeny (B) derived from it
after 30 days of cultivation in acetamide broth. Note that the
nonmucoid colonies in panel A have the characteristic feathered
edges of the classic phenotype. The isolate in panel B has the slimy,
glistening appearance with coalescence of adjacent colonies typical
of the mucoid morphotype.

Evaluation of mucoid strains. The mucoid material from
mucoid strain A147, derived from ENV59 after cultivation
for 30 days in acetamide broth, was analyzed. This strain
was quite stable; it and nine other progeny strains remained
mucoid after 20 in vitro passages on Columbia blood agar.
The other mucoid in vitro convertants had variable stability
of the mucoid phenotype with reversion to nonmucoid after
1 to 15 in vitro passages. The mucoid material was extracted
from strain A147. It formed a flocculent white precipitate in
ethanol, as does the mucoid exopolysaccharide from mucoid
CF strains of P. aeruginosa. All three polysaccharides were
composed exclusively of uronic acids; this suggested that the
mucoid material from strain A147 was virtually the same as

the mucoid exopolysaccharide of CF strains. These data
suggested that the mucoid in vitro convertants were highly
similar to mucoid strains from patients with CF in terms of
their appearance and phenotypic stability and the chemical
nature of the mucoid material they elaborated.

DISCUSSION

These investigations were designed to determine why
peculiar mucoid, rough-LPS strains of P. aeruginosa colo-
nize the respiratory secretions of patients with CF. Data
from our studies (31) and from other laboratories (2) support
the hypothesis that this bacterial phenotype evolves within
the CF respiratory tract. These peculiar organisms appear to
be derived from initial colonizing strains that are probably
classical (i.e., nonmucoid with smooth LPS). It is critically

FIG. 3. Silver-stained sodium dodecyl sulfate-polyacrylamide
gel electrophoresis of outer membranes from 14 isolates of P.
aeruginosa. Lane 7 is from strain P1NM, a standard rough-LPS
laboratory isolate (38). Lane 8 is from strain C655M, a standard
smooth-LPS laboratory isolate. Lanes 2, 4, 6, 10, 12 and 14 are outer
membranes from monotypable parent strains V81, V76, V75,
ENV10, ENV8, and ENV2, respectively. The progeny isolates
derived from the smooth-LPS strains are in the odd-numbered lanes
(lanes 1, 3, 5, 9, 11, and 13) immediately preceding the parent strain.
Note that the isolates in the odd-numbered lanes lack the well-
developed O-polysaccharide ladder that is seen in the even-num-
bered lanes at the top half of the gel (arrow). The parent strains in
the even-numbered lanes also have a higher-molecular-weight band
in the core region, which is lacking in the progeny in the odd-
numbered lanes (arrowhead).

important to determine the origin of these strains before
establishing strategies for prevention of colonization and
infection.
The factors within the CF respiratory tract which favor the

conversion of P. aeruginosa to the mucoid phenotype have
not been determined. It has been suggested that antimicro-
bial pressure selects mucoid variants (11); this is unlikely,
since mucoid strains are not uniformly more resistant to
antibiotics than their nonmucoid isogenic variants (6, 25).
Furthermore, patients with CF are sometimes colonized
with mucoid P. aeruginosa on first presentation for medical
care, before ever receiving antibiotic therapy. In vitro con-
version of P. aeruginosa from nonmucoid to the mucoid
phenotype previously has been shown to occur under the
influence of carbenicillin (11) or phages (26, 28). We are
currently exploring the possibility that the phenotypic
changes produced by our in vitro system are due to the
effects of bacteriophages.
Our observations suggest that P. aeruginosa may convert

to the mucoid, rough-LPS phenotype under environmental
pressures present in the CF bronchopulmonary tree. Colo-
nization and infection in these patients occurs in the endo-
bronchial spaces, with minimal invasion of lung tissue. The
bacteria may persist in this location for prolonged periods of
time in coexistence with the host. Under these conditions P.
aeruginosa may not have access to the nutrients usually
available to bacteria causing invasive infection. A chronic
low-grade infection is therefore established in which the
bacteria must survive under conditions of nutritional limita-
tion. We speculate that these conditions may select for
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TABLE 3. Effect of prolonged culture of P. aeruginosa
in acetamide broth on susceptibility to the bactericidal

