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Experiments were devised to determine whether exposure to xenobiotics would
cause microbial populations to degrade the compounds more rapidly during
subsequent exposures. Studies were done with water/sediment systems (eco-
cores) taken from a salt marsh and a river. Systems were tested for adaptation to
the model compounds methyl parathion and p-nitrophenol. 14CO2 released from
radioactive parent compounds was used as a measure of mineralization. River
populations preexposed to p-nitrophenol at concentrations as low as 60 ,ug/liter
degraded the nitrophenol much faster than did control populations. River popu-
lations preexposed to methyl parathion also adapted to degrade the pesticide
more rapidly, but higher concentrations were required. Salt marsh populations
did not adapt to degrade methyl parathion. p-Nitrophenol-degrading bacteria
were isolated from river samples but not from salt marsh samples. Numbers of
nitrophenol-degrading bacteria increased 4 to 5 orders of magnitude during
adaptation. Results indicate that the ability of populations to adapt depends on
the presence of specific microorganisms. Biodegradation rates in laboratory
systems can be affected by concentration and prior exposure; therefore, adaptation
must be considered when such systems are used to predict the fate of xenobiotics
in the environment.

Microbial degradation of organic compounds
is often investigated in the laboratory by using
mixed culture systems obtained from the envi-
ronment (1, 2, 8, 9). Frequently, such investiga-
tions are designed to measure biodegradation
rate constants that can be used to predict poten-
tial biodegradation rates in the environment. It
is difficult, however, to extrapolate results ob-
tained in laboratory systems to predict the fate
of organic pollutants in the environment, where
conditions may be different from those in the
laboratory. The effects of many parameters
must be considered: temperature, salinity, pH,
oxygen concentration, nutrient concentration,
inoculum size, source of inoculum, chemical
structure and concentration of the test com-
pound, and adaptation of the microbial popula-
tion to degrade the test compound. The effects
of adaptation are probably the least defined.

Microbial populations can often adapt to
transform specific compounds more rapidly. For
example, Haller (6) has studied adaptation of
sewage populations to degrade several aromatic
compounds, and Hollibaugh's recent studies (7)
clearly show that natural bacterial populations
can adapt to metabolize certain amino acids.
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There are three ways by which adaptation can
occur upon exposure of the population to a new
substrate: (i) induction or derepression of spe-
cific enzymes not present (or present at low
levels) in the population before exposure, (ii)
selection of new metabolic capabilities produced
by genetic changes, and (iii) increase in the
number or organisms able to catalyze a particu-
lar transformation. The third type of change
often follows one of the first two. Any of the
above types of adaptation may drastically
change the biodegradation rate constants ob-
served in laboratory test systems. Rate constants
determined by using adapted populations (8)
may not be comparable with those determined
by using unadapted populations (1). Substrate
concentration may determine whether popula-
tions can adapt, i.e., there may be concentration
thresholds below which no adaptation takes
place (2). Adaptation may also be affected by
the type and amount of inoculum, the structure
of the test compound, physical parameters, or
the design of the test system. The purpose of
this paper is to describe our investigations of
adaptation in natural populations exposed to the
synthetic organic compounds methyl parathion
(MP) and p-nitrophenol (PNP). The major ob-
jective of this work was to determine whether
adaptation could affect predictions of biodegra-
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dation rates for xenobiotics at low concentra-
tions in the environment.

MATERLALS AND METHODS
Test system. Biodegradation experiments were

done with mixed microbial populations obtained from
natural environments. The "eco-core" test system de-
scribed by Pritchard et al. (9) served as both a sam-
pling device and a container during incubation. The
system consisted of a glass tube (3.5 by 40 cm) sealed
at each end with silicone stoppers. An 18-gauge hy-
podermic needle 20 cm long (Becton, Dickinson & Co.,
Rutherford, N.J.) was inserted through the upper stop-
per for the introduction of air into the system during
incubation. A short length of 9-mm glass tubing in-
serted through the upper stopper provided an outlet
for effluent gases.

