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Mutants of Acinetobacter calcoaceticus RAG-1 that produced elevated levels of the polymeric bioemulsifier
emulsan were isolated on the basis of their resistance to the cationic surfactant cetyltrimethylammonium
bromide (CTAB). Such mutants showed maximum enhancement in both overall yield and specific productivity
of some two- to threefold over that of the wild type. In addition, the effect was also observed in a resting cell
system in the presence of chloramphenicol, indicating that the mutation is not simply the result of faster
growth. When CTAB-tolerant mutants were subjected together with the sensitive parent to the detergent under
growing conditions, only the mutants were found to grow. The results suggest that the mutation for CTAB
resistance leads to enhanced capsule production. This was confirmed quantitatively by a specific enzyme-linked
immunosorbent assay for the cell-bound emulsan minicapsule.

Much attention has been focused in recent years on
microbial surfactants and emulsifiers as potential products of
industrial fermentation (6, 7, 27, 28). One such product
currently being produced on a commercial scale is the
polymeric emulsion stabilizer emulsan. Emulsan is an extra-
cellular lipoheteropolysaccharide polyanionic bioemulsifier
produced by the oil-degrading bacterium Acinetobacter cal-
coaceticus RAG-1 (8, 16-18, 29). The polysaccharide back-
bone of the polymer consists of three amino sugars, D-
galactosamine, D-galactosamine uronic acid (pK 3.01), and a
third unidentified hexoseamine (30). The amphipathic prop-
erties of the polymer are due in part to the presence of fatty
acids linked to the polysaccharide backbone via ester and
amide linkages (4).

A cell-associated form of emulsan has been shown to
constitute a minicapsular layer on the surface of exponential
RAG-1 cells which is released into the medium as the cells
approach stationary phase (8). The release process recently
has been shown to involve the activity of an exocellular
esterase (23). The cell-associated form of emulsan serves as
a receptor for the specific RAG-1 phage ap3 (13-15). More-
over, we have recently shown that the presence of the
emulsan capsule on the cell surface enhances the tolerance
of RAG-1 cells to the cationic detergent cetyltrimethylam-
monium bromide (CTAB) (22). Protection from CTAB was
also observed when the medium was supplemented with the
purified bioemulsifier. Because CTAB is used to precipitate
emulsan during the purification of the polymer (8, 30), the
neutralization of the detergent is most likely due to a direct
interaction with the emulsifier. Therefore, at least one class
of RAG-1 mutant capable of growing in the presence of high
concentrations of CTAB might be expected to produce
elevated levels of emulsan. This approach was used in this
study to isolate such emulsan overproducing mutants. In
addition to producing more emulsan, these mutants pro-
duced emulsan earlier in the growth cycle.
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MATERIALS AND METHODS

Organisms and culture conditions. A. calcoaceticus RAG-1
(ATCC 31012) and RAG-92, a lysine-requiring auxotroph of
RAG-1 (19), were grown in a minimal salt (ETMS) medium
containing the following, per liter: 22.2 g of K,;HPO, - 3H,0,
7.26 g of KH,PO4, 4.0 g of (NH,),SO4, 0.2 g of
MgSO, - 7TH,0, 25 ml of absolute ethanol. ETMS medium
was supplemented with L-lysine (final concentration, 0.2
glliter) when required. Semisolid medium contained the
same constituents, with the addition of agar 2% (wt/vol).
CTAB-containing media were prepared by diluting a sterile
stock CTAB solution (2%) into fresh minimal media to the
required concentration. Growth experiments were per-
formed in Erlenmeyer flasks filled to 20% of their capacity.
The cultures were shaken at 250 rpm at 30°C in a gyratory
shaker (New Brunswick Scientific Co., Inc., Edison, N.J.).
Growth was determined by turbidity measurements in a
Klett-Summerson colorimeter with a green filter. Samples
were first diluted to the linear range of the measurement (100
to 150 Klett units). Culture turbidity of 100 Klett units
corresponds to 0.36 g of cell dry weight (CDW) per liter.
Cells were washed twice (10,000 X g, 15 min) and suspended
in phosphate buffer (0.15 M, pH 7.0). CDW was determined
after drying 10-ml fractions at 80°C to constant weight.

