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Pseudomonas acidovorans and Pseudomonas sp. strain ANL but not Salmonella typhimurium grew in an
inorganic salts solution. The growth of P. acidovorans in this solution was not enhanced by the addition of 2.0
jig of phenol per liter, but the phenol was mineralized. Mineralization of 2.0 jig of phenol per liter by P.
acidovorans was delayed 16 h by 70 ,ug of acetate per liter, and the delay was lengthened by increasing acetate
concentrations, whereas phenol and acetate were utilized simultaneously at concentrations of 2.0 and 13
jig/liter, respectively. Growth of Pseudomonas sp. in the inorganic salts solution was not affected by the
addition of 3.0 jig each of glucose and aniline per liter, nor was mineralization of the two compounds detected
during the initial period of growth. However, mineralization of both substrates by this organism occurred
simultaneously during the latter phases of growth and after growth had ended at the expense of the
uncharacterized dissolved organic compounds in the salts solution. In contrast, when Pseudomonas sp. was
grown in the salts solution supplemented with 300 jig each of glucose and aniline, the sugar was mineralized
first, and aniline was mineralized only after much of the glucose carbon was converted to CO2. S. typhimurium
failed to multiply in the salts solution with 1.0 jig of glucose per liter. It grew slightly but mineralized little of
the sugar at 5.0 jig/liter, but its population density rose at 10 jig of glucose per liter or higher. The hexose could
be mineralized at 0.5 jig/liter, however, if the solution contained 5.0 mg of arabinose per liter. In solutions with
this arabinose concentration and glucose levels too low to support growth, the percentage of glucose carbon
incorporated into S. typhimurium cells was the same as when the bacterium was grown in solutions with high
concentrations of glucose alone. When glucose was the only carbon source for S. typhimurium, the percentage
of the glucose carbon assimilated and mineralized progressively declined as the sugar concentration was
reduced to levels approaching the threshold for growth. These results indicate that second substrates and
uncharacterized dissolved organic carbon may play an important role in controlling the rate and extent of
biodegradation of organic compounds at low concentrations.

Microorganisms can degrade a variety of synthetic organic
compounds present in samples from natural environments at
concentrations below 10 puglliter (1, 16). However, it is not
certain whether microorganisms can grow at such low con-
centrations. It has been postulated that substrate uptake will
just meet maintenance energy requirements and growth is
not possible at sufficiently low substrate concentrations (12).
Of the few bacteria whose ability to grow at very low
substrate concentrations has been studied, threshold con-
centrations for growth have been found to be ca. 2 ,ug/liter
(17) or much higher (8, 14, 17).
An explanation for the biodegradation of organic com-

pounds at concentrations below the threshold level is that
the organisms are simultaneously using higher concentra-
tions of other compounds for maintenance energy and
growth. Simultaneous use of two substrates has been shown
for a number of bacteria (4, 7), and levels of available but
largely uncharacterized dissolved organic carbon (DOC) are
high enough in many environments to support considerable
bacterial growth (13, 19). However, demonstrating the ex-
istence of threshold concentrations for growth is difficult
because many bacteria can readily grow on the DOC in
distilled water (2, 6) or on the volatile organic compounds
from air in contact with culture media (3, 10).
The aim of the present study was to determine the effects

of DOC in laboratory media prepared with distilled water on
the abilities of bacteria to degrade low concentrations of
added substrate. For this purpose, species able and unable
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to use the uncharacterized DOC were used. In addition, to
understand the effect ofDOC on the metabolism of synthetic
organic substrates, studies were also conducted on the
effects of second substrates on the biodegradation of low
concentrations of organic compounds.

MATERIALS AND METHODS

Radioisotopes. [U-'4C]aniline hydrogen sulfate (99
mCi/mmol) and [U-'4Clphenol (87 mCi/mmol) were obtained
from Amersham Corp., Arlington Heights, Ill. [U-14C]
glucose (348 mCi/mmol) was purchased from New England
Nuclear Corp., Boston, Mass.

