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Abstract To determine whether the diversity of pyrene-
degrading bacteria in an aged polycyclic aromatic hydro-
carbon-contaminated soil is affected by the addition of
inorganic nutrients or by slurrying the soil, various
incubation conditions (all including phosphate buffer) were
examined by mineralization studies and stable-isotope
probing (SIP). The addition of nitrogen to either continu-
ously mixed slurry or static field-wet soil incubations
increased the rate and extent of mineralization of ['*C]
pyrene, with the most rapid mineralization observed in
slurried, nitrogen-amended soil. Microcosms of slurry and
static field-wet soil amended with nitrogen were also
examined by SIP with [U-">C]pyrene. Recovered '*C-
enriched deoxyribonucleic acid (DNA) was analyzed by
denaturing-gradient gel electrophoresis (DGGE) and 16S
ribosomal ribonucleic acid (rRNA) gene clone libraries.
DGGE profiles of '*C-enriched DNA fractions from both
incubation conditions were similar, suggesting that pyrene-
degrading bacterial community diversity may be indepen-
dent of treatment method. The vast majority (67 of 71) of
the partial sequences recovered from clone libraries were
greater than or equal to 97% similar to one another, 98%
similar to sequences of pyrene-degrading bacteria previ-
ously detected by SIP with pyrene in different soil, and
only 89% similar to the closest cultivated genus. All of the
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sequences recovered from the field-wet incubation and
most of the sequences recovered from the slurry incubation
were in this clade. Of the four sequences from slurry
incubations not within this clade, three possessed greater
than 99% similarity to the 16S rRNA gene sequences of
phylogenetically dissimilar Caulobacter spp.

Introduction

Polycyclic aromatic hydrocarbons (PAH) are regulated by
the US Environmental Protection Agency (EPA) as
hazardous substances, and many of the higher-molecular-
weight PAH (four to six rings) are known or suspected
carcinogens [2]. These compounds are ubiquitous envi-
ronmental pollutants that generally exist as complex
mixtures and result from the incomplete combustion of
both natural and anthropogenic organic materials. Failure
to remediate PAH contamination in soils can result in
PAH accumulation in plants, groundwater contamination,
and overall increased human and environmental health
risk [2, 32].

A variety of methods are currently employed for the
remediation of PAH-contaminated soil. Natural attenuation
is one such method, whereby naturally occurring physical,
chemical, and biological processes are monitored but
otherwise allowed to govern contaminant removal without
human intervention [49]. Biostimulation encourages the
growth of indigenous microorganisms acclimated for the
removal of specific contaminants through the addition of
nutrients or other amendments to increase rates of contam-
inant degradation [7, 19, 41, 50]. For example, ex situ
biostimulation in slurry (S)-phase bioreactors has proven
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effective in PAH-contaminated soil remediation [18, 26, 29,
40, 44].

Previous studies have indicated that the treatment
method and/or nutrient status can be responsible for
changes in microbial community dynamics or the rate or
extent of substrate removal. For example, Vifias et al. [50]
found that the change in bacterial community structure in
creosote-contaminated soil was attributed to both factors.
However, PAH-degrading populations were more abun-
dant in microcosms without nutrient addition than in those
to which nutrients had been added, and the removal of
most PAHs after 200 days in microcosms with nutrients
was not significantly different from those without
nutrients [50]. In addition to the treatment method and
nutrient status, soil type, moisture content, and PAH
exposure history can also affect microbial community
dynamics [7, 20, 50].

Many fungal and bacterial species have been studied for
their PAH-degrading ability [9]. Most microorganisms that
have been isolated and characterized as using pyrene as the
sole carbon and/or energy source via traditional techniques
are among the Actinobacteria [12, 17, 22, 24, 27, 38, 51],
but some pyrene-degrading 'y-Proteobacteria have also been
isolated [15, 22]. However, the overall significance of these
organisms in the systems from which they were isolated has
not been evaluated. The application of stable-isotope
probing (SIP) to bioremediation studies has greatly facili-
tated efforts to identify microorganisms capable of degrad-
ing particular substrates without isolation, and SIP has been
applied in several recent cases to identify PAH-degrading
bacteria in field-contaminated soils. SIP has been used to
identify naphthalene degraders in coal tar-contaminated
sediment in sifu [21] and to identify organisms capable of
degrading naphthalene, phenanthrene, or pyrene in a
bioreactor treating soil from a former manufactured-gas
plant [44, 45].