Emulsan preparation and assay. Emulsan was prepared
from culture supernatant as described previously (8, 18, 30)
and was purified by the CTAB preparation method (8, 22).
To release the CTAB bound to the cell-free emulsan pro-
duced in cultures growing in the presence of the detergent,
sodium sulfate was added to the supernatant to a final
concentration of 50 mM, and the detergent was precipitated
as the iodide salt with the addition of KI to a final concen-
tration of 0.3 mg/ml. The precipitate was separated by
centrifugation at 10,000 X g for 30 min before the assay.
Emulsan activity was measured by a standard emulsifying
assay (17, 18) based on emulsification of a mixture of
hexadecane-2-methylnapththalene in Tris buffer (10 mM,
pH 7.2, containing 20 mM MgSO,). One unit corresponds to
about 6.5 pg of the purified emulsifier (155 U/mg [dry
weight]). In addition, emulsan was also estimated by the
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immunochemical method based on an enzyme-linked immu-
nosorbent assay (ELISA) as described previously (8).

CTAB tolerance assay. The CTAB-tolerance assay has
been described previously (22) and is based on exposure of
cells to various CTAB concentrations in defined minimal
media with series of culture tubes containing 1.9 ml of ETMS
medium and increasing CTAB concentrations up to 20 pg/ml
at intervals of 0.5 wg/ml. The cultures were shaken at 30°C
for 24 h. At the end of the incubation the cultures were
examined for growth. CTAB tolerance (expressed in micro-
grams of CTAB per milliliter) was determined as the highest
concentration of the detergent in the presence of which
growth occurred.

Direct selection of CTAB-tolerant mutants on agar plates.
The technique for isolation of CTAB-tolerant mutants was
that of Ames and Whitefield (2). Culture fractions (0.1 ml),
containing 10° RAG-1 cells per ml previously grown over-
night in standard ETMS medium, were spread on ETMS
agar plates supplemented with CTAB at a final concentration
of 10 pg/ml. A crystal of N-methyl N-nitro-N-nitrosogua-
nidine (NTG; Sigma Chemical Co., St. Louis, Mo.) was
deposited at the center of each plate, and the plates were
incubated for 30 h at 30°C. Colonies which appeared on the
selection plates were transferred to fresh CTAB-containing
(10 pg/ml) plates. Mutants that were found to grow on the
CTAB plates were isolated, grown on ETMS medium; and
examined for growth and emulsan production under stan-
dard conditions. A specific production unit (units per milli-
gram of CDW) was defined as the ratio of emulsan concen-
tration (in units per milliliter) to cell mass (in milligrams
CDW per milliliter) at the end of incubation for 72 h.

Isolation of CTAB-tolerant mutants after selection and
enrichment in liquid medium. The procedure for isolation of
CTAB-tolerant mutants was a modification of the technique
of Adelberg et al. (1). Mutant 92 was grown to 100 Klett units
(1.3 x 10° cells per ml) in standard ETMS medium contain-
ing lysine. The cells were collected by centrifugation and
washed once with phosphate buffer and twice with 20 mM
citrate buffer (pH 6.0). The cells were concentrated 10-fold
(to 2 ml of 9.5 X 10° cells per ml), and the suspension was
then diluted 10-fold with citrate buffer. NTG was added to
the suspension to a final concentration of 250 p.g/ml. The cell
suspension was incubated for 1 h at 30°C with slow gyratory
shaking. At the end of the incubation the viable count of the
culture was measured. The suspension was washed twice
with phosphate buffer and diluted 10-fold into ETMS me-
dium containing 0.2 mg of lysine per ml to allow for
phenotypic expression. After 15 min of incubation at 30°C,
samples were inoculated into fresh ETMS medium contain-
ing lysine and CTAB at a final concentration of 50 pg/ml.
These cultures were incubated at 30°C for 6 h. At the end of
the selection cells were collected, washed, suspended in
fresh medium, and incubated for 8 h. A second selection was
then performed by incubating the cells for 6 h in fresh
medium containing 50 ug of CTAB per ml. After the second
enrichment, fractions of these cultures were spread on agar
plates containing CTAB at final concentrations of 50, 75,
100, and 200 pg/ml. Resistant colonies were isolated and
restreaked onto agar plates containing CTAB. Mutants
which appeared to be tolerant to the detergent were charac-
terized according to (i) CTAB tolerance, (ii) colony size at 48
h, and (iii) colony appearance.