Bacterial isolates. Salmonella typhimurium LT2 was ob-
tained from J. M. Calvo, Department of Biochemistry, Cor-
nell University. Pseudomonas acidovorans was obtained
from N. C. Dondero, Department of Microbiology, Cornell
University. Pseudomonas sp. strain ANL was isolated from
the primary settling tank of the Ithaca, N.Y., sewage treat-
ment plant. Sewage (1.0 ml) was added to 100 ml of an
inorganic salts solution containing 30 mg of aniline per liter.
After 10 days, 1.0 ml of the enrichment culture was trans-
ferred to 200 ml of fresh medium, and the culture was
incubated for 7 days at 21°C. Serial dilutions were then
plated on a medium containing inorganic salts and 100 mg of
aniline and 15 g of Difco Bacto-Agar per liter. Isolated
colonies appearing after 4 days of incubation at 21°C were
restreaked on fresh agar four times before transferring back
to liquid media.

Media. The inorganic salts solution contained 13 mg of
KH2PO4, 60 mg of Na2HPO4, 40 mg of NH4C1, 10 mg of
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MgSO4 * 7H20, 10 mg of CaCl2 2H20, 0.5 mg of
FeCl3 6H20, 0.5 mg of MnSO4 H20, 0.01 mg of
ZnSO4 - 7H20, 5 jig of CuSO4 - 5H20, and 5 jg of
CoC12 6H20 per liter. Individual salt solutions were steri-
lized separately before being added to test solutions. The
final pH of the mixture was 6.9.
The water was distilled and then treated with a Milli-Q

reagent grade water system (Millipore Corp., Bedford,
Mass). Where indicated, water was further purified by using
a wet oxidation procedure. Pretreated water was distilled
twice in glass containers from 1.0-liter volumes containing
1.0 ml of H3PO4 and 10 g of K2S208 (9). All glassware was
soaked overnight in concentrated sulfuric acid containing 15
g of Nochromix (Godax Laboratories, New York, N.Y.) per
liter, followed by three rinses in doubly distilled water.

Inocula preparation. The bacteria were initially grown in
the inorganic salts solution containing 100 mg of substrate
per liter. The substrates were phenol and aniline for P.
acidovorans and Pseudomonas sp. strain ANL, respec-
tively, and glucose or arabinose for S. typhimurium. To
adapt the cells to low concentrations of substrate, the
inoculum was grown from a low cell density to the stationary
phase in media containing 100 jig of substrate per liter.
Unwashed cells which had been in the stationary phase for
24 to 48 h were used as the inoculum. To minimize the
carry-over of residual carbon, the inoculum was diluted at
least 200-fold to obtain the initial cell densities that were
used. For experiments involving the simultaneous utilization
of glucose and arabinose by S. typhimurium, the inoculum
was grown to mid-logarithmic phase in the inorganic salts
solution containing 10 mg of arabinose per liter. The cells
were centrifuged and resuspended in the salts solution
before being diluted 1,000-fold to obtain the cell suspensions
that were used.

Determination of growth. Erlenmeyer flasks (250 ml) con-
taining 150 ml of the inorganic salts solution and the test
compounds were incubated in the dark at 29°C on a rotary
shaker operating at 125 rpm. At regular intervals, the number
of cells was determined by using the spread-plate technique.
For this purpose, duplicate 0.1-ml portions of 10-fold dilu-
tions were plated on a medium containing 15 g of Difco
Bacto-Agar and 3 g of Trypticase soy broth (BBL Microbi-
ology Systems, Cockeysville, Md.) per liter of deionized
water, and colony counts were made after 48 h of incubation
at 29°C. The data represent means of duplicate plate counts
from individual flasks. The generation time of S. typhimur-
ium in media with different glucose concentrations was
calculated by using data from the exponential phase of
growth.

