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Abstract

The effects of several bioremediation stimulants, including potential metabolism pathway inducers, inorgan-
ic/organic nutrients, and surfactants on the metabolism of phenanthrene and pyrene, as well as the population
dynamics of PAH degrading microorganisms was examined in five soils with differing background PAH con-
centrations, exposure histories and physical properties. Most of the supplements either had no significant effect
or decreased the mineralization of [14C]-phenanthrene and [14C]-pyrene in soil slurry microcosms. The effect
of a particular supplement, however, was often not uniform within or across soils. Decreased mineralization of
[14C]-phenanthrene and [14C]-pyrene was usually due to either preferential use of the supplement as carbon source
and/or stimulation of non-PAH degrading microorganisms. Many of the supplements increased populations of
heterotrophic microorganisms, as measured by plate counts, but did not increase populations of phenanthrene
degrading microorganisms, as measured by the [14C]-PAH mineralization MPN analysis or cellular incorporation
of [14C]-PAH. These results suggest that the PAH degrading community at each site may be unique in their response
to materials added in an attempt to stimulate PAH degradation. The characteristics of the site, including exposure
history, soil type, and temporal variation may all influence their response.

Introduction

Polynuclear aromatic hydrocarbons (PAH) are ubiqui-
tous environmental contaminants associated with the
combustion of fossil fuels. Heavily PAH contaminat-
ed soils are often associated with the use and disposal
of petroleum containing materials and their derivatives
(Verschueren 1983; Suess 1976). PAH are of environ-
mental concern because many are mutagenic and/or
carcinogenic (Pucknat 1981). While bioremediation
has been suggested as a feasible technology for reme-
diating PAH (US EPA 1992; Mueller et al. 1989) their
sparingly solubility and tendency to form associations
with organic matter greatly decrease the portion of PAH
available to microorganisms (Mihelcec & Luthy 1993;
Wodzinski & Coyle 1974). This means that successful
remediation of PAH contaminated soils may require
special strategies. The potential for in situ bioremedi-

ation of PAH may be further limited if conditions in
soils are not optimal for the growth and metabolism
of PAH degrading microorganisms. These difficulties
may potentially be overcome by physically manipu-
lating conditions in soils or by adding organic and
inorganic supplements. In general, supplements are
used either to increase the available concentration of
the pollutant(s) of interest and/or to increase or stim-
ulate populations of degrading microorganisms. Sup-
plements can be divided into three general categories
based on how they impact soil microbial processes:

1. surfactants or solubolizers to increase the available
concentration of contaminants;

2. specific carbon sources or inducers to stimulate a
particular group of microbes (i.e. PAH degraders),

3. organic and inorganic compounds to provide nutri-
ents to increase the size and activity of the soil
microbial community.
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Supplements have been tested with a variety of pol-
lutants, pure and mixed microbial cultures and envi-
ronmental media with few overriding generalizations
emerging from these studies. Additions of organic
and inorganic nutrients, for example, have been found
to increase microbial metabolism of some target pol-
lutants (Manilal & Alexander 1991; Swindoll et al.
1988), decrease metabolism of other target pollutants
(Manilal & Alexander 1991), shorten the adaptation
period for certain compounds (Swindoll et al. 1988) or
have no apparent effect on metabolism in other cases
(Mihelcec & Luthy 1991). In much of this research,
the effects of supplements on the population dynamics
of the exposed microbial communities has not been
addressed.

This study was designed to examine the influence
of a variety of supplement types (surfactants, path-
way intermediates, organic and inorganic nutrients)
on the microbial metabolism of two model [14C]-
PAH, phenanthrene and pyrene, and on the population
dynamics of microorganisms in several soils with dif-
ferent PAH exposure histories and soil characteristics.
Several possible fates of [14C]-PAH were monitored
including, mineralization, production of non-mineral
metabolites and the association of [14C]-PAH with soils
relative to an abiotic control.

Materials and methods

Chemicals

Radiolabeled [9-14C]-phenanthrene (specific activi-
ty(SA): 10 mCi�mmol�1), [4,5,9,10-14C]-pyrene (SA:
32.3 mCi�mmol�1) and [U-14C]-salicylic acid (SA:
10.1 mCi�mmol�1) were purchased from Sigma Chem-
ical Company (St. Louis, MO; purity > 98%). L-[U-
14C]-amino acids (SA: 7.137 mg�mCi�1) were pur-
chased from New England Nuclear Corp. (Boston,
MA) and D-[U-14C]-glucose (SA: 270 mCi�mmol�1)
was purchased from Amersham (Arlington Heights,
IL). High purity solvents and inorganic chemicals used
in all analysis were purchased from Mallinckrodt Spe-
cialty Chemical Company (Paris, KY) or EM Scien-
tific (Gibbstown, NJ). NaN3, used to inhibit micro-
bial metabolism was purchased from Sigma Chemical
Company. Other materials were purchased from a vari-
ety of sources: [12C]-PAH (phenanthrene and pyrene)
and pathway intermediates (salicylic acid, phthalic

acid, cinnamic acid, gentisic acid, propionic acid;
Aldrich Chemical Company; St Louis, MO); Triton
X-100 (Fisher Scientific; Fairlawn, NJ) and Inipol
EAP-22 (ELF Aquataine). Media for plate counts and
nutrient broth were purchased from Difco Laboratories
(Detroit, MI).

Soil samples

The characteristics of the five soils that were used are
shown in Table 1; two soils are highly contaminat-
ed with PAH and were collected from the Reilly Tar
and Chemical Company Superfund site (St.Louis Park,
MN), two less contaminated subsurface soils were col-
lected from the Dubose Oil Recycling Superfund site
(Cantonment, FL) and a reference uncontaminated soil
was collected from Bozeman, MT. All soil samples
were stored in plastic containers at 4 �C in the dark
until use.

The effect of supplements on the growth of
microorganisms

The growth response of heterotrophic microorganisms
in soils with supplements added was examined by
using modified standard plate count and most prob-
able number assay (MPN) methods. For plate counts
(Standard Methods, 1992), individual supplements (10
mL of solution, at the same concentrations used in the
metabolism experiments) were added to sterile tubes
containing 1g of soil which were then incubated sta-
tionary for one week at 20 �C. After the 1 week incuba-
tion, a dilution series was done and plated in triplicate
on R2A and nutrient agar. Two controls were also pre-
pared, tubes incubated with no liquid addition (soil
only) and tubes with distilled, deionized water only
added to soil (no supplements).

