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Phosphatidylcholine, the major component of lung surfactant, when supplied as the sole source of phosphate
for Pseudomonas aeruginosa PAO1, resulted in conversion of as much as 2% of the population to the mucoid
phenotype under continuous culture conditions over a 24-day culture period. In addition, growth in
phosphatidylcholine resulted in the highest yields of extracellular alginate compared with other environmental
conditions. Iron limitation, another environmental condition relevant to the lungs of patients with cystic
fibrosis, also resulted in conversion to mucoid. Since both conditions suggested the likelihood of an
energy-deprived growth environment as a common variable, the effect of direct inhibition of energy generation
by N,N’-dicyclohexylcarbodiimide or gramicidin on the conversion of nonmucoid P. aeruginosa to the mucoid
phenotype was examined. Both inhibitors resulted in mucoid subpopulations (0.5 and 0.8%, respectively).
Severe energy stress imposed by the combination of phosphate limitation and N,N’-dicyclohexylcarbodiimide
treatment resulted in conversion of 55% of the population to mucoidy during a 7-day growth period. A growth
advantage of the mucoid over the nonmucoid phenotype was observed under severe nutrient deprivation by
growth on unsupplemented Noble agar or in a 1/2,500 dilution of a chemically defined medium. These results
clearly demonstrate a significant role for the energy state of the cell in conversion to mucoid and in selection

for the mucoid phenotype.

Subsequent to colonization of the lungs of patients with
cystic fibrosis (CF) and others with chronic obstructive lung
disease, Pseudomonas aeruginosa typically undergoes alter-
ation from the classical nonmucoid form to an atypical
mucoid form, which correlates with production of the ex-
opolysaccharide alginic acid. Detection of alginate-produc-
ing P. aeruginosa strains is usually associated with a poor
patient prognosis (10), although some patients with CF may
harbor mucoid organisms for years without a serious de-
crease in pulmonary function (16). In any case, alginate is
generally regarded as a significant virulence factor in chronic
lung disease caused by P. aeruginosa by impeding phagocy-
tosis (20) and contributing to immune complex-mediated
tissue damage (13) and possibly acting as a barrier to
diffusion of antibiotics to microcolonies in the lungs (5),
although this has been questioned recently (24).

Through a variety of genetic and physiological studies, the
host and bacterial environmental factors which contribute to
emergence of the mucoid phenotype are beginning to be
understood. Recent studies of P. aeruginosa grown in static
acetamide broth cultures (30) or in a chemostat under
various environmental conditions (32) have emphasized the
significance of slow growth rates, as well as the requirement
for a nutritionally poor environment. For example, P;-limited
nonmucoid P. aeruginosa PAOL1 exhibited mucoid subpop-
ulations only at dilution rates (D) of <0.347 h™'. In addition,
energy-rich sources of carbon and nitrogen, such as glu-
conate and glutamate, respectively, failed to yield mucoid
organisms at any growth rate (32). In contrast, energy-poor
carbon (acetate or glycerol) or nitrogen (nitrate or phospho-
rylcholine [PC]) substrates consistently produced mucoid
subpopulations. Thus, a unifying hypothesis for these stud-
ies suggests that the energy demands of the bacterial cell
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play a central role in mediating conversion to the mucoid
phenotype. The present study extends these findings to
include a major component of lung surfactant, L-a-phos-
phatidylcholine dipalmitoyl (DPPC), as a sole source of
phosphate during continuous culture, as well as growth
limitation imposed by iron restriction. Limitation of growth
through partial inhibition of energy metabolism by N,N'-
dicyclohexylcarbodiimide (DCCD) or gramicidin also re-
sulted in mucoid subpopulations, directly linking energy
production and conversion to mucoidy. In addition, evi-
dence is presented that indicates that mucoid organisms
adapt, grow, and survive more efficiently in a severely
limited nutritional environment than do those with the non-
mucoid phenotype.

MATERIALS AND METHODS

Maintenance of bacteria. Nonmucoid P. aeruginosa PAO1
was obtained from B. Iglewski, Department of Microbiology
and Immunology, University of Rochester Medical Center,
Rochester, N.Y. Strain J1385, a nonmucoid CF isolate, and
strain J1532, its isogenic mucoid variant isolated from the
same patient, were obtained from J. R. W. Govan, Depart-
ment of Bacteriology, University of Edinburgh Medical
School, Edinburgh, United Kingdom. Environmental non-
mucoid isolates JSA-1, isolated from a Jacuzzi, and F1,
isolated from an outdoor fountain, were obtained from V.
Deretic, Department of Microbiology, University of Texas
Health Science Center at San Antonio. Strain SRM3-R, a
nonmucoid revertant of a mucoid CF isolate, was obtained in
this laboratory by batch culture of a mucoid CF strain (18).
Strain 1.8778, a mucoid strain isolated from a chronically
infected patient who did not have CF, was obtained from the
San Antonio State Chest Hospital. Nonmucoid isolate
L78-R, a nonmucoid revertant of L8778, was obtained in the
laboratory as a spontaneous nonmucoid variant by growth of
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the mucoid form in batch culture. Mucoid isolate 25C250, a
mucoid variant of PAO1, was obtained from a continuous
culture supplied with a growth-limiting amount of PC as the
sole source of carbon, nitrogen, and phosphate (32). All
stocks were maintained at —80°C in 10% skim milk and
subcultured on mucoid maintenance agar (MMA; MacCon-
key agar base modified by addition of 50 g of glycerol per
liter) plates (8).