Analytical techniques. All flasks received similar amounts
of 14C-labeled compounds (1,000 to 2,000 dpm/ml), but the
final substrate concentration was varied by adding different
amounts of unlabeled compounds. At regular intervals,
3.5-ml samples were removed from the flasks and acidified
with 4 drops of concentrated H2SO4. To drive off C02, the
samples were bubbled vigorously for 5 min with compressed
air. Subsamples (3.0 ml) then were added to plastic vials
containing 9 ml of Liquiscint (National Diagnostics, Inc.,
Somerville, N.J.), and the radioactivity was counted with a
liquid scintillation counter (model LS7500; Beckman Instru-
ments, Inc., Irvine, Calif.).

All 14C-depletion curves were obtained from the flasks
that were used to obtain cell counts. Unless indicated
otherwise, the curves showing 14C disappearance show 14C
remaining in the medium containing the cells. The 14C
remaining in the medium is assumed to be assimilated into

the cells, present as the added substrate, or present as
excreted products.
To determine the amount of "4C assimilated by the cells,

samples were passed through a 0.2-,um polycarbonate filter
(Nuclepore Corp., Pleasanton, Calif.), and the radioactivity
in the filtrate was counted as described above. The amount
of "4C in the filtrate was subtracted from the amount in the
original suspension to obtain the amount of 14C assimilated.
Controls with heat- or acid-killed cells indicated that negli-
gible amounts of ['4C]glucose or [14C]phenol were retained
on the polycarbonate filters during filtration. ['4C]aniline, on
the other hand, was readily sorbed by the polycarbonate
filters in the presence of killed cells, and therefore aniline
assimilation could not be measured reliably by this tech-
nique.
To study the simultaneous utilization of glucose and

aniline, solutions were prepared in duplicate with equal
amounts of unlabeled glucose and aniline. To one flask of
each pair was added an appropriate amount of either
['4C]aniline or [14C]glucose. The concentrations were made
equal by adding either unlabeled glucose or aniline. These
experiments were repeated twice with similar results.

RESULTS

Characterization of the aniline-degrading bacterium. The
isolate is a gram-negative, oxidase-positive, catalase-posi-
tive, polarly flagellated, aerobic rod that does not require
growth factors. These characteristics suggest that it is a
Pseudomonas strain (11). It was designated strain ANL.
DOC-using bacteria. To test the ability of the bacteria to

grow in the absence of added organic substrate, each organ-
ism was inoculated into glass-stoppered 250-ml Erlenmeyer
flasks containing 150 ml of the inorganic salts solution. P.
acidovorans grew to final cell densities of from 1 x 105 to 5
x 105 cells per ml in unamended inorganic salts solution,
whereas Pseudomonas sp. strain ANL reached a density of
1.8 x 106 cells per ml. Subsequent studies of P. acidovorans
indicated that the unamended salts solution contained enough
available carbon to support a population equivalent to that
expected in a medium containing ca. 90 jig of phenol per
liter. Only at phenol concentrations of 100 jig/liter or more
was the maximum cell number greater than that obtained in
the inorganic salts solution (Fig. 1). The salts solution
prepared from doubly glass-distilled water which had been
oxidized with K2S208 still supported the growth of 6 x 104
and 2 x 104 P. acidovorans cells per ml in two separate
experiments. These values were 50 and 15% of the counts in
untreated distilled water, indicating that treatment with
K2S208 removed from 50 to 85% of the DOC that supported
growth of P. acidovorans.
The effects of the uncharacterized DOC on the utilization