For filling the sterile eco-cores with test material,
the lower stopper was removed at the sampling site;
the tube was inserted vertically into the sediment to
a depth of 78 cm; the core was carefully removed from
the sediment, retaining a sediment plug in the bottom
of the tube; and the stopper was replaced. Since the
water depth at all sampling sites was greater than 50
cm, the space in the tube above the sediment filled
with water during the procedure. Samples were trans-
ported to the laboratory as soon as possible, and water
volumes were adjusted to 175 ml per core. For degra-
dation studies, the cores were incubated at 25°C unless
otherwise indicated; air was gently introduced into the
water column 3.0 cm above the sediment via the
submerged hypodermic needle and effluent gases were
passed through a solution of 1.0 N sodium hydroxide
to remove carbon dioxide. Mineralization rates of ra-
dioactive test substrates were determined by measur-
ing the amount of radioactivity associated with the
trapped carbon dioxide. The trapped radioactivity was
released when samples of the traps were acidified to
pH 2.0, thus confirming that the radioactivity was
associated with CO2.

In adaptation experiments in which the degradation
rate of a compound was to be studied after a second
exposure of the microbial test system to the com-
pound, the water in the system was changed before
the second spike to prevent isotope dilution (Fig. 1).
To accomplish the change, the water layer was trans-
ferred to sterile centrifuge bottles; particulate material
was collected by centrifugation, and the supernatant
fluid was discarded. The particulate material was then
suspended in 175 ml of water from the original sam-
pling site that had been sterilized by passage through
a 0.45-,um filter (Millipore Corp., Bedford, Mass.). Sus-
pensions thus prepared were returned to the cores
with minimal disruption of the sediment layer and
labeled test compounds were added.

Extraction and analysis ofPNP and MP. Water
samples were extracted twice at neutral pH with equal
volumes of ethyl acetate, acidified to pH 1.5 with HCI,
and extracted twice more. The ethyl acetate was dried
over anhydrous sodium sulfate and evaporated to dry-
ness under reduced pressure. The resultant residues
were dissolved in acetone and stored at -20°C until
analyzed.

For thin-layer chromatographic analysis, extracts

were applied to glass plates precoated with silica gel
(LK6DF; Whatman Ltd., Clifton, N.J.). Chromato-
grams were developed with chloroform-acetone (80:
20). Compounds were detected on the chromatograms
by fluorescence quenching when viewed under ultra-
violet light (254 nm). Identification was accomplished
by comparison with authentic standards. Radioactive
areas were detected on the plates with a spark cham-
ber (Birchover Instruments Ltd., Letchworth, Herts,
England). Radioactive compounds were extracted
from the plates, and the radioactivity was measured
by liquid scintillation counting.

Culture media and conditions. Basal growth me-
dium was prepared from a mineral salts base (MSB)
which contained, per liter: K2HPO4, 700 mg; MgSO4.
H20, 112 mg; ZnSO4, 5 mg; NaMoO*42H20, 2 mg;
CaCl2, 14 mg; and NH4C1, 500 mg. The basal medium
was supplemented with PNP orMP at a concentration
of 50 mg/liter and yeast extract at 50 mg/liter for
enumeration of bacteria able to degrade the test com-
pounds. The pH of the medium was adjusted to 7.4.
Sodium chloride was added to the medium to a con-
centration of 1.5% for growth of bacteria from the salt
marsh sampling site. Solid media were prepared by
adding agar (Difco Laboratories, Detroit, Mich.) to
the liquid media at a final concentration of 15 g/liter
before autoclaving. For enumeration of total hetero-
trophic bacteria, the minimal medium was supple-
mented with Difco nutrient broth (2 g/liter).

Enumeration, selection, and isolation of bac-
teria. Enumeration of bacteria from the eco-cores was
accomplished by inverting the cores several times to
resuspend the detritus layer (upper 1 to 2 cm) of the
sediment in the overlying water; samples of the result-
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COURSE OF ACD RADIOTIVE TEST COMPOUNDMNERALIZATION

INCUBATE |4CO2 RELEASE IDCATES TIME
COURSE OF kMNERALIZATION

INDICATOR|PRE-EXPEDCONTROL-R
CORES O~ORES CORE

FIG. 1. Flow diagram for experiments used to in-
vestigate adaptation of microbial populations after
exposure to organic substrates. Cores taken at the
sampling site were treated in one of three ways. One
group of cores was spiked immediately with "4C-la-
beled test compound (indicator). A second group was
spiked with unlabeled test compound (preexposed).
The third group received no addition (control). '4CO2
release from the indicator cores was followed as
described in the text. When the rate increased sub-
stantially, the preexposed and control cores were
spiked with radiolabeled test material, and "CO2
release was followed as a measure ofmineralization.
A substantially higher rate in preexposed systems
was taken to be evidence of adaptation.
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ant suspension were diluted and spread on the surface
of agar plates containing the appropriate carbon
source. The plates were incubated for 5 days at 250C,
and colony-forming units were determined.