effect of human serum

Parent strain Progeny

Monotypable Polytypable:
Strain Decrease in - decrease in

Serotype viabilitya Decrease in
(log1o) Serotype viabilitya viability

(1og10) (log,()
V75 5 0 5 0 >2
V76 6 0 6 0 1.04
V81 10 0 >2
V73 5 0 5 0 1.26
V93 3 0.24 3 0 1.23
V64 4 0 4 0 0.12
V5 1 0 (0) 0 (1.22)
V132 3 0 3 0 >2
ENV2 8 0 8 0 0.82
ENV8 1 0 (0) 0.24 (>2)
ENV10 il 0 (0) il 0 0 (>2)
ENV5 1 0 1 0 >2
ENV43 6 0 6 0 >2
ENV46 1 0 1 0 0.44
V22 9 0 (0.14) 9 0 0.15 (1.83)
ENV105 9 0 9 0 0.52
ENV115 6 0 (0) 0.09 (>2)
VilO 6 0 (0) 0 (0)
ENV47 9 0.03 >2
V41 9 0.15 >2

a Numbers represent decreases in viability in 10% pooled normal human
serum. Numbers within parentheses are decreases in viability in 25% serum.

phenotypic variants of P. aeruginosa that are specially
suited to survival in this ecological niche. It appears that not
all strains of P. aeruginosa can convert to the mucoid,
rough-LPS phenotype. Under our experimental conditions,
only 19% became mucoid and 52% expressed rough LPS.
Perhaps those strains capable of this conversion are better
suited for survival in the CF bronchopulmonary secretions.
Mucoid P. aeruginosa are also found in patients with

chronic bronchopulmonary disease (33) or chronic urinary
tract disease (8), two other conditions in which the bacteria
may survive for prolonged periods despite nutrient limita-
tion. Mucoid variants of other gram-negative bacteria can
also be recovered from the respiratory secretions of patients
with CF (19, 24). This suggests that the peculiar environment
of the CF bronchopulmonary space, rather than factors
unique to P. aeruginosa, stimulates this phenotypic expres-
sion. Once mucoid variants arise, they may have a further
survival advantage by virtue of their resistance to phagocy-
tosis (1, 4).
The effects of nutrient deprivation on the expression of

bacterial phenotypic characteristics have been studied ex-
tensively in various species (13), including a marine Pseu-
domonas species (43). Various phenotypic changes have
been observed, including the elaboration and release of an
exopolysaccharide (43), a process which may alter bacterial
surface hydrophobicity and influence adhesion to other
surfaces. In other studies, strains of Vibrio cholerae were
found to degrade the O polysaccharide of LPS during
periods of starvation, thereby becoming phenotypically
rough (17). The polysaccharide is thought to serve as a
source of nutrition for those bacteria. Both of these changes
may by analogous to the acquisition of the mucoid, rough-
LPS phenotype that we observed when culturing P. aerug-
inosa under conditions of nutrient limitation.
Although the phenotypic changes we observed may be due

to the actions of bacteriophages (23, 26, 28), we feel that they
could result from another type of genetic regulation by
environmental conditions (27). Exogenous factors and sig-
nals can have profound effects upon the expression of
various virulence factors of pathogenic bacteria by virtue of
effects on gene transcription. For example, the concentra-
tion of environmental iron influences the expression of
exotoxin A, elastase, and alkaline protease in P. aeruginosa
(3, 36). Phenotypic modulation may permit bacteria to sur-
vive in diverse environments such as on inanimate surfaces
or within animal hosts. The gene or genes that code for the
elaboration of P. aeruginosa mucoid exopolysaccharide are
under the control of another genetic element that can operate
in the on or off mode (10). The factor(s) determining whether
this switch is on or off is understood poorly. However,
DeVault et al. recently observed that the transcriptional
activation of genes for P. aeruginosa alginate production can
be influenced by environmental factors (7). In future inves-
tigations, we will examine whether limitation of specific
nutrients influences the transcription of the genes for mucoid
exopolysaccharide production.
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