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Naphthalenesulfonate-degrading bacteria were obtained by continuous enrich-
ment from a naphthalene-degrading population from sewage. In addition to
naphthalene, Pseudomonas sp. A3 can utilize 2-naphthalenesulfonate (2NS) and
Pseudomonas sp. C22 can utilize both 1-naphthalenesulfonate (1NS) and 2NS as
sole carbon sources. In a mixture of lNS and 2NS, the former substrate is utilized
by strain C22 only after complete consu'mption of 2NS. During exponential
growth, approximately 10% of the organic carbon of naphthalenesulfonates is
temporarily excreted. These unidentified metabolites can readily be used by other
bacteria, which, by supplying strain C22 with vitamins, allow optimal growth in
stable mixed cultures. The degradative capability ofPseudomonas sp. A3 for 2NS
was irreversibly lost under nonselective growth conditions and could be trans-
ferred from the wild type to a distinguishable cured strain of the wild type.

Naphthylsulfonates are important products of
industrial chemical processes. Their sodium
salts are used as solubilizers. The alkylnaphthal-
enesulfonates belong to the surface active com-
pounds and are applied as wetting agents and
emulsifiers. In addition, naphthylsulfonates
serve as building blocks for the large-scale syn-
thesis of azo dyes with naphthol- and naphth-
ylaminesulfonates as intermediates. In conven-
tional sewage plants naphthalenes carrying
SO3H groups as substituents resist biodegrada-
tion or are incompletely degraded. As a conse-
quence, 7 to 15% of the organic pollution of the
Rhine water is caused by sulfonated naphtha-
lenes and its secondary products (6).

In principle, aromatic compounds carrying a
sulfonic acid group as a xenobiotic structural
element can be totally degraded and utilized by
bacteria. Several studies (see reference 3) de-
scribing the bacterial degradation of benezene-
and alkylbenzenesulfonates encouraged us to in-
vestigatewhethernaphthalenesulfonate-degrad-
ing bacteria could be enriched and isolated.

MATERIALS AND METHODS
Continuous enrichment. A chemostat was used

as described by Hartmann et al. (4) for continuous
enrichment. Air loaded with variable concentrations
of naphthalene was introduced at a rate of 1 liter/min
through a G2 porous glass filter plate, which covered
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the entire bottom of the chemostat vessel. The naph-
thalene concentration in the incoming air was regu-
lated by admixing defined amounts of naphthalene-
saturated air. This was generated by passing air
through a column (50 by 250 mm) which was filled by
a mixture of powdered naphthalene and glass beads.
The dilution rate of the chemostat was adjusted to
0.03 h-'.

Culture conditions. For cultivation in continuous
and batch culture a mineral medium was used, con-
taining per liter: 12 g of Na2HPO4 *2H20, 2 g of
KH2PO4, 0.5 g of NH4NO3, 0.1 g of MgCl2.6H20, 50
mg of Ca(NO3)2.4H20, 7.5 mg of FeCl2,4H20, and 0.1
ml of a trace element solution according to Pfennig
and Lippert (7). When sulfate concentrations were
determined during growth with naphthylsulfonates,
the trace element solution had the following compo-
sition: 50 mg of ZnCl2, 30 mg of MnCl2.4H20, 300 mg
of H3B03, 200 mg of CoCl2.6H20, 10 mg of CuCl1.
2H20, 20 mg of NiCl126H20, 30 mg of Na2MoO4.
2H20 in 1 liter. The mineral salts medium was supple-
mented with appropriate carbon sources from concen-
trated separately autoclaved stock solutions.

Small quantities of cells were grown in 500-ml fluted
Erlenmeyer flasks containing 50 ml of medium. The
flasks were incubated at 28°C on a rotary shaker at
150 rpm. A magnetically stirred fermentor (Multigen
F 2000 from New Brunswick, Edison, N.J.) was used
for 1-liter cultures. Growth was monitored by meas-
uring the turbidity at 546 nm.

Solid media were prepared by addition of 2% Ion-
agar no. 2 (Oxoid) to the mineral medium with appro-
priate carbon sources. When naphthalene was used as
a carbon source, mineral agar plates were incubated
upside down with a few crystals of naphthalene in the
lid of the petri dish.

Analytical methods. Concentrations of naphthyl-
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sulfonates in the culture fluid were determined by
reverse-phase high-pressure liquid chromatography.
Experimental details including sample preparation are
described in the accompanying paper (2).