of low concentrations of added substrate were determined
by concurrently measuring growth of the bacteria and min-
eralization of the 14C-labeled compounds. P. acidovorans
was able simultaneously to grow on the uncharacterized
DOC and mineralize phenol supplied at a concentration of
2.0 jig/liter (Fig. 2). The data indicate that the rate of growth
and the number of cells were essentially the same with and
without the added substrate. Moreover, based on the maxi-
mumn cell counts obtained in media with higher phenol
concentrations, 2.0 jig of phenol per liter should have
supported the growth of only 3 x 103 cells per ml. The fact
that 100 times that many cells were produced indicates that
the growth observed was almost entirely a result of the use
of constituents of DOC other than the added phenol.
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The uncharacterized DOC had a different effect on the
ability of Pseudomonas sp. strain ANL to utilize low con-
centrations of added substrates. The bacterium was inocu-
lated into the inorganic salts solution containing either no
added carbon source or a mixture of 3.0 jig each of glucose
and aniline per liter. In the latter medium, mineralization of
each of the two test compounds was also determined. The
growth curves were essentially identical in the presence or
absence of the two added substrates (Fig. 3). Moreover, the
final yield of cells was far greater than could be explained by
the small amounts of glucose and aniline added, indicating
that much of the cell carbon came from unknown compo-
nents of the DOC. Under these conditions, mineralization of
glucose and aniline was initially undetectable or was ex-
tremely slight, as the cells were growing at the expense of
the uncharacterized DOC. Once a substantial amount of
growth on the DOC had occurred, however, the glucose and
aniline were simultaneously utilized. The pattern of metab-
olism was quite different when Pseudomonas sp. strain ANL
was inoculated into a medium containing 300 jig each of
glucose and aniline per liter. Under these conditions, glu-
cose was mineralized first (Fig. 4). Only when the rate of
disappearance of 14C from labeled glucose began to decline
was there appreciable mineralization of aniline.

In addition to the loss of 14C as the bacteria mineralized
labeled glucose as shown in Fig. 3 and 4, 21% of the added
14C was incorporated into biomass after 70 h, leaving ca. 7%
of the 14C in the bacteria-free solution. This soluble 14C may
represent excreted products.

P. acidovorans is unable to grow on glucose (11), so
acetate was used as a second carbon source. The addition of
70, 180, and 480 ,ug of acetate per liter to the inorganic salts
solution containing 2.0 ,ug of phenol per liter caused the
onset of phenol mineralization to be delayed for 16, 19, and
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FIG. 1. Growth of P. acidovorans in an inorganic salts solution
containing different concentrations of phenol.
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FIG. 2. Growth of P. acidovorans in inorganic salts solution with
and without phenol (2.0 ,ug/liter) and phenol mineralization in the
former medium.

22 h, respectively. This lag in phenol mineralization coin-
cided with the growth of P. acidovorans, which was inocu-
lated at a density of 103 cells per ml, on the added acetate. In
a subsequent experiment, P. acidovorans was able to min-
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FIG. 3. Growth of Pseudomonas sp. strain ANL in salts solution
containing 3.0 jig each of glucose and aniline per liter or in
unamended salts solution and mineralization of the two compounds
in the former medium. The mineralization curves show the percent-
age of 14C remaining in the bacterial suspensions.
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FIG. 4. Mineralization of glucose and aniline and the growth of
Pseudomonas sp. strain ANL in a medium containing 300 ,ug each of
glucose and aniline per liter. The mineralization curves are for the
percentage of 14C remaining in the bacterial suspensions.

eralize phenol and acetate simultaneously when they were
present at concentrations of 2.0 and 13 ,ug/liter, respectively.
Growth of S. typhimurium. To determine how bacteria