Bacteria were isolated by selective enrichment in
growth medium containing either MP or PNP. The
sediment in eco-cores was suspended in the overlying
water as described above. Samples of the suspension
were diluted 10-fold with artificial growth medium
containing either PNP or MP, and the suspensions
were incubated at 25°C with shaking in flasks of the
appropriate size. At intervals, samples of the suspen-
sion were removed, and the amount of PNP or MP
remaining was determined by extraction and thin-
layer chromatographic analysis. When the test com-
pound disappeared from the medium, samples of the
suspension were removed, diluted 10-fold with fresh
medium, and incubated as before. When the MP or
PNP disappeared the second time, samples of the
suspension were spread on the surface of agar plates
containing the appropriate substrate. After incubation
for 72 h at 250C, material from the larger colonies was
transferred to fresh agar medium and further incu-
bated. After several transfers, organisms that contin-
ued to grow well were tested for the ability to degrade
PNP or MP as follows. Bacteria were grown overnight
in liquid medium supplemented with MP or PNP;
radiolabeled MP or PNP (100/ug/liter final concentra-
tion) was added to the culture suspension, and the
suspension was incubated at 25°C with shaking for 48
h; samples of the suspension were removed and ex-

amined for the presence of MP or PNP by extraction
and thin-layer chromatographic analysis. Disappear-
ance of the parent compound was taken to indicate
degradation. The concentration of the compounds re-

mained stable during the incubation period when cell
suspensions were treated with Formalin (2%, vol/vol)
before incubation. PNP degradation was detected by
following the disappearance of yellow color from the
medium during growth of the bacteria.

Materials. PNP was obtained from Matheson,
Coleman and Bell, Inc. (Norwood, Ohio); MP (0,0-
dimethyl O-p-nitrophenyl phosphorothioate) was

from Monsanto Co. (St. Louis, Mo.). [U-_4C]PNP and
[ring- U-_4C]MP were from Pathfinder Laboratories
Inc. (St. Louis, Mo.). Purity of chemicals was verified
by thin-layer chromatographic analysis before use.

Radioactivity measurements. Material in the
C02 traps was prepared for counting by dissolving a

1.0-ml sample from the trap in Carbon 14 cocktail (R.
J. Harvey Instrument Co., Hillsdale, N.J.). PCS liquid
scintillation cocktail (Amersham, Arlington Heights,
Ill.) was used for other types of samples. Radioactivity
was measured by liquid scintillation with a Beckman
LS250 liquid scintillation counter. All samples were

corrected for background and quenching.
Sampling sites. Sediment and water samples used

in the study were obtained from two different aquatic
environments. The estuarine sampling site was at
Range Point, a salt marsh adjacent to Santa Rosa
Sound near Pensacola Beach, Florida. When the sam-
ples were taken salinity was 1.3%, water temperature
was 260C, and water depth was 60 cm. The sediment
consisted of a thin (<0.5-cm) layer of detritus overlying
sand.

APPL. ENVIRON. MICROBIOL.

The freshwater sampling site was in the Escambia
River 8 miles above Escambia Bay and upriver from
known industrial effluent discharges in the Pensacola
area. Water depth at the sampling site was 1.5 m, and
the temperature was 240C. The sediment contained a

thick layer of organic material and released a consid-
erable amount of gas when disturbed.

RESULTS.

Preliminary adaptation experiments. In
a preliminary experiment to determine whether
adaptation could be detected in mixed cultures
by following mineralization, a number of eco-

cores were taken from the Escambia River sam-
pling site on 13 August 1979, spiked with radio-
labeled MP or PNP, and treated as shown in
Fig. 1. Each compound was added at two differ-
ent concentrations; 14CO2 released from cores

during subsequent incubation was followed as

an indicator of parent compound mineralization
(Fig. 2). The rate of '4CO2 release increased
sharply after 60 h in cores containing the higher
concentrations of both MP and PNP. The rate
of 14CO2 release from cores containing lower
concentrations of the two compounds did not
change abruptly during the experiment. The
abrupt increase in the rate of 14CO2 release from
cores spiked at the higher concentrations sug-

gested that some type of adaptation had oc-

curred.
For more careful investigation of the occur-

rence of adaptation, similar cores (taken at the
same time as those described above) were spiked
initially with unlabeled MP or PNP as outlined
in Fig. 1. Each compound was added to several
cores at a concentration of 0.45 ,uM and to sev-
eral others at a concentration of 180,uM. Each