In the only previous SIP study targeting pyrene-
degrading microorganisms, we identified pyrene degraders
in an S-phase bioreactor treating soil from a former
manufactured-gas plant site in which the soil was
amended with nitrogen and phosphorus [45]. The primary
pyrene degraders identified in that study were uncultivated
- and <y-Proteobacteria. In the present study, we
investigated the effects of inorganic nutrient addition and
physical treatment on pyrene mineralization and the
pyrene-degrading community in PAH-contaminated soil
from a former wood-preserving facility. Bacteria respon-
sible for the biotransformation and biodegradation of
pyrene in the soil amended with inorganic nutrients were
identified using SIP and found to be in close phylogenetic
association with other uncultivated pyrene-degrading
bacteria identified by SIP in our earlier work on the S-
phase bioreactor [45].

@ Springer

Methods
Chemicals

Pyrene (highest purity available) and [4, 5, 9, 10-"*C]
pyrene (>98% purity) were obtained from Sigma Chemical
(St. Louis, MO). [4, 5, 9, 10-"*C]Pyrene was diluted in
methanol and stored at —20°C until used. [U-'>C]Pyrene
was synthesized as described elsewhere [45].

Soil Samples

A sample of creosote-contaminated soil was obtained from
the Reilly Tar and Chemical Superfund site in St. Louis
Park, MN, which is the site of a former coal tar-distilling
and wood-preserving facility. Properties of this soil are
summarized in Table 1. Soil class, texture, pH, and percent
organic matter were determined by the University of
Wisconsin—Madison Soil and Plant Analysis Laboratory
(Madison, WI) in accordance with standard procedures [0,
43, 52]. PAHs were analyzed in triplicate by Eno River
Laboratories (Durham, NC) using EPA method 8270. The
soil sample was stored in the dark at 4°C until needed.
Subsamples were sieved (2mm) and likewise stored for
experimental use. Soil from this site is known to contain a
pyrene-degrading microbial community [16].

Field Capacity Approximation

The field or water-holding capacity (WHC) of the contam-
inated soil was measured by a modified container capacity
procedure [8]. Each container consisted of a 15-cm-
diameter water-saturated filter paper (Whatman no. 6,
0.2um pore size) shaped to fit a glass funnel held upright
by a 250-mL glass beaker. Three 5-g aliquots of soil were

Table 1 Soil characteristics

Parameter Value
Soil class Mineral
Soil texture Sand
Percent sand 89
Percent silt 8
Percent clay 3
Percent organic matter 2.7

pH 7.5
Total PAH (mg/kg) 4,390
Pyrene (mg/kg) 463

Total PAH refers to the 16 EPA-listed priority pollutants: acenaph-
thene, acenaphthylene, anthracene, benz[a]anthracene, benzo[b]
fluoranthene, benzo[k]fluoranthene, benzo[g A, i]perylene, benzo[a]
pyrene, chrysene, dibenz[a,/]anthracene, fluoranthene, fluorene,
indeno[1,2,3-cd]pyrene, naphthalene, phenanthrene, and pyrene
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dried at 105°C for 24 h. Each dried soil aliquot was added
to a separate container, saturated with water, covered
loosely with aluminum foil, and left to drain for 2 h at room
temperature. WHC was determined from the difference in
mass between water-saturated filter paper containing drained
soil and water-saturated filter paper without soil.