Culture media. A modification of the chemically defined
alginate-promoting (AP) medium of Mian et al. (23), which
has been previously described (32), was the primary growth
medium used for batch and continuous cultures. The me-
dium contained 100 mM sodium gluconate, 100 mM mono-
sodium glutamate, 7.5 mM NaH,PO,, 16.3 mM K,HPO,,
and 10 mM MgSO, - 7H,0. The pH was adjusted to 7.0 with
2.5 N NaOH. For growth under various environmental
conditions, further modifications of this medium were made
as described below.

(i) Phosphate limitation (P medium). AP medium was
modified to contain 0.05 mM K,HPO, as the sole phosphate
source (32), and 10 mM MOPS served as the buffer. The pH
was adjusted to 7.0 with 6 N HCI.

(ii) Phosphatidylcholine (lecithin) limitation. Lecithin, or
DPPC, was evaluated as a growth-limiting phosphate source.
For phosphate-limited growth, P medium contained 2 pM
DPPC instead of K,HPO,.

(iii) Iron limitation of growth. For growth under iron-
limited conditions, AP medium was depleted of iron by a
modified desferration procedure adapted from Ohman et al.
(25). All glassware used for medium preparation and growth
experiments was presoaked overnight in 1 N HCI. All
chemostat tubing was presoaked overnight in 0.1 N HCL.
Following the acid soak, all materials were extensively
rinsed with deionized water immediately prior to use. AP
medium was made up as a l-liter volume of eightfold-
concentrated medium without MgSO,, - 7H,0. A 0.5-ml ali-
quot of the concentrated medium was assayed for total iron
by use of a ferrozine-based iron assay kit (Sigma Diagnos-
tics, St. Louis, Mo.) in accordance with the procedure
supplied by the manufacturer. A 20-ml volume of concen-
trated AP medium was diluted eightfold in deionized water.
A 40-pul volume of sterile 20% MgSO, - 7TH,0 was added to
the diluted medium. The medium was then sterilized by
filtration and stored at 4°C until use, and the remaining AP
medium was desferrated by addition of 20 g of sodium
Chelex-100 (minus-400-mesh; Bio-Rad Laboratories, Rich-
mond, Calif.). The flask was covered with Parafilm, and the
mixture was vigorously stirred at room temperature for 6 h.
The Chelex was removed by filtration, and the concentrated
medium was reassayed for total iron content. A 20-ml
volume of the treated medium was then diluted eightfold
with deionized water and prepared in the same manner as the
dilute untreated medium. Confirmation that the treated me-
dium was indeed iron limited was accomplished by growth of
24-h batch cultures in the diluted medium. Iron limitation
was demonstrated by decreased growth (<60%) of P. aerug-
inosa in desferrated AP (0.3 to 0.4 pM Fe) relative to the
growth achieved in untreated AP (5 uM) and the lack of free
iron remaining in culture supernatant fluids from cultures
grown in desferrated medium. Conversely, free iron was still
detectable in cultures grown in untreated AP medium.

Growth in the presence of inhibitors of energy metabolism.
P medium or unmodified AP medium was used for continu-
ous culture of nonmucoid P. aeruginosa PAOL1 in the pres-
ence of gramicidin D (100 pg/ml) or DCCD (5 mM). These
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concentrations reflected a 50% reduction in cell viability in
batch cultures compared with untreated cultures.

Continuous culture conditions. Continuous cultures were
grown in a Bioflo C30 benchtop chemostat (New Brunswick
Scientific Co., Inc., Edison, N.J.) with either a 350-ml or a
1.2-liter working volume. Culture conditions were the same
as those described by Terry et al. (32). Addition of medium
from the reservoir was initiated when batch cultures reached
the mid-exponential growth phase. Samples were obtained
from the culture vessel at various times during the growth of
nonmucoid P. aeruginosa strains. Appropriate dilutions
were made in AP medium, and 0.1-ml aliquots of these
samples were spread onto MMA plates for determination of
growth in CFU per milliliter. The phenotypic expression of
the culture was determined by examining the number of each
colony type on MMA plates. The stability of mucoid colo-
nies was determined by a minimum of three passages on
MMA.

Extracellular polysaccharide determinations. Culture efflu-
ents from the chemostat were collected in 1-liter volumes in
flasks kept in ice baths. Whole cells were separated from
culture supernatant fluids by centrifugation at 14,000 x g for
20 min at 4°C in an refrigerated centrifuge. Supernatant fluids
were decanted carefully into dialysis tubing (Arthur Thomas
Co., Philadelphia, Pa.) with an indicated retention size of
>12 to 14 kDa. Dialysis was carried out at 4°C for 2 days
against three changes of deionized water containing 0.02%
sodium azide. The dialyzed material was concentrated by
rotary evaporation and lyophilization. The dried material
was suspended to 10 mg (dry weight) per ml in deionized
water. Polysaccharides were extracted from this material by
a procedure based on the hot water-phenol method of
Westphal Jann (36) for lipopolysaccharide (LPS). All aque-
ous phases were dialyzed against several changes of deion-
ized water until the odor of phenol was no longer apparent.
Dialyzed samples were then concentrated by rotary evapo-
ration and lyophilized. Samples were dissolved (5 to 10
mg/ml) in 50 mM Tris buffer (pH 7.3) containing 100 mM
MgSO, - 7H,0. DNase and RNase (100 pg of each per ml)
were added and incubated at 37°C for 2 h. Following
nuclease treatment, sodium dodecyl sulfate (0.5%) was
added at a final concentration of 0.5%, followed by protein-
ase K (50 pg/ml). After incubation for 2 h at 60°C in a water
bath, samples were dialyzed for 2 days at 4°C against several
changes of deionized water, lyophilized, and suspended in
deionized water to a final dry-weight concentration of 5 to 10
mg/ml. LPS and alginic acid were then isolated by DEAE-
Sephacel anion-exchange chromatography as described by
Krieg et al. (19), by using a continuous 0.05 to 0.8 M
(NH,),CO; gradient.