Emulsan production in a resting cell system in the presence
of chloramphenicol. A washed cell suspension of exponen-
tial-phase cells (1.5 g of CDW per liter) was incubated with
shaking at 30°C in the presence of chloramphenicol (50
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TABLE 1. Production of emulsan by CTAB-tolerant mutants

Strain¢ Cell mass Emulsan Specific production
(mg of CDW/ml) (U/ml) (U/mg of CDW)
RAG-1 3.9 240 62
RAG-92 4.3 185 43
CTR
10-3 3.6 290 80
10-7 3.9 320 82
10-12 4.4 360 82
10-17 4.2 370 88
10-19 3.8 290 76
10-27 4.2 500 119
10-34 4.3 460 106
10-38 4.0 460 115
10-49 4.3 770 179
10-51 4.4 580 132
10-72 4.2 370 88
10-80 4.4 380 86
10-90 4.0 330 82
10-113 4.2 340 80
CTRL
50-1 4.2 310 74
50-2 4.0 420 105
75-1 4.6 350 76
75-2 3.7 440 119
100-1 4.1 520 127
100-2 3.9 300 77
100-3 33 180 54

« Mutants marked CTR were derived from RAG-1 by direct isolation from
plates containing 10 pg of CTAB per ml. Mutants marked CTRL were isolated
after enrichment in liquid medium containing 50 pg of CTAB per ml and were
derived from RAG-92.

pg/ml), as described previously (19). The suspensions were
shaken for 8 h, during which time samples were removed at
regular intervals and assayed for cell mass and extracellular
emulsan activity.

Emulsan production under lysine starvation conditions. The
method to determine emulsan production under lysine star-
vation conditions was essentially the same as that described
above for determination in the presence of chloramphenicol,
except that protein synthesis was arrested by starvation of
RAG-92 and its derivatives for lysine (19). The release of
emulsan was achieved by washing and suspending exponen-
tial-phase cells in complete minimal medium in the absence
of the required amino acid. The cultures were then incubated
and assayed as described above.

Measurement of cell-bound emulsan. The relative amount
of emulsan minicapsule was assayed by the specific ELISA
with an emulsan-specific antibody cross-linked to alkaline
phosphatase, as described previously (8). The results are
expressed as A4y (arising from the phosphatase assay) per
10° cells.

RESULTS

Isolation of CTAB-tolerant mutants. Previous results from
this laboratory have shown that the parental RAG-1 cells are
tolerant to CTAB at a maximum concentration of 2 pg/ml on
ETMS agar plates and 0.6 pg/ml in liquid ETMS medium
(22). A total of 114 CTAB-tolerant mutants were isolated on
ETMS agar plates containing 10 pg of CTAB per ml, and 7
isolates were obtained following mutagenesis and enrich-
ment in liquid medium containing 50 pg of CTAB per ml, as
described above. The CTAB-tolerant isolates were screened
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FIG. 1. Cell growth and emulsan production in CTR-10-49 and
RAG-1. K.U., Klett units.

for emulsan yields and productivity. Twenty of the CTAB-
tolerant mutants showed enhanced production of emulsan
over that of the wild type (Table 1). The majority of these
mutants exhibited enhancement of between two- and three-
fold in both rate of production (5 to 7 U of emulsan per ml h)
and polymer yield (90 to 170 U of emulsan per mg of CDW).
Moreover, none of the 121 mutants isolated showed a lower
productivity than the parental strains. Two mutants, CTR-
10-49 and CTRL-100-1, were chosen for further study on the
basis of their higher productivity. Mutant CTR-10-49, de-
rived from RAG-1 on semisolid media, was sensitive to 10 ug
of CTAB per ml on plates and 2 png of CTAB per ml in liquid
media. The mutant CTRL-100-1 was derived from the lysine
auxotroph RAG-92 by enrichment in liquid media, in which
it showed a tolerance to 18 wg of CTAB per ml. This mutant
was found to be tolerant to 100 pg of CTAB per ml on plates.

Emulsan production by CTAB-tolerant mutants. The two
mutants each produced about 600 U of emulsan per ml and
about 4 mg of CDW per ml during a 72-h growth period. In
sharp contrast, the parental strains RAG-1 and RAG-92
produced only 240 and 220, U of emulsan per ml, respec-
tively. It was of interest, therefore, to examine the kinetics
of emulsan production throughout the growth cycle.