Addition of Pyrene to Soil

Pyrene was added to air-dried soil as described by others
[30, 39]. Briefly, for the mineralization experiment a target
amount of 20,000 dpm, [4, 5, 9, 10-14C]pyrene in methanol
per gram soil was dispensed into a clean 250-mL glass
beaker and placed in a fume hood to completely volatilize
the solvent. Subsequently, an acetone solution containing
17 mg unlabeled pyrene per milliliter and 20% of the air-
dried soil were added to that same beaker. The contents
were mixed manually for 1min using a clean glass rod. The
beaker was covered loosely with aluminum foil and placed
in a fume hood for 24 h for solvent evaporation. The
remaining 80% of the air-dried soil was subsequently
mixed into the beaker in 20% increments for 30 s per
increment. The final concentration of added pyrene in the
soil was 1 mg/g. An additional quantity of soil was
prepared in the same manner with only unlabeled pyrene
to prepare control microcosms.

Pyrene Mineralization and SIP Microcosms

Mineralization was tested under four conditions, and the
results were used to determine the endpoint for the SIP
experiment. Soil was either slurried in 3 mL of buffer
(10 mM phosphate, pH7.5) or field-wet (FW). FW samples
were wetted with 75 mM phosphate buffer (pH7.5) to a
moisture content of 70% WHC. In addition to samples
amended with buffer only, additional sets of S and FW
samples were amended with buffer and nitrogen (500 nug N
as NH4Cl/g soil). Each of the four experimental conditions
was prepared in triplicate, with 1 g of soil containing
radiolabeled pyrene (20,000 dpm, prepared as described
above) in 40-mL glass EPA vials. Inside each vial was a
12 mm (diameter) x 75-mm glass culture tube containing a
6.5-cm? filter paper saturated with 2N KOH as a CO, trap
[3], and the vials were sealed with Teflon-coated silicon
disk-lined screw caps. Duplicate parallel microcosms for
each condition were prepared with 1 g of soil containing
only unlabeled pyrene. Controls consisted of duplicate S
and FW incubations without nitrogen amendment or pyrene
addition and killed controls (one S and one FW) containing
soil spiked with radiolabeled pyrene. Killed controls were
achieved with the addition of phosphoric acid to pH < 2. S
microcosms were agitated at 250 rpm, whereas FW micro-
cosms remained static. All microcosms were incubated in

the dark at room temperature for 49 days. Trapped '*CO,
was measured at selected intervals by placing each trap in
10 mL Ultima Gold XR liquid scintillation cocktail
(PerkinElmer Life and Analytical Sciences, Boston, MA)
and counting in a Packard TriCarb 1900TR Liquid
Scintillation Counter (Packard Instruments, Meriden, CT).
New traps were added to the incubation vials after each
sampling event.

SIP was performed only with S and FW incubations in
which nitrogen was added. Microcosms for SIP were
prepared and incubated as described above except that no
radiolabeled pyrene or CO, trap was used. Experimental
microcosms were prepared in duplicate, and only [U-'C]
pyrene was added to experimental vessels (1 mg/g soil).
Duplicate parallel microcosms and killed controls for each
condition were also prepared with unlabeled pyrene. Based
on the results of the mineralization experiments, all SIP
microcosms were terminated at day 28.

DNA Extraction and '*C-enriched DNA Isolation

Total community deoxyribonucleic acid (DNA) was
extracted on day 49 from microcosms containing unlabeled
pyrene in the mineralization experiment and on day 28 from
all microcosms in the SIP experiment, using an Ultraclean
Soil DNA Kit (MoBio Laboratories, Carlsbad, CA) per the
manufacturer’s instructions, and stored in Tris—EDTA (TE)
buffer (10 mM Tris HCI, ImM EDTA; pHS8.0). DNA was
quantified using a NanoDrop ND-3300 fluorospectrometer
(NanoDrop Technologies, Wilmington, DE) with a Quant-iT
PicoGreen dsDNA Quantitation Kit (Molecular Probes,
Eugene, OR). Unlabeled and '’C-enriched DNA were
separated by cesium chloride density-gradient ultracentrifu-
gation, fractionated, and purified as previously described
[44]. Purified DNA was resuspended in 75 pL of TE buffer
per fraction. Before ultracentrifugation, unlabeled genomic
DNA from E. coli K-12 was added to each centrifuge tube
as an indicator of separation efficiency [44]. Polymerase
chain reaction (PCR) screening of DNA extracted from the
soil with a primer set specific to the 16S ribosomal
ribonucleic acid (tRNA) gene of E. coli [42] confirmed
that E. coli was not present in the soil. '*C-enriched DNA
was screened by PCR for archaeal 16S rRNA genes and
fungal 18S rRNA genes using domain-specific primers
344fGC [37] and 806r [47] and 817f and 1196r [5],
respectively.