The effect of the supplements on the size of the PAH
degrading community was assessed with the [14C]-
phenanthrene MPN mineralization assay (Lehmicke et
al. 1979). The MPN used 1 g of soil in an autoclaved 40
mL vial along with 10 mL of a supplement/water solu-
tion that was incubated for one week at 20 �C. After this
time, a dilution series was done as with the standard
MPN analysis and [14C]-phenanthrene was added. The
MPN assay was based on a comparison of mineraliza-
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Table 1. Physical characteristics of exerimental soils

SOIL

SWS SSC DCC DCU BOZ

Source St. Louis Park, MN Cantonment, FL Bozeman, MT

Location Sub-surface (4-8 ft) Surface Sub-surface (5-8 ft) Surface

PAH (ppm)a 1571 269 11 2 0.082

focb 0.025 0.029 0.0046 0.0026 0.024

CECc 21.6 25.4 2.5 2.5 22

pH 8.3 7.8 6.3 6.3 6.0

%Nitrogend 0.13 (0.006) 0.37 (0.03) 0.03 (0.001) 0.03 (0.001) 0.28 (0.02)

% Sand 90.0 58.0 90.0 87.0 7.0

(2mm to 50mm)

% Silt 8.0 34.0 4.0 6.0 70.0

(50 - 2µm)

% Clay 2.0 8.0 5.0 7.0 23.0

(�2µm)

a Total PAH analyzed by Triangle Laboratories (Dublin, OH) (EPA SW846, method 8310).
b Fraction of organic carbon (non-PAH) analyzed by Huffman Laboratories (Golden, CO) (ASTM D5373).
c Cation exchange capacity; units: meq�100 cm�3.
d Measured by combustion and measurement of N2 gas, mean (n = 3) and standard deviation in parentheses.

tion in seven dilution levels from live (n = 5) and abiotic
(n = 3; 0.50% (v/v) NaN3 solution) microcosms over
a 4.5 week incubation period. 14CO2 was collected as
described in the following section. Controls consisted
of vials incubated with no liquid addition (soil only)
and vials incubated only with distilled, deionized water
and soil (no supplements). MPN values, based on the
number of positive responses, were calculated with a
microcomputer program (Clark & Owen 1983). A pos-
itive response was scored when the 14CO2 evolution in
the live microcosms was greater than the mean plus
three times the standard deviation of the abiotic micro-
cosms at the same dilution level.

The effect of supplements on the metabolism of
[14C]-phenanthrene and [14C]-pyrene

Metabolism of [14C]-PAH was monitored using meth-
ods derived from Dobbins & Pfaender (1988), Pfaen-
der & Bartholomew (1982) and Carmichael & Pfaen-
der (1997). All experiments were carried out in trip-
licate microcosms constructed with sterile, 40 mL
vials closed by caps with Teflon lined septa. Each
microcosm contained 1g of soil and 10 mL of ster-
ilized distilled, deionized water containing the appro-
priate concentration of a single supplement which was
sterilized prior to addition. Previous work (Aelion et

al. pers. comm.) has shown that a 1:10 soil/water
ratio produces optimal metabolic rates with a vari-
ety of organic pollutants. It does not, however, rep-
resent conditions in soils, where the soil:water ratio
is much lower. Incubation was initiated when [14C]-
phenanthrene (� 68 µg�L�1) or pyrene (� 19.74
µg�L�1), in 50% ethanol, was pipetted into each vial
containing the soil slurry (final ethanol concentration
4.5 µL�mL�1slurry). Metabolically inhibited controls
containing 0.5% NaN3(v/v) solution were included to
monitor the abiotic fate and transformations of PAH.
The amount of radiolabel added to each microcosm was
measured by adding amounts identical to that added
to the incubations directly to three scintillation vials
containing 7 mL of Scinitisafe gel scintillation flu-
id (Fisher Scientific) followed by liquid scintillation
counting (LSC) on a Packard Model 300CD or a Mod-
el, 1900 TR scintillation counter (Downers Grove, IL).
All microcosms were incubated vertically in the dark
at 20 �C for up to two months. Logistical constraints
did not allow for the testing of every supplement with
a particular soil and [14C]-PAH at the same time. A
set of vials without supplements and abiotic controls
were completed for every experimental group tested,
and results were normalized to these specific control
incubations.

Each microcosm had a center well (Kontes,
Vineland, NJ), containing a fluted 7cm strip of What-
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man 1 chromatography paper saturated with 200 µL of
2N KOH. After incubation, microcosms were acidified
to pH 2 with 20% (v/v) H3PO4 and placed on a rotary
shaker at 50 rpm for at least 16 hours to transfer 14CO2

from the gas phase and trap it on the base soaked filter
paper. Following acidification, the filter paper in the
14CO2 trap was removed and placed in a vial for LSC.
14CO2 recovery efficiencies were estimated with trip-
licate [14C]-NaHCO3 amended control vials that were
processed and analyzed in a manner identical to the
microcosms containing [14C]-PAH. Recovery efficien-
cies of [14C]-NaHCO3 were used to correct mineraliza-
tion recoveries of [14C]-PAH to 100%. 14CO2 recovery
efficiencies ranged between 60 to 100% across all soils
(data not shown).

After the filter paper and the base trap were
removed, the microcosms were closed with Teflon-
lined caps and centrifuged at 270 � g for 30 minutes
at 4 �C in a Sorval RC-5B centrifuge. After centrifu-
gation, the water phase was decanted into a new 40
mL vial, 2.5 mL of hexane was added and mixed on a
rotary shaker at 120 rpm for 30 minutes. The hexane
and water were then allowed to separate and each was
subjected to LSC. The solvent extractable material was
assumed to represent unmetabolized PAH, but may also
include non-polar metabolites. The label present in the
aqueous phase was assumed to represent polar metabo-
lites. Efficiency of the hexane extractions was verified
with [14C]-phenanthrene, [14C]-naphthalene and [14C]-
salicylic acid and were shown to be over 98% (data not
shown).

