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Microbial community composition and diversity at a diesel-contaminated railway site were investigated by pyrosequenc-
ing of bacterial and archaeal 16S rRNA gene fragments to understand the interrelationships among microbial community
composition, pollution level, and soil geochemical and physical properties. To this end, 26 soil samples from four matrix
types with various geochemical characteristics and contaminant concentrations were investigated. The presence of diesel
contamination significantly impacted microbial community composition and diversity, regardless of the soil matrix type.
Clean samples showed higher diversity than contaminated samples (P < 0.001). Bacterial phyla with high relative abun-
dances in all samples included Proteobacteria, Firmicutes, Actinobacteria, Acidobacteria, and Chloroflexi. High relative
abundances of Archaea, specifically of the phylum Euryarchaeota, were observed in contaminated samples. Redundancy
analysis indicated that increased relative abundances of the phyla Chloroflexi, Firmicutes, and Euryarchaeota correlated
with the presence of contamination. Shifts in the chemical composition of diesel constituents across the site and the abun-
dance of specific operational taxonomic units (OTUs; defined using a 97% sequence identity threshold) in contaminated
samples together suggest that natural attenuation of contamination has occurred. OTUs with sequence similarity to
strictly anaerobic Anaerolineae within the Chloroflexi, as well as to Methanosaeta of the phylum Euryarchaeota, were de-
tected. Anaerolineae and Methanosaeta are known to be associated with anaerobic degradation of oil-related compounds;
therefore, their presence suggests that natural attenuation has occurred under anoxic conditions. This research under-
scores the usefulness of next-generation sequencing techniques both to understand the ecological impact of contamination
and to identify potential molecular proxies for detection of natural attenuation.

Anthropogenic contamination with recalcitrant organic com-
pounds has created a large industry for remediation of these
polluted sites (1). Among the variety of decontamination tools, in
situ biodegradation of contaminants has emerged as a low-cost,
less-invasive treatment compared to traditional ex situ techniques.
The ubiquity of hydrocarbon-utilizing microorganisms dictates
that, with time, degradation will occur to some extent without
human intervention—so-called natural attenuation (2). Cultiva-
tion-independent molecular approaches have been used to assess
the impact of pollution on microbial composition at contami-
nated sites, and phylogenetic and functional gene-targeted tools
have been developed as one of the lines of evidence to monitor
microbial populations at natural attenuation sites for degradation
potential and activity (3, 4).

To this end, a number of studies have examined how the pres-
ence of total petroleum hydrocarbon (TPH) contamination im-
pacts microbial community structure and function. In such stud-
ies, chemical analysis of TPH concentration is coupled to
molecular analyses. Shifts in bacterial composition have been ob-
served in microcosm experiments due to either the spiking of TPH
at specific concentrations and degradation under fully oxic con-
ditions (5, 6) or degradation of TPH coupled to a range of alter-
native electron acceptors (7). Aerobic degradation of the alkane
fraction of TPH specifically has been monitored with real-time
PCR targeting phylogenetic and functional gene markers (4,
8-10). The results indicated that microbial community structure
and ecological function are clearly impacted by the presence of
TPH. However, conclusions from studies on short-term spiking
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of soils are difficult to translate to long-term in situ natural atten-
uation conditions.

In addition to changes in microbial populations due to the
presence and concentration of contaminants, community com-
position and diversity are also dependent on the geochemical
properties of the subsurface. A number of studies have indicated
that various factors dictate the composition and activity of mi-
crobes in uncontaminated locations, including geographic region
(11), soil type (12), soil pH (11), and land use (13, 14). Further-
more, it has been shown in TPH-contaminated soil that soil type
influences the makeup of biodegrading populations (15, 16). This
underscores the complexity of factors influencing soil microbial
communities and the challenge of elucidating key populations in
in situ bioremediation.