Chemical assays. The anthrone assay (21) was used for
determination of hexoses, with glucose as the standard.
2-Keto-3-deoxyoctonate (KDQ), used as a marker for LPS,
was estimated by the thiobarbituric acid assay (2), with KDO
(Sigma Chemical Co., St. Louis, Mo.) as the standard. The
presence of uronic acids was determined by the harmine
assay (34), with b-mannuronic acid (Sigma) as the standard.
The alginate yields from all samples were based upon
chemical estimation of the total micrograms of uronic acid
present per milligram of cell dry weight.

Growth of paired mucoid and nonmucoid P. aeruginosa
isolates on Noble agar. Three sets of paired mucoid and
nonmucoid isolates of P. aeruginosa were selected for a
comparative growth study in a nutritionally limited environ-
ment. Six isolates, J1385, J1532, L8778, L78-R, PAO1, and
25C250, were grown overnight as shaken batch cultures in
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AP medium. Aliquots (50 pl) from each culture were added
to individual culture tubes (16 by 125 mm) containing 4.95 ml
of sterile MOPS (morpholinepropanesulfonic acid)-buffered
saline (MBS; 10 mM MOPS, 0.14 M NaCl, 3 mM KCl), pH
7.4. Samples were then diluted appropriately and plated onto
MMA plates for viability and colony type determinations.
The same diluted samples were also used for inoculation of
plates containing 1.5% Noble agar (Agar Noble; Difco Lab-
oratories, Detroit, Mich.) with no added nutrients. All inoc-
ulations were performed in triplicate. Two comparisons
were made with respect to growth of mucoid and nonmucoid
P. aeruginosa strains under nutrient-limited conditions. The
first was a measure of relative plating efficiency of mucoid
and nonmucoid organisms on Noble agar, using their respec-
tive growth on MMA as the standard. The second compar-
ison was determination of the number of viable organisms
per colony in samples picked from Noble agar plates. Three
to five colonies of each P. aeruginosa isolate were picked at
random with sterile Pasteur pipettes by taking agar plugs
from Noble agar plates. The plugs were expelled into sterile
culture tubes (13 by 100 mm) containing 1 ml of MBS. The
tubes were vigorously vortexed and kept in a cold room
(4°C) for 2 to 3 h. The cold incubation was carried out with
occasional vortexing to allow for adequate elution of organ-
isms from the agar plugs. At the end of the incubation
period, each sample was diluted in MBS and 0.1-ml volumes
were spread onto MMA plates. These plates were incubated
for 24 h at 37°C. Colonies were then counted and the mean
number of CFU per Noble agar-grown colony was deter-
mined for each isolate. This process was repeated at several
intervals with the same Noble agar cultures for a 14-day
period. The results of the relative plating efficiency studies
and those from the colonial growth determinations were
compared by a two-tailed Student ¢ test for independent
means.

Growth of paired mucoid and nonmucoid P. aeruginosa
isolates in mixed batch cultures. The same isolates used in the
preceding section for the Noble agar experiments were
employed in nutrient-limited liquid batch cultures. The six
isolates of P. aeruginosa were first grown separately over-
night in AP medium in 50-ml shaken batch cultures. Aliquots
(50 wl) of each culture were transferred to 4.95 ml of sterile
MBS. A 0.1-ml volume of each diluted sample was then
transferred to 9.9 ml of sterile MBS to give a final dilution of
each original overnight culture of 10~*. Appropriate volumes
of each pair of mucoid and nonmucoid isolates were then
mixed to yield approximately a 1:1 mixture of the two types
of organisms. This starting mixture was confirmed by inoc-
ulation of MMA plates with these mixtures and counting of
the mucoid and nonmucoid colonies which grew. An appro-
priate volume of each starting mixture equal to 0.5% of the
volume of medium in a chemostat culture vessel was added
to each of three culture vessels, which contained AP medium
diluted to 1/2,500 of the original concentration. These batch
cultures were aerated at 0.5 liter of air per min and mixed at
an impellor speed of 250 rpm. The cultures were monitored
several times over a 10-day period. Growth and viability
were determined as CFU per milliliter on MMA plates. The
percentages of mucoid and nonmucoid colonies were deter-
mined at the same time.