ESCAMS/A RIVER
,6M.-*UP 180,uM

o-oMP Q4"
50 -PNP 180"
I50 * PNP 0.45"

~ 0
240-

2 0-

10

0 0 20 30 40 50 60 70 80 90 00 10
TIME (hours)

FIG. 2. Mineralization in Escambia River eco-
core samples. Cores taken 13 August 1979 were sup-
plemented immediately with [14C]MP or ['4C]PNP
and then incubated with aeration at 25°C. '4CO2
released from the cores was trapped, and the radio-
activity was measured as described in the text. Each
compound was tested at concentrations of 0.45 and
180/M.
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treated core was matched with a duplicate that
did not receive MP or PNP. After incubation for
100 h (the appropriate time was determined
from the results shown in Fig. 2), the water was
removed from the cores as described above and
replaced with filter-sterilized Escambia River
water. Cores thus treated were then spiked with
radiolabeled MP or PNP at the same concentra-
tion as the initial spike, and '4CO2 release was
followed (Fig. 3). '4CO2 was released rapidly and
without a lag from cores that were preexposed
to 180 ,uM PNP. The rate of 1'CO2 release from
control cores (no preexposure) did not become
significant until 50 h after the spike. Cores preex-
posed to MP (180 uM) and respiked with radio-
labeled MP released 14CO2 much more rapidly
than did control cores.
Cores that received lower concentrations (0.45

,uM) of the parent compounds (Fig. 3B) released
14CO2 at a much lower overall rate. However,
cores preexposed to PNP were again much more
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FIG. 3. Mineralization in preexposed Escambia
River cores. Eco-cores were taken at the Escambia
River site and spiked immediately with unlabeled
MP or PNP at concentrations of 0.45 and 180
Control cores received no supplement. Cores were

incubated 100 h, water was removed and replaced
with filter-sterilized river water, and cores were re-

spiked with ["4CJMP or ['4C]PNP at a concentration
of 180 ,M (A) or 0.45 pM (B). "4CO2 release was

followed during subsequent incubation.

active than were control cores. Preexposure of
cores to MP at the lower concentration had little
effect on the rate of subsequent MP minerali-
zation.
The results indicate that both MP and PNP

were mineralized much more rapidly in cores
that were preexposed to the compounds at a
concentration of 180 uM. Only PNP produced a
detectable adaptive response at the lower con-
centration. Comparison of mineralization rates
in preexposed and control cores provided a
means to clearly establish whether the popula-
tions were adapted.
The preceding experiment was repeated with

eco-cores taken from Range Point salt marsh on
27 August 1979. '4CO2 release from cores spiked
immediately with labeled MP or PNP is shown
in Fig. 4. The rate of mineralization was lower in
all cases than the rates in similarly treated cores
from the Escambia River. It was not readily
apparent from the plots of '4CO2 release after
the initial spike whether adaptation took place.
The rate of release began to increase in the core
that contained the higher concentration ofPNP
after about 140 h. However, the increase was not
nearly as abrupt as that seen in Escambia River
cores (Fig. 2).

Similar Range Point cores were preexposed to
unlabeled MP or PNP as described in Fig. 1 and
respiked with labeled compounds after 250 h of
preexposure. Figure 5 shows that 14CO2 was re-
leased much more slowly from Range Point
cores than from Escambia River cores used in
earlier experiments (Fig. 3). The rate was similar
to that shown by cores initially spiked with
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FIG. 4. Mineralization in Range Point eco-cores.