In this study, we have investigated microbial diversity and eco-
logical significance in the natural attenuation process through
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FIG 1 Site schematic (top) indicating the location of piezometers installed previously (1997 and 2001), inoperable remediation wells (installed in 2003), and
sampling locations for the current study (2010), as well as subsurface lithology giving the depth profile corresponding to the site map (bottom). The LNAPL
sample was collected in a piezometer from 2001. Sample H was located upstream outside the site in an area that neither encountered diesel contamination nor

contains anthropogenic fill. bgl, below ground level.

identifying populations present in situ at a diesel-contaminated
site. To this end, pyrosequencing of PCR-amplified bacterial and
archaeal 16S rRNA gene fragments of both Bacteria and Archaea
was utilized as a high-throughput technique to examine the diver-
sity and microbial groups present in contaminated and corre-
sponding clean samples. Whereas previous work examined the
community structure in diesel-spiked sediments in microcosms
(5, 6), this study investigated field-collected samples representing
various soil matrices and contamination levels. The interrelation-
ships among community composition and diversity, contamina-
tion, and soil geochemical properties were determined, giving an
understanding of the ecological response to changing environ-
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mental conditions. Through investigating the impact of long-
term in situ diesel contamination, an understanding of natural
attenuation characteristics and requirements is developed. This
description of microbial community dynamics provides a basis for
the development of more-comprehensive theoretical models and
molecular proxies for the monitoring of natural attenuation.

MATERIALS AND METHODS

Site description. The railway refueling station in Wegliniec, Poland, was
contaminated with diesel from 1970 to 2000 (Fig. 1). Eighteen monitoring
wells were installed in 1997 and in 2001 to characterize the soil diesel
contamination, expressed as TPH concentrations, as well as to monitor
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TABLE 1 Physical, geochemical, and contaminant characteristics of soil samples”

Groundwater level Soil Organic TPH concn
Sample Depth (cm bgl) (cm bgl) matrix matter (%) pH (g TPH/kg)"
Al 0-100 230 Fill 10 7.10 4.26
A2 130-230 Fill 11 6.88 22.21
Bl 0-70 170 Fill 9 7.41 —
B2 80-150 Clay 5 5.15 2.88
B3 150-170 Peat 12 6.50 17.82
B4 150-250 Peat 10 6.80 16.31
Cl1 20-90 200 Fill 9 7.55 —
C2 90-180 Peat 6 7.37 —
C3 200-220 Peat 7 7.02 6.38
D1 0-130 200 Fill 13 7.35 —
D2 130-160 Clay 8 7.17 —
D3 170-200 Clay 7 6.98 9.99
D4 200-230 Peat 54 6.18 11.44
D5 230-250 Sand 3 6.22 13.65
El 40-120 120 Fill 5 6.51 —
E2 120-130 Fill 35 7.11 8.47
F1 80-150 190 Sand 2 7.37 —
F2 190-220 Sand 2 7.01 1.28
Gl1 50-120 Unknown; >180 Fill 4 7.17 —
G2 120-160 Fill 5 7.33 —
G3 160-180 Fill 4 7.31 —
H1 10—40 40 Peat 29 6.55 —
H2 40-70 Peat 56 5.48 —
H3 70-100 Sand 5 5.82 —
11 10-40 240 Sand 2 4.42 —
12 70-240 Sand 1 4.23 —_

“bgl, below ground level.
b clean sample without diesel contamination.

contamination in the groundwater. During a previous remediation pro-
ject in 2003, an additional 89 wells with a depth of 5 m were placed in a
tight gridlike pattern for a pump-and-treat style approach. The use of
these wells, however, was discontinued within 6 months due to clogging
resulting from improper filtering of the wells.

The site was originally the location of a brook running from south to
north across the site. This created a peat and clay layer on top of the base
sand, flanked by higher sandy dunes on the eastern side of the site. In order
to level the site for the construction of the railroad, the brook was filled
with a heterogeneous layer containing coarse sand, gravel, and fine brown
sand. Thus, within the contaminated area, 3 to 4 lithological layers were
encountered: anthropogenic fill, followed by peat and/or clay, and finally,
natural sand. To the east of the site, essentially two layers were present, an
upper more-organic rich brown sand followed by very light sand.