unable to use the uncharacterized DOC respond to low
concentrations of added substrate, S. typhimurium was
chosen as a model organism. The growth and [14C]glucose
utilization of S. typhimurium were concurrently measured
over a range of glucose concentrations. S. typhimurium was
unable to grow in the unamended inorganic salts solution,
and unlike the other bacteria, which used the uncharacter-
ized DOC, its growth rate and maximum cell density de-
creased as the initial glucose concentration was lowered
(Fig. 5). By using the data in Fig. 5, mean generation times
of 79, 42, 23, 14, and 7.3 h were calculated for initial glucose
concentrations of 5.0, 10, 20 (data not shown) 40, and 80
,ug/liter, respectively. A linear regression on the generation
times versus the inverse of concentration (17) yields a K,
value for growth of 95 ,ug of glucose per liter (r = 0.99). The
organism did not grow at a glucose concentration of 1.0
,ug/liter, the inoculum size being reduced in this instance to
allow for detection of a possible population increase. Growth
at an initial glucose concentration of 5 jig/liter ceased before
a substantial amount of the glucose carbon was mineralized
(Fig. Sb). These data indicate that the threshold concentra-
tion for the growth of S. typhimurium is between 1.0 ,ug and
5.0 ,.g of glucose per liter. The variability between replicate
growth curves was greater at glucose concentrations less
than 40 ,ug/liter than at higher levels, and so both growth
curves are presented in Fig. 5 for these lower concentra-
tions. The area between the curves of radioactivity remain-
ing in solution and 14C left in the filtrate represents the
percentage of the 14C assimilated by the cells.
A study was conducted to determine whether a bacterium

which could not use the uncharacterized DOC could metab-
olize a characterized substrate (glucose) at levels too low to

support growth when that organism is provided with a
second substrate (arabinose) at high enough concentrations
to support growth. For this purpose, S. typhimurium was
inoculated into the salts solution containing 0.5 ,ug of labeled
glucose per liter as the sole carbon source or into the same
medium containing 5.0 mg of arabinose per liter as well as
the glucose. The cell numbers and mineralization of glucose
were determined at regular intervals. The population size did
not increase in the medium with only the trace amount of
glucose, but its numbers rose if arabinose was present (Fig.
6). As S. typhimurium grew on arabinose, it metabolized the
glucose, despite the fact that the hexose was at a concentra-
tion well below the level of glucose that would sustain
growth.
A study was then conducted to determine the percentage

of ["4C]glucose converted to CO2 and cells in a medium
containing 5.0 mg of arabinose per liter and different con-
centrations of glucose. The percentage of ["4C]glucose incor-
porated into the cells in the presence of arabinose was the
same at glucose concentrations of 5, 0.5, and 0.25 ,ug/liter
and was comparable to the amounts incorporated by S.
typhimurium grown in a medium with high concentrations of
glucose as the sole carbon and energy source (Table 1). In
media with glucose as the sole carbon source, reducing the
sugar concentration to levels of 40 ,ugfliter or lower progres-
sively reduced the extent of glucose incorporation, and
lowering the concentration to 10 or 5 ,ug/liter reduced the
extent of mineralization.
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FIG. 5. (a) Growth of S. typhimurium at different concentrations
of glucose added to minimal salts media. (b) The percentage ofT4C
remaining in the suspensions (closed symbols) and filtrates (open
symbols) at initial glucose concentrations of 5 and 40 ,ug/liter.
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DISCUSSION

The ability of P. acidovorans and Pseudomonas sp. strain
ANL to multiply in an unamended inorganic salts solution is
attributed to their utilization of uncharacterized DOC. Sim-
ilar oligocarbophilic growth has been observed for a number
of bacteria (6, 18) and is usually attributed to the dissolving
in the media of volatile organic substances from the air (3, 5,
10). Although our experiments were conducted with glass-
stoppered flasks, air exchange with the atmosphere did
occur when samples were taken, so that volatile organic
substances could be responsible for some of the growth;
nevertheless, because 50 to 85% of the DOC available to P.
acidovorans could be removed by pretreatment of the water
with K2S208, volatile organic substances were not responsi-
ble for all the growth. In different experiments, P. acidovo-
rans reached different final counts in the unamended inor-
ganic salts solution, indicating dissimilar DOC levels in these
solutions. Regardless of its source, the uncharacterized
DOC had a significant effect on the biodegradation of test
substrates present at very low concentrations. Because the
concentration of available DOC was usually at least 100
times greater than that of the added substrates, the growth
rates and cell yields of organisms capable of utilizing the
uncharacterized DOC were determined by those unknown
compounds. After most of the DOC in the media had been
exhausted, Pseudomonas sp. strain ANL was able to utilize
simultaneously low concentrations of aniline and glucose.
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FIG. 6. Numbers of S. typhimurium cells and mineralization of

labeled glucose in a medium with an initial glucose concentration of
0.5 ,ug/liter with and without 5 mg of unlabeled arabinose per liter.
Only glucose mineralization was determined.