For the determination of sulfate ion concentration
in the culture fluid, the method of Bertolacini and
Barney (1) was modified. The culture fluid (2 ml) was
diluted with distilled water to a final volume of 30 ml.
Ethanol (50 ml) was added, and the solution was
acidified with citric acid (1 M) to pH 4. After admix-
ture of barium chloranilate (300 mg), the sample was
diluted again with distilled water to a final volume of
100 ml and shaken for 10 min. Undissolved particles
were removed by centrifugation. Photometric meas-
urements were carried out at 530 nm using glass cu-
vettes of 20-mm path length. A sulfate-free probe of
mineral medium was treated correspondingly and used
as a standard. The calibration curve was established
by using standard solutions of sodium sulfate (106 to
4 x 10-5 M).
The sulfite concentration in the culture fluid was

measured by the method of Johnston et al. (5).
Chemicals. Pure (87%) naphthalenesulfonic acids

were generously supplied by Bayer AG, Leverkusen,
Germany. Technical-grade quality of 1-naphthalene-
sulfonic acid (iNS), which contained approximately
30% 2-naphthalenesulfonic acid (2NS) as the major
impurity, cycloheximide, and 6,6'-dinitro-3,3'-dithio-
benzoic acid were purchased from Fluka, Buchs, Swit-
zerland. Nutrient broth and yeast extract were ob-
tained from Difco Laboratories, Detroit, Mich. Mito-
mycin C was supplied by Sigma Chemical Co., St.
Louis, Mo. All other chemicals used for mineral salts
media and buffer solution were of analytical grade
quality and were purchased from Merck, Darmstadt,
Germany.

RESULTS AND DISCUSSION
Isolation of strains. The naphthylsulfonate-

degrading bacteria used in this and the accom-
panying study (2) were obtained by continuous
enrichment from a naphthalene-degrading pop-
ulation originating from activated sludge sam-
ples of the Gottingen sewage plant. The chem-
ostat was initially fed with naphthalene vapor as
carbon source. By use of several pulses of cyclo-
heximide (10 mg/liter), growth of eucaryotic
cells was suppressed and the culture was stabi-
lized within 14 days. Stepwise increasing
amounts of 2NS (up to 2 g/liter) were added to
the mineral medium in the reservoir over a
period of 8 weeks. Simultaneously the concen-
tration of naphthalene in the vapor was gradu-
ally decreased. Constant growth with 2NS as the
only carbon source was obtained after 5 months
of continuous enrichment. At that time the
steady-state concentration of2NS in the contin-
uous culture had dropped below 0.01 mM. When
plated on mineral agar the majority of the cells
in the chemostat could grow on naphthalene.
However, only a few colonies were able to utilize
both naphthalene and 2NS as sole carbon

sources. One of these, strain A3, was selected
and purified by replating on nutrient broth and
2NS mineral agar.
The 2NS-utilizing continuous culture could

further be adapted to the utilization of 1NS.
When 2NS in the mineral salts medium was
replaced by 10 mM iNS from Fluka, which
contained about 30% 2NS as an impurity (this
mixture is designated as 1NS-Fluka below), both
isomeric naphthalenesulfonates were completely
removed from the culture fluid within 4 further
months of continuous enrichment. No major
change in the population density (EM6 of ca. 1)
was observed even when pure iNS (Bayer) was
used as the sole carbon source. However, on iNS
mineral agar plates, no single colonies could be
obtained from the population of the chemostat.
On agar plates with 10 mM 1NS-Fluka plus 1
mM succinate, 32 isolates were selected and
transferred to roll tubes containing mineral salts
medium supplemented with the same carbon
sources. High-pressure liquid chromatography
analysis revealed some turnover of 2NS as well
as of iNS with four of these isolates. One of
these isolates with the highest activity for the
sulfonates was used for further investigations.
When this isolate was plated on succinate min-
eral agar, three different strains were distin-
guished by their colony forms. Strain C22 ex-
hibited small, round, and clear colonies, whereas
strain R22 gave large and irregularly formed
rough colonies. The colonies of the third form,
strain T22, appeared round and turbid. None of
the single strains could grow on 1NS-Fluka min-
eral medium. However, growth was observed
when the three isolates were recombined.