The soil pellet remaining after centrifugation, was
extracted with a mixture of 5 mL of ethyl acetate and
10 mL of water. The vials were vortexed for 30 sec-
onds and later centrifuged for 40 minutes at 270 � g.
After centrifugation, 1 mL of the ethyl acetate was
removed and placed in a vial for LSC, the remaining
ethyl acetate was removed and discarded. The extract-
ed soil slurry was agitated and 1 mL was removed and
counted by LSC to account for [14C]-PAH remaining
in the soil. It was assumed that the radiolabel associ-
ated with the soils, in both the ethyl acetate extraction
and the PAH remaining in soil after extraction, repre-
sents unmetabolized [14C]-PAH, although this fraction
could also include highly non-polar or immobilized
metabolites.

Results and discussion

The influence of supplements on the growth of
microorganisms in soil SWS

These experiments monitored the effect of several sup-
plements (salicylic acid, phthalic acid, nutrient broth,
Triton X-100, Inipol EAP-22, M9 buffer) on the growth
of heterotrophic and PAH degrading microorganisms
in SWS, a soil in which all of the supplements were
tested. This soil has been exposed to high concen-
trations of PAH for an extended time (approximately
100 years). Each of these supplements can augment
the pool of available organic or inorganic nutrients.
When soil SWS was preexposed to Triton X-100 (1%
v/v water solution), Inipol EAP-22 (1.66 mL�L�1) or
the M9 buffer for one week there were more general
heterotrophic microorganisms, as measured by plate
counts on high (nutrient agar) and low (R2A agar)
nutrient media, compared to soils incubated only with
distilled, deionized water (Table 2). Salicylic acid, on
the other hand decreased the number of heterotrophic
microorganisms on both types of media.

None of the supplements types, however, produced
a statistically significant increase in the population of
phenanthrene degrading microorganisms over the same
soils only exposed to distilled water (Table 2). Expo-
sure of soil SWS to Triton X-100 and the M9 buffer,
however, did result in larger numbers of phenanthrene
degrading microorganisms than controls and salicylic
acid a lower number than the controls. In other labora-
tories, Triton X-100 and Salicylic acid have both been
associated with stimulating the growth of PAH degrad-
ing microorganisms (Tsomides et al. 1995; Volkering
et al. 1995; Ogunseitan et al. 1991).

The influence of pathway intermediates on the
mineralization of [14C]-phenanthrene and
[14C]-pyrene

PAH metabolic pathway intermediates salicylic acid,
phthalic acid, gentisic acid, and cinnamic acid
(Heitkamp et al. 1988; Kiyohara & Nagao 1977;
Kiyohara et al. 1976) were added in an attempt to
stimulate the metabolic pathways responsible for the
metabolism of [14C]-phenanthrene and [14C]-pyrene.
Previous microcosm experiments without supplements
had shown mineralization to be the primary biotic
fate of [14C]-phenanthrene and [14C]-pyrene in these
soils, which peaked after approximately two weeks
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Table 2. The effect of supplements on the number of heterotrophic (plate counts) and [14C]-phenanthrene
degrading microorganisms (MPN assay) in SWS

Supplement [CFUa (106� g soil�1) Phenanthrene

R2A Agar Nutrient Agar Degradersb �g soil�1

Distilled water 71 (1.1) 72 (1.3) 880 (282 - 2746)

Triton X-100 (1% v/v) 363 (14) 265 (41) 1444 (516 - 4041)

M9 Buffer 453 (57) 393 (37) 2664 (972 - 7301)

Inipol EAP-22 (8 mg�L�1) 532 (53) 645 (29) 548 (174 - 1728)

Nutrient broth (100 mg�L�1) 96 (15.6) 83 (13.5) NT

Salicylic acid (100 mg�L�1) 38 (2.22) 24 (2.25) 240 (90 - 641)

Phthalic acid (100 mg�L�1) NT NT 543 (173 - 1701)

a mean CFU and (standard deviation).
b number of degraders and (95% confidence interval).
NT = Not tested

Table 3. Effect of pathway Intermediates (100 mg�L�1) on the mineralization of (A) [14C]-
phenanthrene and (B) [14C]-pyrene in soil microbial communities after 4 weeks

SOIL Controla Pathway intermediatesb

Salicylic acid Phthalic acid Gentisic acid

A) SWS 59.1 (1.3) 0.99 (0.03) 1.03 (0.04) 0.92 (0.004)

SSC 55.2 (3.3) 0.72 (0.09) 1.19 (0.10) NT

DCC 50.4 (2.7) <0.001 NT NT

DCU 31.4 (0.9) <0.001 NT NT

BOZ 2.5 (0.32) 1.22 (0.003) NT NT

B) SWS 45.2 (4.35) 1.02 (0.05) 1.10 (0.06) 1.66 (0.05)

SSC 40.2 (2.25) 1.02 (0.03) 0.99 (0.003) 0.95 (0.07)

DCC 46.5 (1.05) 0.01 (<0.001) 0.03 (<0.001) 0.02 (<0.001)

BOZ 0.5 (0.03) 1.09 (<0.001) NT 2.23 (<0.001)

a % of added label mineralized with distilled, deionized water, mean (n=3) and (standard deviation).
b Fraction of control mineralization, mean (n =3) and (standard deviation).
NT = not tested

(Carmichael & Pfaender 1997). Table 3 describes the
extent of mineralization for [14C]-phenanthrene and
[14C]-pyrene after four weeks in soils exposed to path-
way intermediates (100 mg�L�1) compared to untreat-
ed microcosms. All data are described in terms of
the metabolism of the [14C]-PAH in the presence of
the pathway intermediates compared to metabolism of
[14C]-PAH in the absence of the pathway intermediate,
unless otherwise stated.