Eco-cores were taken at the Range Point salt marsh
site. Cores were spiked immediately with ['4C]MP or
[14C]PNP and then incubated with aeration at 25°C.
14CC2 released from the cores was trapped, and the
radioactivity was measured as described in the text.
Each compound was tested at concentrations of 180
and 0.45 jLM.
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radiolabeled compounds. Preexposure to the test
compounds did not affect the rate of 14CO2 re-
lease.
Substrate disappearance. The possibility

existed that the increased rate of 4CO2 evolution
in preexposed cores did not reflect a parallel
increase in the rate of parent compound disap-
pearance. To relate '4CO2 release to ['4C]PNP
disappearance, both were followed in cores taken
from the Escambia River site on 10 October 1979
(Fig. 6). The pattern of 1'CO2 release in preex-
posed and control cores was similar to that in
earlier experiments. In the preexposed core,
PNP disappeared rapidly without a lag. In the
control core, there was an initial, brief decrease
in PNP concentration and then a lag, followed
after 40 h by a relatively rapid decrease. The
amount of radioactivity released as 14CO2 was
slightly less than the amount ofPNP disappear-
ance in both systems. The differences between
preexposed and control cores were not as strik-
ing as in earlier experiments (Fig. 2), probably
because the preexposure period was shorter, and
adaptation may not have been complete. When
the experiment was repeated with samples from
Range Point, the nitro compound again disap-
peared slightly faster than '4CO2 accumulated.
The rate of substrate disappearance was no
higher in preexposed cores than in control cores,
which correlated well with the results obtained
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FIG. 5. Mineralization in preexposed Range Point
eco-cores. Cores were prepared at the Range Point
sampling site and spiked immediately with unlabeled
MP or PNP at concentrations of 180 UM (A) or 0.45

(B). Control cores received no supplement. Cores
were incubated 250 h, water was removed and re-

placed with filtered Range Point water, preexposed
and control cores were then respiked with [14C]MP
or [14C]PNP at concentrations of 180 pLM (A) or 0.45

(B), and 14C 2 release was followed during sub-
sequent incubation. Note the x-axis scale relative to
that in Fig. 3.
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by measuring '4CO2 release alone.
Effects of biomass. Since the differences in

mineralization rates between cores taken from
Range Point and from the Escambia River could
be due to differences in microbial biomass at the
two sites, numbers of heterotrophic bacteria
were determined in sediment/water samples
taken from each site in the experiments de-
scribed in Fig. 2 to 5. Samples from the river
contained 5.2 x 105 colony-forming units per ml;
those from Range Point contained 8.0 x 104
colony-forming units per ml. The number of
heterotrophs was thus 6.5 times higher at the
river site, but the difference was not sufficient
to explain the observed differences (up to 1,000-
fold) in the mineralization rates.

Since differences in initial biomass at the two
sites did not fully explain the disparity in min-
eralization rates, qualitative differences in the
types of organisms at the two sites were inves-
tigated to determine whether there were in-
digenous organisms that were readily able to
mineralize the test compounds. Samples from
each site were tested for the presence of specific
organisms able to degrade MP or PNP in pure
culture. Selection techniques yielded five orga-

TIME (hours)

FIG. 6. ['4C]PNP disappearance compared with
"4CO2 release in preexposed and control cores. Two
eco-cores were prepared on 10 October 1979 at the
Escambia River site and spiked immediately with
PNP at a concentration of0.72 tM. Two control cores
received no supplement. Cores were incubated for 75
h, water was removed and replaced with filtered river
water, and [14C]PNP was added to a final concen-
tration of 0.72 M. 14C02 released from one preex-
posed and one control core was trapped, and the
radioactivity was measured as described in the text.
Water samples (5 ml) for extraction and analysis
were removed from the duplicate cores at the indi-
cated intervals. Extraction and quantitation of["C]
PNP were performed as described in the text.
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TABLE 1. Characteristics of organismns capable ofPNP degradation"
Test response

Isolate Nitrate Glucose Morphology GenusGrain Oxidase Catalase Motility reduc- fermen-
tion tation

B - + + + + - RodP8eudomona_
D - + + + + - Rod Pseudomonas
1-U - + + + + - Rod Pseudomonas
2-P - + + - + - Rod Acinetobacter
2-Q - - + - + - Rod Acinetobacter
1-T - - + - - - Rod Acinetobacter

'Tests were done as described by Skerman (11); identification was done according to Bergey's Manual of
Determinative Bacteriology (4).

nisms from Escambia River samples (Table 1)
able to degrade PNP in pure culture, but none
able to degrade MP. Attempts to isolate similar
organisms from Range Point failed.