Bacterial Community Profiles
PCR for denaturing-gradient gel electrophoresis (DGGE)
was performed with primers P63f and P518r [14]. The

resulting products were loaded onto a 6% polyacrylamide
gel with a 30 to 60% urea-formamide denaturing gradient.
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The gel was run on a Bio-Rad DCode system at 60°C and
60V for 16h and post-stained with ethidium bromide.

Analysis of '*C-enriched DNA

Clone libraries of 16S rRNA genes were constructed from
fractions containing '*C-labeled DNA using primers 8f[13]
and 1492r [25]. The PCR program consisted of 25 cycles of
1 min at 94°C, 1 min at 50°C, and 3 min at 72°C. PCR
products were cloned into an Invitrogen TA cloning kit
(Carlsbad, CA) per the manufacturer’s instructions. Inserts
were partially sequenced with primer 8f by SeqWright
DNA Technology Services (Houston, TX). A neighbor-
joining phylogenetic tree was constructed from the resulting
71 partial 16S rRNA gene sequences (34 S and 37 FW)
using ClustalX [48] and bootstrapped 1,000 times without
considering gaps [31]. Chimeras were resolved using the
CHIMERA CHECK tool within Ribosomal Database
Project II Release 8.1 [11]. All sequences were compared
to public sequence databases using BLASTN [4] to identify
related sequences and confirm chimeras.

Accession Numbers

The partial 16S rRNA gene sequences recovered from this
work were submitted to GenBank with accession numbers
DQ906936-DQ907006.

Results
Rate and Extent of Pyrene Mineralization

Mineralization of [4, 5, 9, 10-'*C]pyrene was monitored for
each incubation condition (S, S with nitrogen [S + N], static
FW [FW], and static FW with nitrogen [FW + NJ) over a
49-day incubation period (Fig. 1). In the first 3 days, no
significant amounts of pyrene were mineralized in any of
the incubation conditions. After 7 days, the S incubation
amended with nitrogen showed significant mineralization,
but the S incubations without nitrogen and both FW
conditions (with and without nitrogen) did not. Excluding
the lag in mineralization, both incubations with nitrogen
(S and FW) had higher mineralization rates than incuba-
tions without nitrogen. By day 28, the mineralization rate in
the S + N condition began to decline. The mineralization
experiment was allowed to proceed beyond 28 days to
determine whether the extent of mineralization in the other
microcosms would approach that observed in the S + N
condition, although this was not the case after 21 days of
additional incubation.

A significant increase (two-tailed 7 test, p < 0.001) in the
extent of mineralization after 49 days was seen in each
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Figure 1 Pyrene mineralization in each microcosm over 49 days. The
mean of triplicate samples is plotted for each incubation condition
as the percent of the added 14C evolved as '*CO,, with the error
bars representing standard deviation. S Slurry, FW field-wet, + N
nitrogen-amended

nitrogen-amended microcosm compared to those without
nitrogen amendment. Pyrene was mineralized to a signifi-
cantly greater extent (p < 0.001) in S microcosms compared
to FW microcosms, whether nitrogen was added or not,
suggesting that the extent of mineralization over this period
was influenced by the nature of the incubation and the
availability of inorganic nutrients.