A number of differences were observed when the growth
and emulsan production of strain CTR-10-49 was compared
with that of RAG-1 (Fig. 1). In the case of the parent RAG-1,
extracellular emulsan began to accumulate only after about
20 h (at the end of exponential growth). This production
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extended into the stationary phase and reached a maximum
at about 48 h. In contrast, when the mutant CTR-10-49 was
grown on ethanol under the same conditions, the accumula-
tion of emulsan began earlier, at about 12 h, and continued
for the next 20 h. Between 12 and 32 h the rate of emulsan
production by CTR-10-49 was about 12 U/mg of CDW per h,
while during the same period the rate of emulsan production
with the parent RAG-1 was only S U/mg of CDW per h. A
maximum emulsan yield of 800 U/ml was observed in the
case of the mutant, while the parent RAG-1 gave a yield of
about 300 U/ml. The final emulsan-to-cell ratio at 72 h was
190 U/mg of CDW for CTR-10-49 and 60 U/mg of CDW for
RAG-1. It should be noted that the emulsan activity which
accumulated in the cell-free broth of the parent remained
constant during the 24-h period between 48 and 72 h. In
contrast, the mutant activity decreased some 25% during this
period. Finally, mutant CTR-10-49 exhibited a faster initial
growth rate (growth rate, 0.63 h™!) than RAG-1 (growth rate,
0.36 h~!). It was of interest to determine whether the
enhanced production rate in the mutant was related to its
faster growth rate on ethanol, or whether the rate (and
extent) of emulsan production itself was directly affected by
the mutation.

Emulsan production in resting cells. To distinguish the
possibility of emulsan production in resting cells, emulsan
production was examined with a resting cell system in which
growth and protein synthesis were arrested in the presence
of chloramphenicol (8, 19). As described previously (8, 19),
emulsan production by RAG-1 cells in the exponential phase
was accelerated under these conditions (Fig. 2C). Moreover,
mutant CTR-10-49 released emulsan at a rate of 30 U/mg of
cell per h, which was almost twice the parental rate in this
resting cell system (17 U/mg of cell per h). The final yield of
emulsan was about 220 U/ml in the case of the mutant,
compared with 110 U/ml for the parent. ‘

Similar results were obtained when the CTAB-resistant
mutant CTRL-100-1 was compared with RAG-92 in a resting
cell system in which growth was arrested by starvation for
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FIG. 2. Emulsan production in the presence of chloramphenicol
(CAP). k.u., Klett units. Symbols: open symbols, RAG-1; closed
symbols, CTR-10-49.
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lysine (Fig. 3). The overproducing lysine auxotroph CTRL-
100-1 released emulsan at a rate of 70 U/mg per h under
conditions of lysine starvation, while the parent RAG-92
released emulsan at a rate that was about threefold lower (20
U/mg per h).

Emulsan mediated protection against CTAB toxicity. A
previous report from this laboratory showed that CTAB
tolerance of RAG-1 cells could be correlated with the
production of extracellular emulsan (20). Similar results
were obtained with mutant CTR-10-49 (Fig. 4). It is interest-
ing that emulsan produced by both mutant and parent
protected the cells against CTAB toxicity to the same extent
(about 1.6 U/pg of CTAB [22]). When emulsan was removed
from the growth medium in the whole culture and washed
cells were examined for CTAB tolerance, it was found that
cells of the mutant showed a fourfold increase in CTAB
tolerance over that of the parent RAG-1 (2 pg/ml compared
with 0.5 pg/ml, respectively). Furthermore, when the
washed cells were analyzed for the presence of the emulsan
minicapsule by an emulsan-specific ELISA (8), cells of
mutant CTR-10-49 exhibited two- to fourfold more emulsan
capsule than did the parental cells (A49s of 0.5 to 0.7 per 10°
cells of the mutant and A4 of 0.2 per 10° cells of the parent;
data not shown).

Although extracellular emulsan was shown to protect the
cells against the toxic effects of CTAB (22) (Fig. 4), the
tolerance to the very high concentrations of CTAB in the
medium during the selection of resistant mutants could not
be explained solely on the basis of elevated levels of cell-free
emulsan. The possibility that enhanced tolerance was due, in
part, to larger quantities of tightly bound cell-associated
emulsan was indicated in the experiments with washed cells
shown in Fig. 4. In addition, when cells of CTRL-100-1 and
the parent RAG-92 were inoculated together in liquid culture
and CTAB (200 png/ml) was added after 24 h of incubation,
growth of the parent ceased immediately, while the tolerant
mutant was barely affected by the toxic surfactant (Fig. 5B).
The concentration of emulsan at the time of exposure to
CTAB was about 100 U/ml and continued to rise to about 600
U/ml during the subsequent 30 h. The presence of cell-free
emulsan at the time of CTAB addition did not affect the
sensitivity of the parental cells (compare Fig SB and D). In
the mixed culture without CTAB, slightly higher levels of
emulsan were obtained than in the presence of CTAB, owing
to the additional production by the parental cells (Fig. 5C).
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FIG. 3. Emulsan release during lysine starvation. Symbols: @,
mutant CTRL-100-1; O, parent RAG-92.
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FIG. 4. CTAB tolerance of washed cells and whole cultures. The
numbers above the shaded columns represent the concentration of
emulsan (in units per milliliter) in the growing cultures at the time of
inoculation into the CTAB medium.