Salicylic acid (100 mg�L�1), a known inducer of
naphthalene and phenanthrene metabolism (Ogunsei-
tan et al. 1991; Yen & Serdar 1988), did not influence
the mineralization of [14C]-phenanthrene or [14C]-
pyrene in soils SWS and BOZ (Table 3). In soil SSC,
salicylic acid decreased [14C]-phenanthrene mineral-
ization by approximately 28% but had no effect on the

mineralization of [14C]-pyrene. The slight decrease in
[14C]-phenanthrene mineralization in soil SSC with
salicylic acid was accompanied by a 10% increase in
the production of water soluble metabolites (data not
shown). Accumulation of metabolites in SSC, which
was not noted with any of the other supplement or
soil combinations, may have resulted from a block-
age of the metabolic pathway responsible for [14C]-
phenanthrene metabolism by the added [12C]-salicylic
acid. Supplementing microorganisms with high con-
centrations of unlabeled metabolites of specific [14C]-
compounds is a technique that has been shown to cause
an accumulation of metabolites up-stream of the spiked
[12C]-metabolite and is also known as isotope trapping
(Edwards et al. 1994).
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Figure 1. The effect of salicylic acid or cinnamic acid on the min-
eralization of [14C]-pyrene in soil DCC over time (weeks). The data
are presented as the percent of added [14C]-pyrene mineralized com-
pared to controls containing no salicylic or cinnamic acid. Pathway
intermediates added at: (A) Salicylic acid: 100 mg�L�1 (... ...);
60 mg�L�1 (E ); 40 mg�L�1 (M); 15 mg�L�1 (O); and 5 mg�L�1

(B ). (B) Cinnamic acid: 100 mg�L�1 (... ...); 60 mg�L�1(H);
40 mg�L�1(�); and 20 mg�L�1 (N).
Mean value (n = 3) and standard deviation.

Table 4. Percent of added of [14C]-salicylic acid, [14C]-amino
acids and [14C]-glucose mineralized after 10 or 20 days of
preexposure to water or the M9 buffer in soil SWS. Mean (n
= 3) � standard deviation in parenthesis

14C-Substrate Treatment Days Pre-exposure

10 days 20 days

Amino acids Water 30.0 (4.80) 40.0 (1.92)

M9 Buffer 37.5 (0.56) 47.4 (0.99)

Salicylic acid Water 37.1 (1.37) 35.7 (1.70)

M9 Buffer 37.2 (1.70) 53.5 (0.45)

Glucose Water 34.9 (3.87) 22.2 (0.86)

M9 Buffer 66.5 (5.36) 32.4 (0.66)

In soils DCC and DCU, salicylic acid decreased
the mineralization of [14C]-phenanthrene and [14C]-
pyrene, by >99% (Table 3). Mineralization of [14C]-
pyrene in soil DCC was inhibited to a similar extent

when salicylic acid was present at either 100, 60, or
40 mg�L�1 but only by 15 to 30% when salicylic
acid was added below 15 mg�L�1 (Figure 1). The
decreased mineralization of [14C]-PAH in soils DCC
and DCU was associated with an increased collection
of the [14C]-PAH in the solvent extract of the soil (data
not shown). Label collected in the solvent extract of
the soil is assumed to represent primarily unmetabo-
lized [14C]-PAH. Increased recovery of the [14C]-PAH
in the solvent extract of the soil was usually noted
when mineralization decreased in the other supple-
ment and soil combinations (data not shown).This shift
suggests that the supplements are actually decreasing
the metabolism of [14C]-PAH rather than redirecting
metabolism to other pathways or metabolic products.

Gentisic and phthalic acid (100 mg�L�1) had little
effect on the mineralization of [14C]-phenanthrene or
[14C]-pyrene when tested in soils SWS, SSC, DCC
and DCU, with the exception of a >99% decrease in
the mineralization of [14C]-pyrene when soil DCC was
exposed to phthalic acid (Table 3). These supplements
were tested predominantly with [14C]-pyrene because
[14C]-phenanthrene was usually readily mineralized in
the absence of supplements.

Cinnamic acid (100 mg�L�1), an intermediate of
pyrene metabolism by Mycobacterium sp. (Heitkamp
et al. 1988), temporarily increased the mineralization
of [14C]-pyrene between two and six weeks in soil SWS
(approximately 66%), increased [14C]-pyrene miner-
alization in soil BOZ by greater than 100% and had
no effect on [14C]-pyrene mineralization in soil SSC
(Table 3). In soil DCC, cinnamic acid decreased the
mineralization of [14C]-pyrene by >98% when added
at 100 or 60 mg�L�1, by 80% with 40 mg�L�1 cinnam-
ic acid, and by 20% when cinnamic acid was added
at 20 mg�L�1compared to the percent of [14C]-pyrene
mineralized in the absence of cinnamic acid (Figure 1).
Cinnamic acid more than doubled the mineralization
of [14C]-pyrene in soil BOZ, but the total amount of
[14C]-pyrene mineralized with cinnamic acid was still
only slightly greater than 1% of the total added [14C]-
pyrene (data not shown). The transitory increase in
[14C]-pyrene mineralization in SWS, however, was
more substantial. In order to test whether the stimu-
latory effect in soil SWS was the result of utilization
of the hydrocarbon side chain of cinnamic acid, miner-
alization of [14C]-phenanthrene and [14C]-pyrene was
monitored in the presence of a neutralized solution
of propionic acid (100 mg�L�1;C2H5CO2H) a surro-
gate for the hydrocarbon side chain. Propionic acid
only slightly decreased the mineralization of [14C]-
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Figure 2. The influence of M9 buffer, nitrogen (as NH4Cl; 2.5 g�L�1) and phosphorous (as Na2PO4 [3 g�L�1] and K2HPO4 [1.5 g�L�1])
on the mineralization of [14C]-pyrene. Data is presented as the percent of [14C]-pyrene mineralized compared to an unamended control, in A)
SWS, B) SSC, C) DCC and D) DCU over time (days). M9 buffer (B ), N (E ) and P ( ).
Mean value (n = 3) and standard deviation.

phenanthrene (14% [�1.1] decrease) but decreased
the mineralization of [14C]-pyrene by approximately
50% (� 0.50). These results suggest that the hydro-
carbon side chain itself is probably not stimulating
[14C]-pyrene metabolism in soil SWS.