Results described thus far indicate that there
was little or no adaptation in response to added
MP or PNP in eco-core samples from Range
Point. Moreover, the observed adaptation toMP
by Escambia River samples could have been an
adaptation to PNP released from MP by non-
specific hydrolysis. Therefore, to simplify the
more detailed examination of adaptation, sub-
sequent experiments were done with PNP as the
model compound in eco-core samples from the
Escambia River.
Population changes during adaptation.

Bacteria in eco-cores were enumerated before
and after exposure to PNP to determine whether
the differences in mineralization rates correlated
with changes in biomass. Samples were taken
from the Escambia River in winter when the
water temperature at the sampling site was
150C; the cores were therefore incubated at 150C
during the experiment. Preexposure was done as
described in Fig. 1. In the indicator core, the
rate of mineralization increased abruptly after
110 h of incubation (Fig. 7). Preexposed and
control cores respiked after 143 h showed the
typical differences in rates of PNP mineraliza-
tion. Thus, although the lag period was longer
in the winter cores, adaptation patterns were
similar to those of summer cores (Fig. 3).

Total numbers of heterotrophic bacteria and
bacteria able to degrade PNP in pure culture
were estimated by dilution and plating at various
times during the experiment. The last three
cores listed in Table 2 are those described in Fig.
7. The first three cores are duplicates that were
not exposed to PNP. Total numbers of hetero-
trophic bacteria increased almost 10-fold in cores
incubated for 143 h with no addition. Incubation
for longer periods or in the presence ofPNP led
to some increases in the number ofheterotrophs,
but differences were slight. The number ofPNP

s-
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FIG. 7. Mineralization ofPNP in eco-cores taken
from the Escambia River on 21 January 1980. The
indicator was spiked initially with ['4C]PNP at a
concentration of 1.08 uM, the preexposed core re-
ceived an equal amount of unlabeled PNP, and the
control core received no supplement. After 143 h of
incubation at 15'C, the water was changed, and the
preexposed and control cores were respiked with
['4C]PNP as described in the text. 14C02 release from
the cores was followed during subsequent incubation.

degraders increased 3 orders of magnitude in the
core exposed to PNP for 143 h. There was an
additional 10-fold increase in a similar core re-
spiked with PNP and incubated 89 h longer.
There was no detectable proliferation of PNP
degraders in control cores.
The question remained whether the lack of an

observable adaptation in cores taken from the
salt marsh was due to a lower initial biomass in
the samples than in the Escambia River samples.
Therefore, core samples taken from the Escam-
bia River were diluted 10-fold with filter-steri-
lized river water and used in a test for adaptation
similar to that described in Fig. 1. Dilution had
no discernable effect on the adaptation patterns.
PNP mineralization in the preexposed core was
much more rapid than in the control core (data
not shown), which clearly indicated adaptation
in the diluted system. Mineralization rates were
similar to those obtained with undiluted cores
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taken from the same site (Fig. 6). The results
indicate that differences in adaptation patterns
between Escambia River samples and Range
Point samples were not due to differences in
bacterial population size but were probably due
to qualitative differences in the populations.
Concentration dependence. Preliminary

experiments (Fig. 2) indicated that microbial
populations in cores taken from the Escambia
River would adapt to PNP concentrations as low
as 0.45,iM. It seemed likely, however, that there
would be a threshold concentration below which
no adaptation could be detected. To define such
a threshold, the concentration dependence of
adaptation was investigated by the procedure
used in earlier experiments (Fig. 1). Cores taken
from the river site on 10 October 1979 were
preexposed to various concentrations of unla-
beled PNP; duplicate cores received no PNP.
After incubation for 75 h, the water was changed,
and radioactive PNP was added to the cores at
concentrations equal to the respective preexpo-
sure concentrations. The preexposure period
(before respike) was shorter than in the earlier
experiments with Escambia River samples (Fig.
3). As a result, the differences in mineralization
rates between preexposed and control cores were
less drastic (Fig. 8).
Rates determined from the first three points

in the curves shown in Fig. 8A and B were
replotted as a function of initial PNP concentra-
tion (Fig. 8C). Rates of mineralization in the
control cores were only slightly affected by PNP
concentration in the range tested. In contrast,
mineralization rates in preexposed cores showed
a marked concentration dependence at concen-
trations above 0.29 ,tM. Rates of PNP minerali-
zation in preexposed cores did not differ greatly
from those in unexposed cores when both were
supplemented with [14C]PNP at concentrations
below 0.43 uM. Cores preexposed to PNP at a
concentration of 0.43 ,uM showed a somewhat