RESULTS

Emergence of mucoid P. aeruginosa under continuous cul-
ture conditions with DPPC as the limiting source of phosphate.
In a previous study (32), PC, an energy-poor substrate and
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FIG. 1. Phosphate-limited growth (D = 0.044) of P. aeruginosa
PAO1 with DPPC (2 nM) as the phosphate source. The culture was
aerated (0.5 liter/min) and maintained at 37°C.

product of phospholipase C activity on DPPC (3), supplied
the necessary carbon, nitrogen, and phosphate for continu-
ous cultures of P. aeruginosa. These restricted growth
conditions also resulted in conversion of a subpopulation to
the mucoid phenotype. In the present study, DPPC (2 uM)
was used as the sole source of phosphate, which required
phospholipase C activity to release PC. At 6 days of contin-
uous culture, mucoid colonies were detected; they reached a
maximum of 2% and remained in the population through the
remainder of the culture period (Fig. 1). These results firmly
establish the relevance of DPPC as a nutrient source which
promotes emergence of the mucoid phenotype during long-
term continuous culture with extended growth rates.

Iron limitation of growth and emergence of mucoid P.
aeruginosa. The correlation between iron limitation and
decreased cell growth is well recognized in many bacteria,
including P. aeruginosa (35). Since free iron is severely
limited in vivo and this would therefore promote an energy-
poor environment, the effect of iron limitation on conversion
to mucoidy was also examined. As indicated in Fig. 2,
mucoid organisms were apparent at day 5 and throughout the
remainder of the 18-day study with a range of 0.5 to 2.5%
mucoid organisms in the culture population. These results
further demonstrate the role of a limiting nutritional environ-
ment, imposed by a variety of diverse conditions, on the
emergence of a mucoid subpopulation.

Effects of energy inhibitors on conversion of P. aeruginosa to
the mucoidy phenotype. To assess the role of energy metab-
olism in conversion to mucoidy directly, two inhibitors
which decrease cellular energy, DCCD (5 mM) (binds sub-
unit ¢ of F, complex of ATP synthase [12]) and gramicidin D
(100 pg/ml) (inhibits proton translocation [28]), were exam-
ined for effects on conversion to the mucoidy phenotype in
complete AP medium during continuous culture. The con-
centrations selected for study were based on preliminary
batch cultures which demonstrated a 50% reduction in cell
growth during a 24-h batch culture in AP medium. As
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FIG. 2. Iron-limited continuous culture (D = 0.049) of P. aerug-
inosa PAOL. The growth medium was desferrated (0.3 to 0.4 uM Fe)
complete AP medium. The growth conditions and symbols are the
same as in Fig. 1.

indicated in a previous study (32), growth in complete AP
medium did not result in isolation of mucoid variants (Table
1). Growth under phosphate-limiting conditions alone re-
sulted in conversion of 0.3 to 1.8% of the population to the
mucoid phenotype. Cultivation of strain PAO1 in AP me-
dium plus 5 mM DCCD yielded 0.1 to 0.5% mucoid organ-
isms. Similar results were obtained when gramicidin D (100
pg/ml) was used in a separate experiment. However, the
combination of phosphate limitation and DCCD treatment
resulted in conversion of 55.1% of the viable population to
the mucoid phenotype during the course of a 7-day experi-
ment. These data indicate that partial inhibition of energy

TABLE 1. Effects of inhibitors of energy metabolism on mucoid
conversion of P. aeruginosa PAOL1 in continuous cultures

Growth condition (hL_),) qé’om:;oslf
AP alone 0.140 0.0°
PO, limitation 0.067 0.1-2.0
AP + DCCD (5 mM) 0.060 0.1-0.5
AP + gramicidin D (100 pg/ml) 0.078 0.3-1.8
PO, limitation + 5 mM DCCD 0.090 0.3-55.1

“ Range of percentages of colonies which expressed the mucoidy phenotype
during the course of continuous culture.
» No mucoid colonies detected during the growth experiment.
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TABLE 2. Extracellular polysaccharide yields® of P. aeruginosa
PAOL1 grown under various continuous culture conditions®

Extracellular

D polysaccharides
Growth condition ) (ng/mg of cell dry wt)
Uronic acid KDO
Carbon limitation
Gluconate 0.038 <0.10° 0.12
Succinate 0.046 8.93 0.64
Glycerol 0.046 0.58 0.26
Acetate 0.058 2.67 0.33
Nitrogen limitation
Glutamate 0.032 <0.10° 0.18
Nitrate 0.046 24.30 0.62
PC 0.044 4.19 0.29
Phosphate limitation
K,HPO, 0.347 <0.10° 0.41
K,HPO, 0.173 2.16 0.35
K,HPO, 0.116 3.52 0.24
K,HPO, 0.069 5.06 0.59
PC 0.111 0.41 0.30
DPPC 0.044 102.81 3.14
Iron limitation 0.094 3.10 0.20
NacCl (0.3 M) 0.094 2.48 0.54
Complete AP 0.140 <0.10° 0.20

@ Averages of at least three samples during each growth experiment.

® All samples were from culture supernatant fluids from a previous study
(32), except for the present DPPC study and iron limitation.

¢ None detected.

metabolism directly resulted in conversion of a subpopula-
tion to the mucoid phenotype and that severe inhibition
imposed by the combination of phosphate limitation and
DCCD treatment resulted in a >50% rate of conversion to
mucoidy. These data further suggest that the energy state of
the cell contributes directly to conversion to the mucoid
phenotype.