DISCUSSION

Previous results from this laboratory have indicated that
the extracellular bioemulsifier emulsan can protect the cell
from the toxic effects of the amphipathic cation CTAB. This
finding formed the basis for this study, in which a system is
described to selectively enrich for emulsan overproducers.
About 6% of all mutants which were selected directly on
CTAB-containing plates showed enhanced emulsan produc-
tion; none of the mutants produced less emulsan than the
parent. The fact that fewer numbers of mutants were isolated
from CTAB-containing liquid medium than from plates may
be due to the presence of higher concentrations of CTAB in
the liquid medium. This material in turn would be expected
to be more toxic to cells which had lost their productive
emulsan shield (22).

The overproducing mutants showed about a threefold
enhancement of volumetric and specific productivity over
that of the corresponding parents. Whereas emulsan ap-
peared earlier in the growth cycle, enhanced production was
also observed in a resting cell system. It thus appears that
the genetic modification involved an alteration in an
emulsan-specific step which was not directly linked to the
growth of the mutant. Moreover, the mutations did not
appear to involve a weakening of the binding of the emulsan
minicapsule to the external surface of the cell, because
washed cells of the mutant were at least fourfold more
resistant to CTAB than were the parents. In addition, the
mixed culture experiments showed no effect of extracellular
emulsan produced by the mutant in sparing the CTAB-
mediated inhibition of parental growth. The results of such
competition experiments demonstrate a role for cell-bound
emulsan in protecting parental strains (but not emulsan-
deficient mutants) against CTAB toxicity (5, 10, 20, 21, 26).
It is interesting that mutations to CTAB resistance in strains
of Klebsiella and Corynebacteria (3, 11) showed a weaker
association of the capsule with the cell. Moreover, mucus
production by wild-type strains of Pseudomonas aeruginosa
was found to be elevated in the presence of CTAB (9).

Mutant CTRL-100-1 was tolerant to 100 ug of CTAB per
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FIG. 5. Effect of CTAB on growth and emulsan production of
CTRL-100-1 and RAG-92 in mixed cultures. (A) Mixed culture of
RAG-92 (O) and CTRL-100-1 (@) without CTAB. (B) Mixed culture
of CTRL-100-1 and RAG-92 with CTAB. (C) Emulsan activity in
cell-free supernatants of mixed culture without (A) and with (V)
CTAB. (D) Growth of CTRL-100-1 (®) and RAG-92 (O) in separate
independent cultures in the presence of CTAB. Arrows in panels B
through D indicate the time of exposure to CTAB.

ml, while CTR-10-49 was 10-fold less tolerant, even though
both mutants produced about the same amount of emulsan
per cell. In addition, mutant CTRL-100-1 produced emulsan
at a significantly higher rate than CTR-10-49. The correlation
between rapid production rate and CTAB tolerance may be
explained by the rapid encapsulation of the mutant cells,
which renders them more resistant to the higher concentra-
tion of CTAB. As a capsule, emulsan may bind more of the
positively charged CTAB than the cell-free polymer. Alter-
natively, a second CTAB-binding factor may be made and
transported to the outer surface of the cell in such mutants.
Strain improvement leading to enhanced production of eco-
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nomically important polysaccharides is likely to be of major
significance (7, 12, 25). The rate-limiting step in extracellular
polysaccharide production involves the same amount of lipid
carrier in the membrane which is available for transport of
water-soluble precursors to the outside. Sutherland and
Ellwood (24, 25) have suggested that selection for bacitracin
resistance could be used to select mutants with elevated
levels of polyprenol phosphate. The selection procedure
described in this report is not necessarily restricted to
emulsan overproducers. Its application in strain improve-
ment for producers of a variety of polyanionic polysac-
charides is currently in progress.
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