Strain A3 and strain C22 exhibited most of
the phenotypic characters of the species Pseu-
domonas testosteroni, which are listed in the
diagnostic key from Stanier et al. (8). Since the
escorting strains R22 and T22 were not involved
in naphthalenesulfonic acid degradation (see be-
low), they were not identified.
Naphthalenesulfonic acids as growth

substrates. Both Pseudomonas strains A3 and
C22 utilized 2NS as the sole source of carbon
and energy. When strain C22 was grown in pure
culture it required some vitamin B12 (see below).
To avoid acidification during growth with the
sulfonic acids, the buffer concentration in the
medium was 80 mM. Under these conditions the
doubling time was found to be 4 h for strain A3
and 7.5 h for strain C22. Sulfite accumulation in
the growth medium with a maximum concentra-
tion in the late exponential growth phase fol-
lowed by a strong decrease in the stationary
phase was found with both organisms (Fig. 1).
All of the organic sulfur was finally converted to
sulfate. During growth of Pseudomonas sp. C22
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FIG. 1. Utilization of2NS by strain A3 (left) and by strain C22 (middle) and of INS by strain C22 (right).
The organisms were grown at 30°C in a 2-liter fermentor containing 1 liter of mineral salts medium (pH 7.5).
The initial substrate concentrations were 4 mM for 2NS and 5 mM for iNS. For strain C22 the medium was

supplemented with vitamin B12 (0.2 mg/liter). Samples were taken at intervals for turbidity measurements,
quantification of 2NS and INS by high-pressure liquid chromatography, and determination of sulfate and
sulfite. Symbols: O, INS or 2NS; *, turbidity, *, sulfite; 0, sulfate.

with 1NS, a considerably longer doubling time
(d, = 26 h) with this substrate was observed.
The maximum concentration of sulfite from 1
NS in the growth medium at the end of the
exponential growth phase never exceeded 6 ,uM.
Growth of strain C22 with a mixture of

lNS and 2NS. Strain C22 grew readily with
1NS-Fluka as the sole carbon source provided
that the escorting strains R22 and T22 were
present. Plating on 1NS-Fluka-succinate agar
demonstrated that the ratio of viable cells of the
three strains C22, R22, and T22 was almost
constant (10:1:1) during the entire course of ex-

ponential growth. Optimum growth rates were

found with the mixed culture ofthe three strains.
None of the single strains were able to grow on

mineral salts medium with naphthalenesulfonic
acid as the sole carbon source. Some growth
could be obtained with strain C22 when the
1NS-Fluka mineral salts medium was supple-
mented with yeast extract and vitamin B12. How-
ever, growth was always inferior to the mixed
culture of the three strains (Table 1).
No catabolic activity for naphthylsulfonates

could be measured by high-pressure liquid chro-
matography when the strains R22 and T22 were
grown on 10 mM succinate in the presence of
naphthalenesulfonic acids.
The two escorting strains R22 and T22 could

grow on culture filtrates taken from an exponen-
tially grown culture of P. testosteroni C22 when
the latter organism was cultivated with naph-
thylsulfonates in the presence of vitamin B12.
The dry weight yield of biomass indicated that
about 10% of the carbon source was excreted
into the growth medium during exponential
growth. However, culture filtrates from strain

TABLE 1. Growth of strains R22, T22, and C22 in
pure and mixed culture with INS-Fluka as a carbon

sourcea
Turbidity after 52 h; mineral salts

medium

Supplemented with:
Pure or mixed cul- With-

tures Wit Vi-out ViVi- .ttaminsupple- tam enast
ment t extract B12 +

B12 yeast
extract

Strain R + C + T 0.4 0.41 0.52 0.51
Strain R + C 0.22 0.26 0.33 0.34
Strain T + C 0.23 0.25 0.33 0.33
Strain R + T 0.0 0.0 0.0 0.0
Strain C 0.0 0.22 0.21 0.46
Strain R 0.0 0.0 0.0 0.0
Strain T 0.0 0.0 0.0 0.0

a Mineral medium contained 5 mM 1NS-Fluka (7:3
mixture of iNS and 2NS), yeast extract (0.05%), and
vitamin B12 (0.2 mg/liter). The cultures (10 ml in 50-
ml Erlenmeyer flasks) were incubated at 30°C. Sam-
ples were taken after 3 days, when approximately one-
third of maximum growth yield was attained. Growth
was observed turbidimetrically at 546 nm. Turbidity
values were corrected by those obtained from control
cultures without naphthylsulfonates.