Extracellular polysaccharide production. As confirmation
of production of mucoid alginic acid polysaccharide by P.
aeruginosa PAO1 during continuous culture under various
environmental conditions, the supernatant fluids from these
cultures were assayed for the presence of alginate (as uronic
acid) and KDO, a constituent of LPS. A previous study
indicated that most of the alginate was released into the
supernatant fluids during continuous culture (19). In addition
to the environmental conditions examined in the present
study, data are also included on polysaccharide production
during carbon, nitrogen, and phosphate limitation from a
previous study (32). The average total yields of uronic acid
and KDO from P. aeruginosa PAO1 continuous cultures are
listed in Table 2. The range of average yields varied greatly
with each growth condition. However, in cultures grown in
complete AP mediumi, limited for gluconate or glutamate, or
limited for K,HPO, but grown at a relatively fast rate (D =
0.347 h™"), alginic (uronic) acid was not detected (Table 2).
These were also growth conditions which yielded no mucoid
PAOIL variants. Carbon-limited cultures yielded amounts of
uronic acid which ranged from undetectable levels in glu-
conate-limited cultures to 8.93 ng/mg of cell dry weight
under succinate limitation. Results obtained from nitrogen-
limited cultures also varied with the nature of the growth-
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TABLE 3. Conversion to mucoidy in phosphate-limited
continuous cultures of nonmucoid P. aeruginosa isolates

MUCOID CONVERSION OF P. AERUGINOSA 1333

TABLE 4. Relative plating efficiencies of paired mucoid and
nonmucoid isolates of P. aeruginosa on Noble agar

Avg extracellular

: polysaccharide yield

Isolate (h?l) %cxg::;fa (ng/mg of cell dry wt)
Uronic acid KDO
SRM-3R 0.035 3.7 32.6 1.64
J1385 0.031 1.3 5.8 0.35
JSA-1 0.051 1.1 1.7 0.44
F1 0.030 0.8 4.8 0.53

“ Percentage of colonies which expressed the mucoid phenotype at the end
of the growth experiment.

limiting substrate, ranging from undetectability (glutamate
limitation) to 24.3 pg/mg of cell dry weight (nitrate limita-
tion). The uronic acid yields measured from the supernatant
fluids taken during the K,HPO, limitation experiments de-
creased slightly with increasing culture growth rate (Table
2), ranging from 5.06 pg/mg of cell dry welght at D = 0.069
h™! to undetectable levels at D = 0.347 h~1. This relation-
ship was similar to the correlation between growth rate and
expression of the mucoid phenotype in these cultures (32).
The highest average yield of uronic acid was obtained from
phosphate-limited P. aeruginosa PAO1 supplied with DPPC
as the sole phosphate source. These organisms produced an
average of 102.81 pg/mg of cell dry weight (Table 2).
Iron-limited cultures and cultures grown in AP supple-
mented with 0.3 M NaCl produced similar average yields of
uronic acid, i.e., 3.10 and 2.48 pg/mg of cell dry weight,
respectively.

Average extracellular uronic acid yields were also deter-
mined for continuous cultures of four other nonmucoid
isolates of P. aeruginosa, which were grown under phos-
phate (K,HPO,)-limited conditions. Phenotypic expression
of mucoidy and average yield of uronic acid differed with
each isolate (Table 3). Isolate SRM-3R, a nonmucoid rever-
tant of a mucoid CF isolate, had the highest level of mucoid
variants, i.e., 3.7% of the population, and the greatest
average yield of uronic acid, i.e., 32.6 png/mg of cell dry
weight. Nonmucoid environmental isolates JSA-1 and F1
and nonmucoid isolate J1385 had similarly lower levels of
mucoid variants and lower yields of uronic acid.

While extracellular alginate production correlated with
conversion to a mucoid subpopulation, there was no corre-
sponding increase in LPS production (Table 1) or change in
LPS profiles examined by polyacrylamide gels (31). Interest-
ingly, there was a 16-fold increase in LPS release by contin-
uous cultures grown in DPPC as the sole source of phos-
phate.

Growth of paired mucoid and nonmucoid P. aeruginosa
isolates in nutritionally limited environments. The results of
the several previously mentioned experiments seemed to
indicate the importance of limited nutrients in the environ-
ment upon the emergence of mucoid subpopulations in
continuous cultures. Three sets of paired mucoid and non-
mucoid isolates were utilized to determine whether the
mucoid form of P. aeruginosa might have a growth advan-
tage in an environment greatly lacking in nutrients. The
paired isolates were evaluated for the ability to grow on a
solid medium composed only of Noble agar with no added
nutrients. It was found that the mucoid form of P. aerugi-
nosa had a significantly higher relative plating efficiency on
Noble agar than did the nonmucoid form (Table 4). Further-

Relative plating efficiency

Isolate Phenotype” (mean % + SEM)?
PAOL N 14.8 + 5.2
25C250 M 37.9 * 4.1°
L78-R N 12.6 = 0.5
L8778 M 30.5 + 2.3¢
J1385 N 12.7 + 1.0
J1532 M 28.5 + 1.9°

4 N, nonmucoid; M, mucoid.

# Mean percentage of colonies on Noble agar plates relative to the number
of colonies which grew on MMA plates after inoculation with identical
samples.

€ P < 0.02 compared with PAO1.

4 P < 0.01 compared with L78-R.

€ P < 0.01 compared with J1385.

more, over a 2-week period, the mucoid form also was able
to grow to a significantly higher average number of CFU per
colony when random colonies were picked from the Noble
agar plates and viable bacteria in each colony were enumer-
ated (Table 5).