Inorganic Nutrient Effects on Bacterial Community
DNA extracts from parallel microcosms amended with

unlabeled pyrene and nitrogen yielded more total-commu-
nity DNA per gram of dry soil than microcosms without

1 2 3 4 5 b 7 8 9 10

o b

Figure 2 Negative image of DGGE profile of microbial communities
from unlabelled pyrene enrichments after 49 days of incubation. Lane
designations are as follows: I, field-wet without nitrogen or pyrene;
2-3, field-wet with nitrogen and pyrene; 4-3, field-wet with pyrene
and no nitrogen; 6, slurry without nitrogen or pyrene; 78, slurry with
nitrogen and pyrene; 9-/0, slurry with pyrene and no nitrogen
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Figure 3 Negative image of DGGE gel delineating 16 S rRNA genes
in selected fractions after ultracentrifugation of DNA isolated from
SIP incubations. Lane designations are as follows: lanes -2,
duplicates of field-wet fraction 3 (“heavy” fraction); lanes 34,
duplicates of slurry fraction 3; lanes 5—6, duplicates of field-wet
fraction 4; lanes 7—8, duplicates of slurry fraction 4 (“heavy” fraction);
lane 9, E. coli K-12 DNA; lanes 10-11, field-wet fraction 6 (“light”
fraction); lanes 12—13, slurry fraction 6 (“light” fraction)

nitrogen amendment. S incubations with nitrogen contained
7.0 £ 0.22 ug of extracted DNA compared to 2.0 + 0.31 ug
DNA for S incubations without amended nitrogen. Simi-
larly, under FW conditions, an average of 7.0 = 0.22 and
2.0 £ 0.26 ug of DNA were extracted from nitrogen-
amended and unamended soils, respectively. PCR-ampli-
fied bacterial TRNA genes from the four microcosm
conditions were compared with the respective controls by
DGGE (Fig. 2). The profiles for the FW and S communities

Figure 4 Neighbor-joining
phylogenetic tree of partial

16 S rRNA gene sequences of
pyrene-degrading organisms
identified by SIP in this study
(in bold), close phylogenetic
relatives, and selected reference
sequences. Parentheses include
the number of sequences repre-
sented and GenBank accession
number. Closed and open circles
at nodes indicate greater than or

for the incubations in which pyrene was added in the
absence of nitrogen (lanes 4-5 and 9-10, respectively) were
similar to those for the incubations in which pyrene was not
added (lanes 1 and 6, respectively). Profiles from the
incubations in which pyrene and nitrogen were added (lanes
2-3 and 7-8) had bands of greater intensity than in the
profiles from the other conditions, particularly bands lower
on the gel (the bands low on the gel are nearly absent in
lanes 9 and 10 in Fig. 2, but all bands in those lanes are
relatively faint).

Stable-isotope Probing with Pyrene

Because the DNA yield was greater and certain 16S rRNA
gene sequences were enriched by the addition of nitrogen
(as judged by greater band intensity in the DGGE gel
shown in Fig. 2), we decided to perform SIP with [U-'">C]
pyrene for the S and FW incubations only under the
condition in which nitrogen was added. Based on results
from the mineralization experiment, SIP incubations were
terminated after 28 days. After ultracentrifuging the
extracted DNA, fractions collected from the ultracentrifuge
tubes were evaluated by PCR using bacterial primers and a
primer set specific to E coli. E. coli DNA was detected by
PCR amplification only in fraction 6 from each condition,
and that fraction was therefore considered to contain
unlabeled DNA in all cases. Based on PCR analyses to
identify the lowest fraction in each centrifuge tube contain-
ing amplifiable amounts of DNA, fractions 3 or 4 were
designated the '*C-enriched (“heavy™) fractions for the FW
and S conditions, respectively (Fig. 3). No archaeal 16S or
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fungal 18S rRNA gene sequences were recovered by PCR
of the “heavy” fractions, although archaeal sequences were
present in the original soil used as an inoculum for the SIP
experiment (data not shown).