TABLE 1. Conversion of ['4C]glucose to CO2 and cells by
S. typhimurium in medium with 5.0 mg of unlabeled arabinose per

liter and different glucose concentrations
% ['4C]glucose converted to CO2 and cells in medium:

Glucose concn Without arabinose With arabinose
(pg/liter)

CO2 Cells CO2 Cells

0.25 ND" ND 42 46
0.50 ND ND 42 48
5.0 9 3 42 46
10 27 11 ND ND
20 42 31 ND ND
40 44 36 ND ND
500 41 47 ND ND

10,000 42 46 ND ND

a ND, not determined.

The ability of heterogeneous bacterial communities to me-
tabolize mixtures of carbon compounds simultaneously has
long been known (15), and the simultaneous use of several
substrates by pure cultures of bacteria has been reviewed by
Harder and Dijkhuizen (4). Recently, it was shown that a
synthetic compound (methylene chloride) can be degraded
simultaneously with acetate by a pure culture of bacteria (7).
The present study is the first demonstration that aromatic
pollutants can be utilized simultaneously with other com-
pounds by pure cultures of bacteria.
The simultaneous use of two substrates is concentration

dependent. Thus, Pseudomonas sp. strain ANL mineralized
glucose and aniline simultaneously when present at 3.0
.zg/liter but metabolized them diauxically at 300 ,ug/liter. In
addition the uncharacterized DOC repressed the ability of
this organism to utilize low concentrations of glucose or
aniline. Although this DOC did not inhibit phenol minerali-
zation by P. acidovorans, repression could be demonstrated
with as little as 70 ,ug of acetate per liter. The metabolism of
aromatic compounds by members of the genus Pseudomo-
nas is usually repressed by the presence of more easily
metabolized compounds, especially intermediates of the
tricarboxylic acid cycle (20).
The fact that S. typhimurium is unable to grow on DOC in

distilled water makes it a good organism for studying growth
and substrate utilization at very low concentrations of a
single substrate. This inability to grow in the inorganic salts
solution is not a result of the failure of the organism to grow
at low substrate concentrations, because its numbers in-
creased in solutions with a glucose concentration of 5
ptg/liter, which is 200 times lower than the level required to
qualify it as a facultative oligotroph (6). S. typhimurium,
however, is not an oligocarbophile (5, 10) because it is
unable to grow in unamended inorganic salts solutions.

S. typhimurium was unable to grow at a glucose concen-
tration of 1 ,ug/liter, a concentration similar to the threshold
value of 2.5 ,ug/liter for Aeromonas hydrophila (17). The
presence of arabinose at levels adequate for growth allowed
S. typhimurium to mineralize glucose at concentrations well
below the threshold for replication. This ability to metabo-
lize low levels of glucose is not the result of an increased
affinity for glucose in the presence of the pentose, since the
rate of mineralization of 5 p.g of glucose per liter is ca. 1 fg/h
per cell whether arabinose is present or not. The ability to
mineralize glucose rapidly at concentrations below the
threshold appears to be related to (i) the concentration of
arabinose being high enough to meet maintenance and
growth requirements and thus the number of cells capable of
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utilizing glucose increased and (ii) arabinose not interfering
with utilization of glucose.
The results with the three bacteria suggest that the rate

and extent of biodegradation of low concentrations of syn-
thetic organic compounds in nature may be controlled by the
presence of higher concentrations of other organic mole-
cules. The data also suggest that the stimulation or inhibition
by second substrates of the biodegradation of synthetic
compounds depends on the organisms in the environment,
the concentration of the second substrate, and the particular
synthetic chemical that is being degraded.
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