A second test performed was that of growing mixed
mucoid and nonmucoid batch cultures of P. aeruginosa in an
extremely dilute liquid medium and determining which phe-
notype would predominate in these cultures. The same
paired mucoid and nonmucoid isolates used in the previous
Noble agar experiment were used for the batch culture
experiment. Cultures were inoculated so that the initial
mixture of mucoid and nonmucoid organisms would be
equally divided between the two phenotypes. The medium
used was a 1:2,500 dilution of complete AP medium. By day
3 of growth, all cultures were predominantly mucoid. In-
deed, the culture composed of nonmucoid PAO1 and its
mucoid variant 25C250 was 96% mucoid (Table 6). How-
ever, by day 10 of growth, the nonmucoid organisms had
recovered somewhat. Nevertheless, the batch culture exper-
iment also gave an indication that mucoid organisms might
be better suited to nutritionally limited environments than
are nonmucoid P. aeruginosa organisms.

TABLE 5. Growth of paired mucoid and nonmucoid
P. aeruginosa strains on Noble agar

Mean CFU/colony + SEM, 10~

Isolate Phe“‘j‘
pe Day 2 Day 5 Day 9 Day 14

PAO1 N 45+03 39+04 45+x08 4409
25C250 M 51+0.4 27.1%1.4° 20.4 £0.3° 19.0 + 4.4
L78-R N 31+0.1 48+02 43+03 35=x0.5
L8778 M 13.6 = 1.7¢ 23.4 = 0.6” 13.3 = 0.7° 14.8 = 2.5
J1385 N 32+01 54x08 55=x06 40=x10
J1532 M 10.1 = 1.0¢ 17.9 = 0.2° 14.0 = 1.5 12.3 + 1.5¢

“ N, nonmucoid; M, mucoid.

® P < 0.001.

<P < 0.05.

4P <0.01.

¢ P < 0.02.
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TABLE 6. Phenotypic expression in mixed batch cultures of
mucoid and nonmucoid P. aeruginosa strains grown
under nutrient-limited conditions®

Phenotypic ratio (% M:% N)

Pheno- Inoculum
Isolat .

e type” ratio (%) Day 1 Day 3 Day 5 Day 10
PAO1 N 50:50 75:25 96:4 83:17 58:42
25C250 M
L78-R N 50:50 81:19 - 75:25 70:30
L8778 M
J1385 N 50:50 75:25 79:21 77:23 66:34
J1532 M

4 Cultures were grown in dilute (1:2,500) AP medium.
# N, nonmucoid; M, mucoid.
€ —, not done.

DISCUSSION

Chronic persistence of P. aeruginosa on mucosal surfaces
in the lungs without extensive tissue invasion would require
prolonged survival in an environment limited for nutrients.
Nutrient limitation would likely affect the physiological
status of P. aeruginosa, including intracellular energy me-
tabolism. Growth rates would decrease and organisms would
need to become more efficient at utilization of scarce nutri-
ents. New proteins involved in scavenging specific nutrients
and conferring a more stress-resistant phenotype for pro-
longed survival would be synthesized (22). Another event
that occurs during nutrient deprivation or starvation is
synthesis of exopolysaccharides (1, 27, 37). These polysac-
charides are known to alter the adhesive properties of
bacteria undergoing a shift to starvation survival, aiding in
either attachment and microcolony growth (1, 27) or detach-
ment from inanimate hydrophobic surfaces (37). Perhaps
mucoid colonies of P. aeruginosa arise in chronically in-
fected lungs in response to nutrient deprivation and fortu-
itously as a defense against host clearance mechanisms (29).
The results of the present and previous chemostat studies of
nutrient limitation of nonmucoid P. aeruginosa (32) appear
to agree with the above-described studies.

One nutrient available in extremely limited supply to any
pathogenic bacterium is iron (35). Iron limitation of cultures
of strain PAO1 resulted in expression of the mucoid pheno-
type by a subpopulation, as indicated in Fig. 2. This result is
consistent with the previous batch culture studies of Boyce
and Miller (4) and the continuous culture of Ombaka et al.
(26), who demonstrated the importance of iron limitation on
stable maintenance of the mucoid phenotype.

A second environmental condition examined in the
present study relevant to the lung environment concerned
scavenging of phosphate from the major lung surfactant,
phosphatidylcholine (Fig. 1), via the enzymatic activity of
bacterial phospholipase C (3). A mucoid subpopulation
emerged under these conditions, resulting in the highest
yield of alginate of any environmental condition examined
(Table 2). Thus, the environment of the lungs appears to
provide a potential growth substrate for P. aeruginosa which
yields mucoid variants with the potential for elaborating high
levels of the alginic acid polysaccharide.

Since the various nutrient limitation studies of nonmucoid
P. aeruginosa suggested a correlation between energy de-
mand and conversion to mucoidy, inhibitors of energy
metabolism were examined. Conditions were selected that

INFECT. IMMUN.

resulted in an energy downshift, as determined by a 50%
reduction in cell yield compared with untreated cultures. As
indicated in Table 1, growth of PAOl in complete AP
medium with either DCCD or gramicidin yielded results
similar to those produced by phosphate limitation. With
combined phosphate limitation and DCCD, conversion to
the mucoid phenotype was greatly increased, suggesting
severe energy stress. While other growth conditions yielded
detectable mucoid variants only after several days of
growth, cultures grown in the presence of energy inhibitors
exhibited mucoid colonies within as little as 4 h after addition
of the inhibitor. This would probably be compatible with the
time required to synthesize new proteins in response to the
extreme stress imposed by partial inhibition of energy me-
tabolism.