Phylogenetic Analysis of 16S rRNA Gene Clone Libraries

A total of 73 partial 16S rRNA gene sequences were
obtained from '*C-enriched DNA fractions, two of which
were determined to be chimeras and excluded from further
analyses. All of the sequences from the FW microcosms
(37 of 37) and the majority of sequences from the S
microcosms (30 of 34) grouped with the y-Proteobacteria
(Fig. 4). These sequences were 98% similar to sequences
associated with previously described members of “Pyrene
Group 2” (PG2), a clade of uncultivated bacteria previously
implicated in pyrene degradation by SIP of PAH-contam-
inated soil from a manufactured-gas plant [45]. The
remaining four sequences recovered from the S incubations
grouped with the x-Proteobacteria and were less than 87%
similar to any of the other sequences recovered in this
study. No attempt was made to evaluate the cloned
sequences by DGGE, so that the clone library results

cannot be compared directly to the DGGE profiles in Fig. 3.

Discussion

We evaluated the effects of the treatment method (either as
S or static) and the addition of nitrogen on pyrene
mineralization by microbial communities in a PAH-con-
taminated soil. In other studies, the addition of inorganic
nutrients to enhance biodegradation has met with mixed
results [7, 19, 34, 41, 50]. In this study, adding nitrogen to
the incubations increased the rate of pyrene mineralization
for both types of incubations, and in the S microcosms,
nitrogen amendment decreased the lag period before
significant pyrene mineralization occurred (Fig. 1). Micro-
cosms with nitrogen addition yielded more total-community
DNA than microcosms without nitrogen amendment,
suggesting a higher level of microbial growth on the added
pyrene. In addition, microcosms amended with nitrogen
displayed a greater extent of mineralization over 49 days
than those without nitrogen amendment, which is consistent
with the effects of nutrient amendment in previous studies
on the treatment of soil from the same site in compost
reactors [34].

S incubation led to greater pyrene mineralization than
the corresponding static incubation whether nitrogen was
added or not (Fig. 1). The greater rates and extents of
pyrene mineralization in S microcosms might be attribut-
able to their constant agitation [53]. Agitation increases the
likelihood of contact between soil particles, bacteria, and
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pyrene in the aqueous phase and also increases oxygen
transfer. Although pyrene has limited solubility in water
(0.13 mg/L), the potential for soil-associated pyrene to be in
contact with the aqueous phase increases the bacterial
community’s ability to metabolize the substrate, whereas
aeration promotes biomass growth and metabolic activity.
Agitation may also have delayed sorption of the added
pyrene by disrupting any weak association with the soil
organic matter or the contaminant matrix. In addition, it has
been proposed that moisture content and aeration are more
important than nutrient addition with regard to substrate
removal [50].

The highest concentration of DNA per gram of soil (and
presumably the largest microbial community) was recov-
ered from the S incubation amended with nitrogen (S + N),
which also displayed the highest rate and greatest extent of
pyrene mineralization. This correlation between microbial
concentration and rate and extent of mineralization differs
from the findings of previous studies [7, 19, 34] and
indicates that inorganic nutrient or treatment status alone
may be predictive of extent of substrate removal when
bioavailability does not govern degradation kinetics.

DGGE profiles were similar among the conditions;
however, relative to controls (no added pyrene or nitrogen)
and to the incubations amended with pyrene but no
nitrogen, bands low on the gel were more prominent in
the incubations to which nitrogen was added (Fig. 2). There
was little difference between physical treatments (continu-
ously mixed S or static FW) on the apparent community
diversity with or without nitrogen addition. SIP experi-
ments with both S and static incubations amended with
nitrogen resulted in only slightly different communities of
pyrene-degrading bacteria. The majority of recovered
sequences in clone libraries derived from “heavy” DNA
of both incubation conditions were closely related to
sequences of uncultured y-Proteobacteria, including those
described in earlier work as PG2 [45]. Organisms in this as-
yet uncultivated clade were previously found to be a
significant component of the “heavy” DNA after SIP with
3C-pyrene of a bioreactor community treating PAH-
contaminated soil from a different source than the soil used
in the present study [45]. Also similar to the previous study
in which PG2 was first described, members of this group
appear to be a significant part of the community in the
contaminated soil used as inoculum in the present study. In
a separate analysis to be reported elsewhere, nearly 16% of
the sequences in a 16 S rRNA gene clone library constructed
from the contaminated soil (without pyrene amendment)
grouped phylogenetically within PG2 (Swanson, unpublished
data).