C22, taken from the stationary growth phase,
did not support significant growth of strain R22
or T22 (Fig. 2).
The culture ofPseudomonas sp. C22 can read-

ily be contaminated even under the selective
growth conditions conferred by naphthalenesul-
fonic acids as the sole carbon source. Apparently
the unindentified compounds, which are tran-
siently excreted during exponential growth, can
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lily utilized by other bacteria. These could with 1NS-Fluka (Fig. 3), i.e., a mixture of the
ly replace the escorting strains R22 and isomeric sulfonic acids. Sulfite accumulation in
satisfy the vitamin B12 requirement of the medium exhibited two maxima correspond-

D22. ing to maximum turnover of the two growth
aracteristic growth curve was observed substrates. This growth curve was not signifi-

cantly changed when Pseudomonas sp. C22 was
a b grown in mixed culture with strain R22 and T22

without vitamin B12. A slightly shorter doubling
time was observed under these conditions. Al-
though relatively small amounts of sulfite are
excreted into the medium, it appears to be the
primary metabolite of the sulfonic acid groups.
Oxidation of sulfite to sulfate is only slightly
accelerated by naphthalenesulfonic acid-grown
cells. Turnover of lNS is strongly inhibited by
2NS (Fig. 3), so that iNS is not utilized until all
2NS has been consumed by the growing culture.
However, the existence of a biphasic growth

~ . ~ . .-curve could not be substantiated. Cells taken
4 12 20 28 15 45 90 from the growth phase of 2NS utilization were

time (h) fully induced for lNS oxidation. In agreement
2. Growth of Pseudomonas sp. C22 with 2NS with this, data in the accompanying paper show
INS (b) as sole carbon sources. The organism that degradation of both INS and 2NS by Pseu-
'wn in mineral salts medium in a 2-liter fer- domonas sp. C22 follows the same catabolic
as described in Fig. 1. The initial concentra- route where both substrates compete for the
f the naphthalenesulfonic acids were 5 mM same initial enzyme.
'amples (3 ml) were taken at intervals, cells Loss and transmissibility of degradative
moved by sterile filtration, and the fluid was capability. When Pseudomonas sp. A3 was
-red to roll tubes containing 2 ml of mineral subcultured on nonselective agar plates, an ir-
ithout carbon source. After being inoculated reversible loss of degradative capability for 2-
ell suspension of strain T22 (1 ml, Ew6 = 0.1) naphthalenesulfonate was noticed. When culti-
?s were incubated at 30°C by use of a roller vated in nutrient broth at 30°C approximatelY
.ncrease of turbidity resulting from growth at vae nntin rt t3'C aproiatl~zceae f trbdiy reutn rmgot t50% of the cells had lost the ability to utilize
ense of excreted metabolites in the samples
asured after 48 h. Symbols: 0, growth ofstrain 2NS after 10 generations of growth. When mi-
increase in optical density at 546 nm ofstrain tomycin C (22 ,ug/ml) was incorporated into the
h after inoculation. growth medium, the extent of curing increased
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FIG. 3. Growth of P. testosteroni strain C22 with 1NS-Fluka (7:3 mixture of INS and 2NS) as sole carbon
source. Mineral salts medium contained 5 mM naphthalenesulfonic acids (INS + 2NS) and vitamin B12 (0.2
mg/liter). Samples were taken at intervals for turbidity measurements, analysis of the growth substrates by
high-pressure liquid chromatography, and determination of sulfate and sulfite. Symbols: O, INS; El, 2NS;
0, turbidity; 0, S04-2; *, HS030.
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to 80%. Colonies which had lost the ability to
grow on 2NS were also unable to utiize naph-
thalene. However, all individual colonies tested
still retained the ability to utilize salicylate. No
reversion to the wild-type degradative ability
was noticed when 5 x 109 cells of a cured clone
of strain A3 were plated on 2NS mineral agar.
The ability to degrade naphthalene or 2-

naphthalenesulfonate can be transferred from
the wild type to a distinguishable cured strain of
the wild type. The donor and a streptomycin-
resistant recipient culture were grown overnight
on nutrient agar plates. Cells were suspended in
phosphate buffer (pH 7.4). One milliliter of each
suspension containing 10i cells was filtered
through a 0.2-num membrane filter (Millipore
Corp.) which was then incubated for 48 h on the
surface of nutrient agar plates at 300C. Growth
was suspended in 2 ml of phosphate buffer. The
suspension and serial dilutions of it were spread
onto the selection plates (2NS mineral medium
containing 500 ,ug of streptomycin per ml) for
transconjugant colonies to grow. Donor and re-
cipient cultures were plated onto the selection
plates as controls. The frequency of transfer
calculated as the number of transconjugants per
donor cell was found to be 0.6 x 10-6 to 1.0 x
10-6.
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