The correlation between the energy state of the cell
expressed as [ATP/ADP] ratios, DNA supercoiling, and
possible regulation of gene expression has been made re-
cently for several environmental conditions, such as salt
shock (15) and anaerobic shift (14), for Escherichia coli. It is
proposed that the supercoiling physiological response to
environmental conditions may be attributable to the sensi-
tivity of gyrase to changes in intracellular [ATP/ADP] ratios.
For nonmucoid P. aeruginosa PAO1, growth in AP medium
containing 0.3 M NaCl resulted in conversion to a mucoid
subpopulation, and a switch from anaerobic to aerobic
growth conditions during phosphate limitation also resulted
in the emergence of mucoid organisms (32). The correlation
between [ATP/ADP] and supercoiling in PAO1 under these
conditions is under study. However, there are several widely
dispersed genes involved in alginate synthesis (6, 7, 9, 11,
17), and regulation of expression at the genetic level may be
quite complex, depending on the specific environmental
condition.

The marked growth advantage of the mucoid phenotype of
P. aeruginosa over the nonmucoid form under severely
limited nutritional conditions (Tables 4, 5, and 6) suggests
that the mucoid form may have acquired characteristics that
greatly enhance scavenging of scarce nutrients in the envi-
ronment through chelation and/or ionic attraction due to the
negatively charged alginic acid polysaccharide. Another
explanation for the growth advantage of the mucoid form
might be conservation of cellular energy through energy
recycling by end product excretion of organic acids, thereby
creating an electrochemical gradient (33). Other explana-
tions are equally plausible, such as an increase in specific
binding or transport proteins, synthesis or modification of
porins, and an increase in ATP synthase activity, among
many others. In any case, these physiological alterations,
readily monitored in the chemostat model, may provide an
explanation for the emergence and survival of mucoid P.
aeruginosa under growth conditions likely to exist on mu-
cosal surfaces.

ACKNOWLEDGMENTS

We thank John Govan and Vojo Deretic for many helpful discus-
sions.

This research was supported by grants ZO70 and G250 from the
Cystic Fibrosis Foundation. J.M.T. was supported, in part, by
Public Health Service training grant T32 AI-07271 from the National
Institutes of Health.

REFERENCES

1. Allison, D. G., and I. W. Sutherland. 1987. The role of ex-
opolysaccharides in adhesion of freshwater bacteria. J. Gen.
Microbiol. 133:1319-1327.



VoL. 60, 1992

10.
11.

12.

13.

14.

15.

16.

17.

18.

. Aminoff, D. 1961. Methods for quantitative estimation of

N-acetyl neuraminic acid and their application to hydrolysates
of sialomucoids. Biochem. J. 81:384-392.

. Berka, R. M., G. L. Gray, and M. L. Vasil. 1981. Studies of

phospholipase C (heat-labile hemolysin) in Pseudomonas aerug-
inosa. Infect. Immun. 34:1071-1074.

. Boyce, J. R., and R. V. Miller. 1982. Selection of nonmucoid

derivatives of mucoid Pseudomonas aeruginosa is strongly
influenced by the level of iron in the culture medium. Infect.
Immun. 37:695-701.

. Costerton, J. W., and T. J. Marrie. 1983. The role of the

bacterial glycocalyx in resistance to antimicrobial agents. p.
63-85. In C. S. F. Easmon, J. Jelzaszewicz, M. R. W. Brown,
and P. A. Lambert (ed.), Role of the envelope in the survival of
bacteria in infections. Academic Press, Inc. (London), Ltd.,
London.

. Deretic, V., J. F. Gill, and A. M. Chakrabarty. 1987. Gene algD

coding for GDPmannose dehydrogenase is transcriptionally
activated in mucoid Pseudomonas aeruginosa. J. Bacteriol.
169:351-358.

. Deretic, V., and W. M. Konyecsni. 1989. Control of mucoidy in

Pseudomonas aeruginosa: transcriptional regulation of algR
and identification of the second regulatory gene algQ. J. Bacte-
riol. 171:3680-3688.

. Evans, L. R., and A. Linker. 1973. Production and characteri-

zation of the slime polysaccharide of Pseudomonas aeruginosa.
J. Bacteriol. 116:915-924.

. Flynn, J. L., and D. E. Ohman. 1988. Cloning of genes from

mucoid Pseudomonas aeruginosa which control spontaneous
conversion to the alginate production phenotype. J. Bacteriol.
170:1452-1460.

George, R. H. 1987. Pseudomonas infection in cystic fibrosis.
Arch. Dis. Child. 62:431-439.

Goldberg, J. B., and D. E. Ohman. 1987. Construction and
characterization of Pseudomonas aeruginosa algB mutants:
role of algB in high-level production of alginate. J. Bacteriol.
169:1593-1602.

Hermolin, J., and R. H. Fillingame. 1989. H*-ATPase activity of
Escherichia coli F,F, is blocked after reaction of dicyclohexy-
Icarbodiimide with a single proteolipid (subunit c) of the F,
complex. J. Biol. Chem. 264:3896-3903.

Hoiby, N., G. Doring, and P. O. Schiotz. 1986. The role of
immune complexes in the pathogenesis of bacterial infections.
Annu. Rev. Microbiol. 40:29-53.