The diverse effects seen with the pathway interme-
diates may be attributed to differences in the character-
istics of soils and their native microbial communities.
The pathway inducers had little effect on metabolism
of either [14C]-PAH in soils SWS and SSC. These
soils were taken from a site with an extensive histo-
ry of exposure to high concentrations of PAH which
has resulted in an active community of PAH degrad-
ing microorganisms (Carmichael & Pfaender 1997). In
soils DCC and DCU, most of the pathway interme-
diates greatly decreased the mineralization of [14C]-
phenanthrene or [14C]-pyrene. Toxicity of the pathway

intermediates in soils DCC and DCU was tested by
assessing the mineralization of [14C]-labeled pathway
intermediates themselves and by comparing mineral-
ization of a general [14C]-carbon source (amino acids)
in the presence or absence of the pathway intermedi-
ates. Salicylic acid, chosen as a model pathway inter-
mediate, does not appear to be toxic to the micro-
bial communities in DCC and DCU (or the other
soils) because it was readily mineralized (33 to 50%
of the added [14C]-salicylic acid in four weeks; data
not shown), even when [12C]-phenanthrene or [12C]-
pyrene were also present (data not shown). In addi-
tion, the extent of [14C]-amino acid mineralization with
salicylic acid was not substantially different than in
microcosms without salicylic acid in soils DCC, DCU,
SWS, and SSC (data not shown). This data suggests
that in soils DCC and DCU, it is likely that the path-
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way intermediates were used preferentially as a carbon
source over [14C]-phenanthrene or [14C]-pyrene. The
decrease in the number of total heterotrophic microor-
ganisms in SWS preexposed to salicylic acid, however,
indicates that salicylic acid may negatively impact the
growth of microorganisms in some cases (Table 2). In
BOZ, an uncontaminated soil with a very small native
PAH degrading community (Carmichael & Pfaender
1997), the pathway intermediates probably had little
effect because initially there were few PAH degrading
microorganisms in the soil.

The impact of inorganic nutrients on the
mineralization of [14C]-pyrene

Hydrocarbon wastes are often deficient in inorgan-
ic nutrients essential to microorganisms (Morgan
& Watkinson 1989), and as a result, microbial
metabolism of hydrocarbons in soils may be inorganic
nutrient limited. Experiments were conducted to assess
the impact of inorganic nutrients (M9 buffer: 3g of
Na2PO4, 1.5g of KH2PO4, 2.5g of NH4Cl and 0.12 g
of MgSO4 per L distilled, deionized water, pH = 7.3)
on the mineralization of [14C]-pyrene in the four con-
taminated soils (SWS, SSC, DCC and DCU). The M9
buffer decreased the mineralization of [14C]-pyrene by
approximately 50 to 90% in the soils compared to vials
incubated without the buffer (Figure 2). In soil DCU,
the mineralization of [14C]-pyrene decreased to the
same extent when the M9 buffer was added as a 75%,
50%, or 25% (v/v) M9 buffer/water solution (data not
shown). Preexposure of soil SWS to the M9 buffer
for 10 or 20 days before the addition of 14C-substrates
(salicylic acid, amino acids and glucose), however,
increased their mineralization after one week (Table 4).
The soils were preexposed to the M9 buffer before the
14C-carbon sources were added because the mineral-
ization of readily degradable carbon sources may sat-
urate before the effects of the buffer occur. Increased
mineralization of readily degradable substrates with
the M9 buffer suggests that the M9 buffer is not tox-
ic to the microorganisms but that it may stimulate the
activity and growth (Table 2) of some heterotrophic
microorganisms.

When the components of the buffer (nitrogen or
phosphorus) were added individually at the same
concentrations used in the complete buffer, nitrogen
(NH4Cl; 2.5 g�L�1) decreased [14C]-pyrene mineral-
ization approximately as much as the complete M9
buffer in all of the soils, a decrease of 50 to 90% (Fig-

ure 2). Phosphrous (Na2HPO4 [3 g�L�1] and KH2PO4

[1.5 g�L�1]) had no effect on [14C]-pyrene mineraliza-
tion in soils SSC, DCC and DCU after four weeks while
in soil SWS, phosphorous decreased the mineralization
of [14C]-pyrene by approximately 30%, compared to a
70% decrease for the complete M9 buffer or nitrogen
alone. Together this suggests that nitrogen is primarily
responsible for the decreases shown in Figure 2.

Different forms of nitrogen (NH4Cl or NaNO3),
added separately or as a part of the M9 buffer, were
tested for their effects on the mineralization of [14C]-
pyrene in soils DCC and DCU (Figure 3). In soil
DCC, the mineralization of [14C]-pyrene decreased by
approximately 90% for the M9 Buffer with NH4Cl or
NaNO3 and for the addition of NH4Cl alone. If NaNO3

was added separately, however, [14C]-pyrene mineral-
ization was generally unaffected for 20 days and then
decreased by 40% after four weeks. In soil DCU, [14C]-
pyrene mineralization was decreased to the same extent
by both forms of nitrogen, added either separately or
in the M9 buffer.

In our soils, the addition of inorganic materi-
als appears to produce an increase in the microbial
metabolism of readily degradable carbon sources (see
Table 4) in preference to the PAH. Inorganic ammend-
ments shifting metabolism to non-PAH carbon sources
could have a large impact on the metabolism of PAH,
since most PAH are usually present in low avail-
able concentrations compared to other general carbon
sources. Previous work has usually not found negative
impacts of inorganic supplements on the metabolism of
organic compounds. Additions of inorganic nutrients
have been shown to produce no significant effects on
metabolism (Thomas et al. 1989), shortened adaptation
periods (Stefenson & Alexander 1995; Swindoll et al.
1988; Lewis et al. 1986), increase the total extent of
mineralization (Efroymson & Alexander 1994), and
in some cases decreases mineralization (Manilal &
Alexander 1991). Specific forms of nitrogen (NH4

+

vs. NO3
�) have also been found to have varied effects

on the metabolism of organic compounds (Aranha &
Brown 1981; Swindoll et al. 1988). This difference
could be attributed to differential availability of the
two forms of nitrogen; NH4

+ tends to adsorb to clay
minerals and may be less available than NO3

� (Sch-
lessinger 1991). Nitrate is also unique because in addi-
tion to its use as a form of nitrogen for cellular main-
tenance, it may stimulate the metabolism of organic
compounds when it is used as an alternative terminal
electron acceptor (Leduc et al. 1992).
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Figure 3. The effect of nitrogen (NH4Cl or NaNO3) on the min-
eralization of [14C]-pyrene in A.)DCC and B.)DCU over time
(days). Data is presented as the percent of [14C]-pyrene mineralized
compared to an unamended control. M9 Buffer with NH4Cl(B ),
NH4Cl(...B ...) alone, M9 buffer with NaNO3 (M) and NO3 alone
(...N...)
Mean value (n = 3) and standard deviation.