TABLE 2. PNP-dependent population changes in
eco-coresa

PNP
added at Total CFU/ml

Core time (h) Tcuba-
tion (h) NutrientPNagr

agar g

Initial - - 0 1.9 x 106 <10
Control - - 143 1.8 x 106 <10
Control - - 232 2.2 x 106 <10
Control - + 232 3.7 x 106 <10
Indicator + - 143 2.7 x 106 1.4 x 104
Preexposed + + 232 3.1 x 106 1.4 x 105

a Eco-cores were prepared and treated as described in the
legend to Fig. 7. CFU, Colony-forming units.

' Only those colonies that caused decolorization ofthe PNP
agar were counted.
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higher (2.3-fold) mineralization rate than did the
control cores. Preexposure to PNP at concentra-
tions of 0.72 and 1.44 ,uM produced a much
higher rate of mineralization of the labeled com-
pound (5.3- and 8.5-fold, respectively).

DISCUSSION
We use the term "adaptation" to describe the

phenomenon that causes a compound to be more
rapidly degraded by the microbial population in
a laboratory test system preexposed to the com-
pound. Induction of catabolic enzyme synthesis
probably takes place during adaptation, but we
do not use the term "induction" because it is
only one of the steps involved in adaptation.
When PNP was used as the test substrate, the

rate of '4CO2 release correlated well with the
rate of disappearance of parent compound from
the system. Changes in the rate of 14CO2 release
from radiolabeled organic compounds provided
an excellent means of detecting adaptation in
eco-cores. An abrupt increase in the rate of 14C02
release from systems spiked initially with radio-
labeled PNP orMP indicated that the microbial
population adapted to more rapidly degrade the
parent compound. However, the lack of such an
increase when low concentrations of test com-
pound were used (Fig. 2) cannot be interpreted
as lack of adaptation unless the appropriate
respike experiments (Fig. 3) are performed. De-
termination of whether preexposed populations
mineralized the test compound more rapidly
than did similar unexposed populations is the
only test that can be used to clearly demonstrate
adaptation.
Unadapted eco-cores from both test sites

showed low but detectable rates ofPNP and MP
mineralization. Such mineralization might be
catalyzed by constitutive enzymes that are not
specific for the substrates in question or cata-
lyzed by specific enzymes present at low (unin-
duced) levels.
There are several possible explanations for the

differences in adaptation between Range Point
samples and Escambia River samples. (i) The
bacterial biomass in the salt marsh samples may
not have been high enough to allow adaptation.
(ii) The higher salinity or lower concentrations
of dissolved nutrients may have been limiting in
salt marsh samples. (iii) Absence of specific or-
ganisms able to mineralize the test compounds
in the salt marsh samples may have precluded
adaptation.

Results obtained with diluted Escambia River
samples indicate that differences in initial bio-
mass at the two sites do not account for differ-
ences in adaptation patterns. Addition of yeast
extract to shake flasks containing samples from
Range Point and the test compounds did not
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FIG. 8. Concentration dependence. Eco
taken on 10 October 1979 at the Escambia
and spiked immediately with unlabeled I

indicated concentration (A). Control cor
ceived no supplement. After incubation fo
water was removed and replaced with fib
water, cores were respiked with ["4C]Pi
indicated concentrations, and `4C02 relea
lowed during subsequent incubation. 14CO
rates obtained from the first three points
(B) wereplotted against initial PNP concei
(C).

facilitate adaptation; therefore, nutrie
tion was probably not the deciding fa
addition of yeast extract to the flask
creased the total biomass in the Rai
samples (data not shown) without in
adaptation, which further suggests t
biomass does not determine whether a

will occur.

Differences in physical conditions at the two
sites may have caused the differences in adap-
tation patterns. The most striking difference is
in salinity, and there is some evidence to suggest
that degradation rates of xenobiotics in saline
environments differ from those in freshwater (3).