Hsieh, L.-S., R. M. Burger, and K. Drlica. 1991. Bacterial DNA
supercoiling and [ATP/ADP] changes associated with a transi-
tion to anaerobic growth. J. Mol. Biol. 219:443-450.

Hsieh, L.-S., J. Rouviere-Yaniv, and K. Drlica. 1991. Bacterial
DNA supercoiling and [ATP/ADP] ratio: changes associated
with salt shock. J. Bacteriol. 173:3914-3917.

Kerem, E., M. Corey, R. Gold, and H. Levison. 1990. Pulmonary
function and clinical course in patients with cystic fibrosis after
pulmonary colonization with Pseudomonas aeruginosa. J. Pe-
diatr. 116:714-719.

Konyecsni, W. M., and V. Deretic. 1990. DNA sequence and
expression analysis of algP and algQ, components of the
multigene system transcriptionally regulating mucoidy in Pseu-
domonas aeruginosa: algP contains multiple direct repeats. J.
Bacteriol. 172:2511-2520.

Krieg, D. P., J. A. Bass, and S. J. Mattingly. 1986. Aeration
selects for mucoid phenotype of Pseudomonas aeruginosa. J.
Clin. Microbiol. 24:986-990.

19.

20.

21.

22.

23.

24.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.
36.

37.

MUCOID CONVERSION OF P. AERUGINOSA 1335

Krieg, D. P., J. A. Bass, and S. J. Mattingly. 1988. Phosphoryl-
choline stimulates capsule formation of phosphate-limited mu-
coid Pseudomonas aeruginosa. Infect. Immun. 56:864-873.
Krieg, D. P., R. J. Helmke, V. F. German, and J. A. Mangos.
1988. Resistance of mucoid Pseudomonas aeruginosa to nonop-
sonic phagocytosis by alveolar macrophages in vitro. Infect.
Immun. 56:3173-3179.

Loewus, F. A. 1952. Improvement in anthrone method for
determination of carbohydrates. Anal. Chem. 24:219.

Matin, A., E. A. Auger, P. H. Blum, and J. E. Schultz. 1989.
Genetic basis of starvation survival in nondifferentiating bacte-
ria. Annu. Rev. Microbiol. 43:293-316.

Mian, F. A., T. R. Jarman, and R. C. Righelato. 1978. Biosyn-
thesis of exopolysaccharide by Pseudomonas aeruginosa. J.
Bacteriol. 134:418-422.

Nichols, W. W., M. J. Evans, M. P. E. Slack, and H. L.
Walmsley. 1989. The penetration of antibiotics into aggregates
of mucoid and non-mucoid Pseudomonas aeruginosa. J. Gen.
Microbiol. 135:1291-1303.

. Ohman, D. E., J. C. Sadoff, and B. H. Iglewski. 1980. Toxin

A-deficient mutants of Pseudomonas aeruginosa PA103: isola-
tion and characterization. Infect. Immun. 28:899-908.
Ombaka, E. A., R. M. Cozens, and M. R. W. Brown. 1983.
Influence of nutrient limitation of growth on stability and
production of virulence factors of mucoid and nonmucoid
strains of Pseudomonas aeruginosa. Rev. Infect. Dis. 5(Suppl.):
S880-S888.

Read, R. R., and J. W. Costerton. 1987. Purification and
characterization of adhesive exopolysaccharides from Pseudo-
monas putida and Pseudomonas fluorescens. Can. J. Microbiol.
33:1080-1090.

Rottenberg, H., and R. E. Koeppe II. 1989. Mechanism of
uncoupling of oxidative phosphorylation by gramicidin. Bio-
chemistry 28:4355-4360.

Simpson, J. A., S. E. Smith, and R. T. Dean. 1988. Alginate
inhibition of the uptake of Pseudomonas aeruginosa by macro-
phages. J. Gen. Microbiol. 134:29-36.

Speert, D. P., S. W. Farmer, M. E. Campbell, J. M. Musser,
R. K. Selander, and S. Kuo. 1990. Conversion of Pseudomonas
aeruginosa to the phenotype characteristic of strains from
patients with cystic fibrosis. J. Clin. Microbiol. 28:188-194.
Terry, J. M., and S. J. Mattingly. Unpublished data.

Terry, J. M., S. E. Piiia, and S. J. Mattingly. 1991. Environ-
mental conditions which influence mucoid conversion in Pseu-
domonas aeruginosa PAOL. Infect. Immun. 59:471-477.
Verdoni, N., M. A. Aon, J. M. Lebeault, and D. Thomas. 1990.
Proton motive force, energy recycling by end product excretion,
and metabolic uncoupling during anaerobic growth of Pseudo-
monas mendocina. J. Bacteriol. 172:6673-6681.

Wardi, A., H. Williams, S. Allen, and R. Varma. 1974. A simple
method for the detection and quantitative determination of
hexuronic acids and pentoses. Anal. Biochem. 5:268-273.
Weinberg, E. D. 1989. Cellular regulation of iron assimilation.
Quart. Rev. Biol. 64:261-290.

Westphal, O., and K. Jann. 1965. Bacterial lipopolysaccharides.
Extraction with phenol-water and further application of the
procedure. Methods Carbohydr. Chem. 5:83-91.

Wrangstadh, M., P. L. Conway, and S. Kjelleberg. 1986. The
production and release of an extracellular polysaccharide during
starvation of a marine Pseudomonas sp. and the effect thereof
on adhesion. Arch. Microbiol. 145:220-227.