The impact of non-inducer organic nutrients and
other PAH on the mineralization of
[14C]-phenanthrene and [14C]-pyrene

Organic compounds may be used as supplements to
either support cometabolic transformations of PAH,
which is thought to be important for the metabolism
of PAH with three or more aromatic rings (Keck et al.
1989), or to generally stimulate microbial communi-
ties. Lower molecular weight PAH, PAH<three rings,
have also been found to serve as cometabolic substrates
for PAH metabolism (Bouchez et al. 1995). In these
experiments, the effect of a widely used non-specific
carbon source (nutrient broth; 100 mg�L�1) and oth-
er [12C]-PAH (either phenanthrene or pyrene) on the

Figure 4. The influence of [12C]-pyrene (0.12 mg�L�1) on
the mineralization of [14C]-phenanthrene and [12C]-phenanthrene
(1.2 mg�L�1) on the mineralization of [14C]-pyrene in SWS over
time (weeks). [14C]-phenanthrene alone (B ), [14C]-phenanthrene
with [12C]-pyrene (E ); [14C]-pyrene alone ( ), [14C]-pyrene with
[12C]-phenanthrene (#).
Mean value (n = 3) and standard deviation.

mineralization of [14C]-phenanthrene and [14C]-pyrene
was monitored in several soils (SWS, SSC and BOZ).

Additions of nutrient broth (100 mg�L�1), initial-
ly increased the mineralization of [14C]-phenanthrene
by approximately 20% in soil SWS (data not shown).
After four weeks of exposure to nutrient broth, howev-
er, mineralization of [14C]-phenanthrene had reached a
plateau and then decreased by 10 to 25% after 7 weeks
of incubation (46.97% [�1.25] of the added [14C]-
phenanthrene) compared to the non-nutrient broth
amended controls (61.10% [�0.25] of the added [14C]-
phenanthrene). A similar pattern was seen in soil SSC,
35.25% [�2.25] of the added [14C]-phenanthrene min-
eralized in the absence of nutrient broth compared to
28.02% [�1.85] of the added [14C]-phenanthrene with
nutrient broth. The inhibitory effect of nutrient broth
(100 mg�L�1) may have resulted from its preferential
use as a carbon source over [14C]-PAH. Because nutri-
ent broth consistently decreased [14C]-phenanthrene
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Figure 5. The influence of preexposure to multiple concentrations
of [12C]-phenanthrene for 10 days on the mineralization of [14C]-
phenanthrene in the BOZ soil over time (days). Data is presented
as the percent of [14C]-phenanthrene mineralized compared to an
unamended control. [12C]-Phenanthrene was added at: 3.33 mg�L�1

(#); 1.5 mg�L�1(B ); 0.80 mg�L�1(E ) and 0.58 mg�L�1 (�).
Mean value (n = 3) and standard deviation.

mineralization, it was not tested with the other soils or
PAH.

When soil SWS was incubated with both
[12C]-pyrene (120 µg�L�1) and [14C]-phenanthrene
(68 µg�L�1) the extent of [14C]-phenanthrene mineral-
ization decreased by approximately 20% (Figure 4)
and if the soil was exposed to [12C]-phenanthrene
(1200 µ�gL�1) along with [14C]-pyrene (20 µg�L�1 )
the mineralization of [14C]-pyrene also decreased, but
by only 5% of the extent mineralized in the absence of
the [12C]-PAH. The decreased mineralization of [14C]-
PAH with [12C]-PAH in soil SWS is thought to occur
because the same degrading microorganisms are com-
peting for both PAH substrates (Bouchez et al. 1995;
Stringfellow & Aitken 1995). The larger decrease not-
ed for [14C]-phenanthrene may be attributed to a greater
number of phenanthrene degraders found in the soils.

[12C]-PAH were also added to soil BOZ, which has
a limited ability to metabolize PAH and has few [14C]-
PAH degrading microorganisms (Carmichael & Pfaen-

der 1997) to determine if preexposure of soil BOZ
to [12C]-PAH increased [14C]-PAH metabolism. When
BOZ was exposed to [12C]-phenanthrene (3.3 mg�L�1)
for 10 days prior to the addition of the [14C]-
phenanthrene test substrate, subsequent mineraliza-
tion of [14C]-phenanthrene decreased by approximate-
ly 50% compared to an unexposed control (Fig-
ure 5). Preexposure at lower concentrations of phenan-
threne (1.50 to 0.50 mg�L�1), however, increased
the extent of [14C]-phenanthrene mineralization from
3% of the added [14C]-phenanthrene with water alone
up to 15% of the added [14C]-phenanthrene with
0.58 mg�L�1[12C]-phenanthrene. In soil BOZ, expo-
sure of the microbial communities to phenanthrene
probably allowed for the development of a commu-
nity of phenanthrene degrading microorganisms. The
concentration effect of [12C]-phenanthrene on the min-
eralization of [14C]-phenanthrene in soil BOZ may
be partially attributed to isotope dilution of [14C]-
phenanthrene with increased concentrations of [12C]-
phenanthrene, since the increase in mineralization
observed is proportional to the amount of [12C]-
dilution of [14C]-substrate. No effect was seen, howev-
er, on the mineralization of [14C]-pyrene when the soils
were preexposed to [12C]-pyrene (data not shown), a
compound that is an order of magnitude less soluble
than phenanthrene.