00000, The third possible explanation, absence of
specific organisms at Range Point, seems to be
the most likely explanation for the differences in
adaptation potential. Presence or absence of
such organisms might be dictated by such phys-
ical conditions as salinity, by the history of the
site (prior exposure), or by other factors. Our
data indicate that organisms able to use PNP as
a carbon source were present at the river site,
but not at the salt marsh.
Organisms able to degradeMP in pure culture,

however, were not isolated at either site. It is
likely that degradation of MP is analogous to
that of parathion, a two-step process involving
an initial hydrolysis of the molecule and subse-
quent degradation ofthe PNP released (10). The
hydrolytic cleavage and the catabolism of PNP
may be carried out by different organisms, as in
the system studied by Daughton and Hsieh (5).
Such a system would explain our inability to
isolate a single bacterium able to degrade MP,

Fw-s)O even though rapid mineralization occurred in
mixed cultures from the Escambia River. Isola-
tion of the organisms in pure culture with high
concentrations of substrate does not prove that
they were responsible for the observed mineral-
ization at low concentrations in the eco-cores;
likewise, failure to isolate such organisms from

Cw""a the Range Point samples does not prove that
- they were absent at the site. Our preliminary

i2~......' results suggest, however, that presence or ab-
(PM) sence of organisms with specific metabolic ca-
cores were pabilities correlates with adaptation potential

i River site and, thus, the degradation rate of a particular
zNP at the compound at a particular site.
res (B) re- Other workers (2) have suggested that xeno-
or 75 h, the biotic compounds may be persistent if intro-
tered river duced into the environment at low concentra-
NP at the tion. Our results indicate a threshold concentra-
se was fol- tion in the range of 0.3 to 0.4 uM for the model
>2 evolution compound PNP below which little or no adap-
in (A) and tation is detectable. Some mineralization occursntration in at lower concentrations, but the rate is much

lower than would be predicted by extrapolation
ofresults obtained at higher concentrations. The

,nt limita- ability to define an adaptation threshold may be
.ctor. The very useful in predicting the fate of xenobiotics
;s also in- in a particular environment. If such an adapta-
nge Point tion to degrade a particular compound can be
ifluencing expected in a given situation, then under most
that total conditions the compound will disappear rapidly
daptation from the system. Therefore, it is crucial to fate

assessment programs to determine if and when
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adaptation occurs in natural environments.
Adaptation should not be considered an all-

or-none phenomenon, but rather a quantitative
one dependent on preexposure time and concen-
tration. The degree of adaptation shown by pop-
ulations in eco-cores varied from one experiment
to the next. For example, cores preexposed for 4
days (Fig. 2) were adapted to a greater extent
than those preexposed for 3 days (Fig. 6 and 8).
The cores in the latter experiment were appar-
ently respiked before adaptation was complete.
Our data indicate that preexposure increases

the fraction of the population able to degrade
PNP, which supports the idea that a particular
segment of the population is selected by expo-
sure to the nitrophenol. Addition ofPNP to eco-
cores did not greatly increase the total popula-
tion of bacteria during the adaptation period.
(The increase in the total number of bacteria in
all cores was apparently due to the "bottle ef-
fect" [12]). There was, however, a disproportion-
ate increase in the fraction of the population
able to degrade PNP. Such an increase could
easily account for the observed increases in min-
eralization rate.
Baughman et al. (1) have shown that for cer-

tain compounds the rate of biodegradation in
mixed culture systems is determined by the
structure of the compound and by the total
biomass in the system. Our results indicate that
the ability of the microbial population to adapt
to rapidly degrade a compound may, in some
cases, be an additional rate-determining factor.
The data suggest that to predict the rate of
biodegradation in a particular environment, it is
important to determine whether the population
in that environment will adapt to rapidly de-
grade the xenobiotic in question, particularly if
degradation of the compound requires specific
reactions such as removal of a nitro group or
attack on an aromatic ring. In such cases, meas-
urement of the total biomass may not be suffi-
cient to predict biodegradation rates. The prob-
able residence time of a pollutant in a particular
environment must also be considered, since ad-
aptation is time dependent. In situations in
which exposure is chronic, the rate of biodegra-
dation might be very rapid compared with that
in areas receiving intermittent exposure.
We do not understand what factors determine

whether microbial populations will adapt to

APPL. ENVIRON. MICROBIOL.

more rapidly degrade a particular organic com-
pound; however, our results show that adapta-
tion can occur in one environment but not in
another. Moreover, it may occur with one com-
pound and not with another in the same envi-
ronment. Therefore, the effects of adaptation
must be carefully considered before the results
of laboratory biodegradation experiments can be
extrapolated to predict biodegradation rates in
natural environments.
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