Although the <y-Proteobacterial PG2 were the most
prominent sequences recovered in '*C-enriched DNA under
both incubation conditions (67 of the 71 sequences in the
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combined clone libraries), «-Proteobacterial sequences
were also present in the S treatment (4 of 34 sequences).
Three were very similar to sequences of Caulobacter
species, two of which cluster with Caulobacter leidyi. This
genus has been described as both paraphyletic [1] and
polyphyletic [46], and its members are known to thrive in
nonstatic, high-moisture, oxygen-rich environments [33],
which is consistent with the S environment. Various
analyses, including 16 S rRNA gene sequencing, suggest
that C. leidyi is likely a member of the genus Sphingomo-
nas [1, 36]. Therefore, organisms represented by the clone
designated slurry 2-03 may also be sphingomonads.
Sphingomonas spp. have been implicated in pyrene
transformation in other studies [23, 28, 45].

The presence of several sequences in the clone library
from “heavy” DNA associated with S incubation during the
SIP experiment that were not in the clone library from the
static incubation might have been reflected in differences in
the DGGE profiles of the “heavy” DNA from the two
incubation conditions (Fig. 3). However, we did not
perform DGGE analysis on clonal sequences, so that
specific sequences cannot be matched with specific bands
on the DGGE gel. Similarly, it is not possible to determine
whether slight sequence variations among the PG2 sequen-
ces might have led to the two most prominent bands in the
“heavy” DNA from either incubation condition.

Given the relatively long incubation time in the SIP
experiment (28 days), we cannot be certain that the few
singleton sequences recovered in the S microcosms resulted
from growth on pyrene itself or whether growth might have
occurred on one or more products of pyrene transformation.
However, the fact that the vast majority of clones recovered
from both static and S incubations were from a single clade
suggests that organisms in this group are able to grow on
pyrene itself. The 28-day incubation was required to
achieve a high extent of pyrene mineralization, which is
expected to parallel pyrene assimilation during active
growth. Although the '*C-labeled pyrene added to the soil
was likely more bioavailable than pyrene in a weathered
contaminated soil, it was added in an amount greatly in
excess of its aqueous solubility (approximately 0.13 mg/L),
which would have made it available to the pyrene-
degrading bacteria much more slowly than a water-soluble
growth substrate.

It is interesting that in this and the only previous study in
which SIP was performed with pyrene [45], no Actino-
bacteria were identified as significant pyrene degraders.
Mycobacterium spp. and other Gram-positive organisms
have been isolated from a number of field-contaminated
soils when enriched on pyrene as a sole carbon source [10,
24, 27, 35], but none were identified by SIP in this study;
we did not attempt to isolate any pyrene degraders from the
soil investigated in this study. The contrasting findings of

SIP studies and isolation methods highlight the differences
in these two approaches to studying environmentally
relevant microorganisms. Both SIP and culture-based
methods can introduce selection bias when identifying
microorganisms able to grow on a particular carbon source.
Both approaches can lead to identification of organisms
capable of degrading a particular compound but cannot by
themselves indicate how those organisms respond to the
compound under in situ conditions. However, SIP elimi-
nates the requirement for growth outside the natural
microenvironment, thereby reducing biases associated with
growth in artificial media; its major bias is in exposing an
indigenous microbial community to quantities of growth
substrates in excess of what would be experienced under
natural conditions. Furthermore, the bias introduced by
high concentrations of a water-soluble substrate are
expected to be attenuated with poorly soluble substrates
such as pyrene and other PAHs. Nevertheless, any added
hydrophobic substance such as pyrene is likely to be more
bioavailable than the native, aged contaminant. Further
research with cultivation-independent techniques must be
conducted before the limits of either approach are fully
appreciated.
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