The influence of surfactants on the mineralization of
[14C]-phenanthrene in soil SWS

In the environment, PAH are often associated with soil
organic carbon in a form that may be largely unavail-
able to microorganisms (Mihelcec & Luthy 1993;
Wodzynski & Coyle 1974). One proposed approach
for increasing the metabolism of PAH has been to use
surfactants to increase the available concentration. We
tested the impact of a non-ionic surfactant, Triton X-
100, and a compound with both surfactant and nutri-
ent properties, Inipol EAP-22, on the mineralization
of [14C]-phenanthrene in soil SWS, the soil with the
highest concentration of native PAH. Triton X-100 was
added at four concentrations (1%, 0.75%, 0.50% and
0.25% v/v Triton X-100/water solution) above its crit-
ical micelle concentration (CMC) in a liquid phase
system (�.19 mg�mL�1; Roch & Alexander 1995).
When surfactants are added above the CMC, surfac-
tant micelles form that can trap desorbed compounds.
The CMC effect may be less important in soils, howev-
er, since the adsorption of surfactants to soil particles
increases the concentration of surfactant necessary to
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Figure 6. The effect of Triton X-100 (1, 0.75, 0.5, 0.25% v/v)
and Inipol EAP-22 (1.66 mg�L�1) on the mineralization of [14C]-
phenanthrene in SWS over time (weeks). Data is presented as the per-
cent of [14C]-phenanthrene mineralized compared to an unamended
control. Triton X-100 (v/v): 1% (B ), 0.75% ( ), 0.50% (M), 0.25%
(�) and Inipol EAP-122 (...B ...).
Mean value (n = 3) and standard deviation.

reach the CMC (Tsomides et al. 1995). Addition of
Triton X-100 at 1%, 0.75% and 0.50% (v/v) decreased
the mineralization of [14C]-phenanthrene by 30 to 40%
after 4 weeks of incubation (Figure 6) while additions
of a 0.25% (v/v) Triton X-100 solution did not effect
mineralization of [14C]-phenanthrene until after eight
weeks of incubation. Additions of Inipol EAP-22 (1.66
mL�L�1), an oleophilic fertilizer, decreased mineral-
ization of [14C]-phenanthrene (Figure 6) by greater
than 90% of the amount mineralized in the absence
of supplements. Because these supplements decreased
mineralization, they were not tested with [14C]-pyrene
and in the other soils.

Decreased mineralization of [14C]-phenanthrene in
soil SWS with Triton X-100 could be due to a multitude
of causes, the sequestering of desorbed [12C and 14C]-
PAH into micelles where they are thought to be unavail-
able to microorganisms (Laha & Luthy 1991); prefer-
ential use of Triton X-100 as a carbon source instead of
the PAH (Mueller et al. 1990); toxic effects of surfac-

tants (Robinson & Tanford 1975; Kwee et al. 1986),
or that the surfactant increased water phase concentra-
tions of [12C]-PAH making more total PAH available
for metabolism and therefore diluting the added radi-
olabeled materials. Although the CMC effect is most
often cited for decreasing the metabolism of hydropho-
bic organic compounds (HOC), there are no consistent
trends in the effect of Triton X-100 above or below
the CMC (Roche & Alexander 1995; Laha & Luthy
1995; Liu et al. 1995; Tsomides et al. 1995). In addi-
tion, there are indications that decreased metabolism
of HOC above the CMC is not due entirely to entrap-
ment of the HOC in micelles but possibly due to toxic
effects of the surfactant on surface proteins (Roche &
Alexander 1995; Liu et al. 1995 ). Toxicity does not
seem to be a problem in soil SWS, however, because
Triton X-100 did not influence the mineralization of
[14C]-amino acids (data not shown) and it also stimu-
lated the growth of total heterotrophic microorganisms
(Table 2).

Conclusions

Many of the supplements examined in this work (path-
way intermediates, inorganic and inorganic nutrients
and surfactants) decreased or had little effect on the
mineralization of [14C]-phenanthrene and/or [14C]-
pyrene in the five soils tested. Most supplements
increased populations of total heterotrophic microor-
ganisms but they did not appear to stimulate popula-
tions of PAH degrading microorganisms. In most cases,
supplement addition appeared to stimulate a segment of
the microbial community that does not metabolize the
PAHs. In addition to not stimulating the metabolism of
PAH, the application of supplements may be disadvan-
tageous because of regulatory concerns for addition of
substances of unknown environmental impact, cost of
supplements and/or concerns for uniform application
of a supplement for in-situ remediation strategies. This
research suggests that supplements should be chosen
and applied with care if they are to be used as a part of
a successful remediation strategy.

Acknowledgments

This work was funded by a National Institute
of Environmental Health Sciences Superfund Grant
(#P42ES05948). We thank M.D. Aitken for critical-
ly reviewing an earlier version of this manuscript. We



12

also wish to thank F. Kramer and M. Fite, for assistance
in securing contaminated soil samples.

References

Aelion MC, Dobbins DC & FK Pfaender (1997) Effect of sediment
amount on microbial degradation rates in microcosm experiments
(in prep)

Aranha HG & LR Brown (1981) Effect of nitrogen sources on the end
products of naphthalene degradation. Appl. Environ. Microbiol.
42: 74–78

Bouchez M, Balchet D & JP Vandecasteele (1995) Degradation of
polycyclic aromatic hydrocarbons by pure strains by defined
strain associations: inhibition phenomena and cometabolism.
Appl. Microbiol. Biotechnol. 43: 156–164

Carmichael LM & FK Pfaender (1997) Polynuclear Aromatic
Hydrocarbon Metabolism in Soils: Relationships to Soil Charac-
teristics and Preexposure. Environ. Toxicol. Chem. 16: 666–675

Clarke KR & NJP Owen (1983) A simple and versatile micro-
computer program for the determination of Most Probable Num-
ber. J. Microbiol.Methods. 1: 133–137

Dobbins DC & FK Pfaender (1988) Methodology for assessing res-
piration and cellular incorporation of radiolabeled substrates by
soil microbial communities. Microbial Ecol. 15: 257–273

Edwards EA, Edwards AM & D Grbic-galic (1994) A method for
detection of aromatic metabolites at very low concentrations:
application to detection of metabolites of anaerobic toluene degra-
dation. Appl. Environ. Microbiol. 60: 323–327

Efroymson RA & M Alexander (1994) Biodegradation of in soil of
hydrophobic pollutants in nonaqueous-phase liquids (NAPLS).
Appl. Environ. Microbiol. 13: 405–411

Heitkamp MA, Freeman JP, Miller DW & CE Cerniglia (1988)
Pyrene degradation by a Mycobacterium sp. Identification of ring
oxidation and ring fission products. Appl. Environ. Microbiol.
54: 2549–2555

Keck J, Sims RC, Coover M, Park K & B Symons (1989) Evidence
of cooxidation of polynuclear aromatic hydrocarbons in soils.
Wat. Res. 23: 1467–1476

Kiyohara H & K Nagao (1977) Enzymatic conversion of 1-hydroxy-
2-naphthoate in phenanthrene grown Aeromonas sp. Agric. Biol.
Chem. 40: 702–707

Kiyohara H, Nagao K & R Nomi (1976) Degradation of phenan-
threne by Aeromonas sp. Agric. Biol. Chem. 40: 1075–1082

Kwee S, Moller JV & M Le Maine (1986). Binding of detergents in
membrane proteins. In: KL Mittal & P Bothorel (Eds) Surfactants
in Solution, Vol 5. (pp 853–860). Plenum, New York

Laha S & RG Luthy (1991) Inhibition of phenanthrene mineraliza-
tion by nonionic surfactants in soil-water systems. Environ. Sci.
Technol. 25: 1920–1930

Leduc R, Samson R, Al Bashir B, Al-Hawari J & T Cseh (1992)
Biotic and abiotic disappearance of four PAH compounds from
flooded soils under various redox conditions. Wat. Sci. Technol.
26: 51–60

Lehmicke LG, Williams RT & RL Crawford (1979) 14C-Most Prob-
able Number method for enumeration of active heterotrophic
microorganisms in natural waters. Appl. Environ. Microbiol. 38:
644–649

Lewis DL, HP Kollig & RE Hodson (1986) Nutrient limitation and
adaptation of microbial populations to chemical transformations.
Appl. Environ. Microbiol. 51: 598–603

Liu Z, Jacobson AM & RG Luthy (1995) Biodegradation of naph-
thalene in aqueous nonionic surfactant systems. Appl. Environ.
Microbiol. 61: 145–151

Manilal & M Alexander (1991) Factors effecting the microbial degra-
dation of phenanthrene in soil. Appl. Environ. Microbiol. 35:
401–405

Mihelcec JR & RG Luthy (1993) Bioavailability of sorbed- and
separate phase chemicals. Biodegradation. 4: 141–153

Mihelcec JR & RG Luthy (1991) Sorption and microbial degradation
of naphthalene in soil-water suspensions under denitrification
conditions. Environ. Sci. Technol. 25: 169–177

Morgan P & RJ Watkinson (1989) Hydrocarbon degradation in soils
and methods for soil biotreatment. CRC Crit. Rev. Biotechnol. 8:
305–333

Mueller JG, Chapman PJ, Blattmann BO & PH Pritchard (1990)
Isolation and characterization of a fluorene utilizing strain of
Pseudomonas paucimobilis. Appl. Environ. Microbiol. 56: 1079–
1086

Mueller JG, Chapman PJ, & PH Pritchard (1989) Creosote conta-
minated sites, their potential for bioremediation. Environ. Sci.
Technol. 23: 1197–1201

Ogunseitan OA, Delgado IL, Tsai YL & BH Olson (1991) Effect of
2–hydroxybenzoate on the maintenance of naphthalene degrad-
ing Pseudomonads in seeded and unseeded soil. Appl. Environ.
Microbiol. 57: 2873–2879

Pfaender FK & GW Bartholomew (1982) Measurement of aquat-
ic biodegradation rates by determining heterotrophic uptake of
radiolabeled pollutants. Appl. Environ. Microbiol. 44: 159–164

Pucknat AW (1981) Health Impacts of polynuclear aromatic hydro-
carbons. Environmental Health reviews #5, Noyles Data Corpo-
ration, New York

Robinson NC & C Tanford (1975) The binding of deoxycholate,
Triton X–100, sodium dodecyl sulfate and phophatidylcholine
vesicles to cytochrome b5. Biochemistry 14: 369–378

Roch F & M Alexander (1995) Biodegradation of hydrophobic com-
pounds in the presence of surfactants. Appl. Environ. Microbiol.
14: 1151–1158

Schlessinger WH (1991) Biogeochemistry. Academic Press, San
Diego.

Standard Methods for the Examination of Water and Waste Water,
17 th edition, 1992. American Public Health Association. Wash-
ington, DC. pp 9–32 to 9–38

Stefenson WA & M Alexander (1995) Role of competition for inor-
ganic nutrients in the biodegradation of mixtures of substrates.
Appl. Environ. Microbiol. 61: 2859–2862

Stringfellow WT & MD Aitken (1995) Competitive metabolism of
naphthalene, methyl- naphthalenes and fluorene by a phenan-
threne degrading Pseudomonads. Appl. Environ. Microbiol. 61:
357–362

Suess MJ (1976) The environmental load and cycle of polycyclic
aromatic hydrocarbons. Science Total Environ. 6: 239–250

Swindoll CM, Aelion CM & FK Pfaender (1988) Influence of inor-
ganic and organic nutrients on aerobic biodegradation and on the
adaptation responses of subsurface microbial communities. Appl.
Environ. Microbiol. 54: 212–217

Thomas JM, Lee MD, Scott MJ & CH Ward (1989) Microbial ecolo-
gy of the subsurface at an abandoned creosote waste site. J. Indus.
Microbiol. 4: 109–120.

Tsomides HJ, Hughes JB, Thomas JM & CH Ward (1995) Effect of
surfactant addition on phenanthrene biodegradation in sediments.
Environ. Toxicol. Chem. 14: 953–959

US EPA (1992) Contaminants and remedial options at wood treating
sites. EPA/600/R–92/182. Cincinatti,OH



13

Verschueren K (1983) Handbook on Environmental Chemicals (pp
970–973). Van Nostrand Company, New York

Volkering F, Breure AM, van Andel JG & WH Rulkens (1995) Influ-
ence of nonionic surfactants on bioavailability and biodegradation
polycyclic aromatic hydrocarbons. Appl. Microbiol and Technol.
61: 1699–1705

Wodzinski RS & JE Coyle (1974) Physical state of phenanthrene
utilization by bacteria. Appl. Microbiol. 27: 1081–1084

Yen ML & CM Serdar (1988) Genetics of naphthalene catabolism
in Pseudomonads. CRC Crit. Rev. Microbiol.15: 247–267