The initial location of refueling was at the southwest corner of the site
and was the source of contamination. In this area, up to 70 cm of light
nonaqueous-phase liquid (LNAPL) of TPH was observed in piezometers
in 2010, and solid-phase concentrations were higher than 20,000 mg/kg of
dry matter. LNAPL has spread across the site in the same direction as the
groundwater, which was in a north-northeast direction. The thicker layer
of anthropogenic fill deposited on the northern area of the site was con-
taminated due to the groundwater transportation of dissolved diesel. The
extent of weathering varied across the site, as observed from the color and
texture of the contamination in piezometers.
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Soil sampling. Sampling was performed in 2010 at nine locations
across the site, including near the refueling station (sites A and B), just
downstream therefrom (sites C and D), and farther removed from the
station (sites E, F, and G). Additionally, samples were taken where no
anthropogenic fill was present, either because the location was upstream
and just outside the rail yard (site H) or due to the natural lithology of the
subsurface (site I). Hand augers were used to collect layers of sediment at
various depths for each sampling location. A full description of the
number of samples collected at each location and their depth is given in
Table 1. The samples were collected and stored in large high-density poly-
ethylene (HDPE) containers for further characterization. Additionally,
the pure-product LNAPL sample was collected and stored in a glass tube.
All samples were stored at 4°C.

Subsamples were taken directly from the sediment layers in the field
using sterile metal spatulas and placed in sterile 50-ml tubes for molecular
analysis. These samples were immediately frozen in liquid nitrogen,
stored on dry ice during transport (1 day), and stored at —80°C prior to
further processing.

Chemical analyses. Soil samples were sieved at 2 mm and analyzed for
a variety of parameters. Organic matter content was determined as the
weight difference due to ignition at 550°C. pH was measured in the su-
pernatant of a 1:2.5 solid-to-liquid (g/ml) ratio suspension of soil sample
in 0.01 M CaCl, (17). Diesel concentrations, measured as TPH, were
determined by extraction and quantification with gas chromatography.
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Extraction was performed according to the NEN 5733 solvent shake ex-
traction protocol with acetone and hexane (18). For pure-product sam-
ples, 0.2 g LNAPL was dissolved in 25 ml hexane. Hexane was dried with
Na,SO,, and TPH was measured on an HP 5890 gas chromatograph (GC)
with a simulated distillation (Sim Dist) column and flame ionization de-
tector with nitrogen as the carrier gas. After 5 min at an initial temperature
of 40°C, the temperature was increased at 10°C per minute to a final
temperature of 300°C. TPH was determined for samples portraying a
diesel chromatogram pattern as the area between C,, and C,,. Carbon
number fractions were determined by using the retention times of a boil-
ing point standard. Samples lacking a chromatogram indicative of diesel
but, rather, typical for trace amounts of organic matter extracted with
hexane were considered clean for the purposes of this analysis.

DNA extraction, amplification, and pyrosequencing of the 16S
rRNA gene. Total microbial community DNA was extracted from 0.5 g of
each soil sample using the FastDNA spin kit for soil (MP Biomedicals,
Solon, OH) according to the manufacturer’s instructions. The amount
and quality of the extracted DNA (average molecular size and purity) were
estimated on 1% agarose gels and using NanoDrop spectrophotometer
readings (Thermo Scientific, Wilmington, DE). Extracted DNA was
stored at —20°C for downstream applications.

In this study, we used a two-step PCR protocol as previously described
(19). With this approach, tags and adapters were added in a second round
of PCR amplification. This method facilitates DNA amplification from
complex biological samples (20), increases reproducibility, and recovers
higher genetic diversity, avoiding the amplification bias that is introduced
by using long fusion primers in one-step PCR amplification (21).

The first PCR amplification was performed using the modified prim-
ers 341F (CCTAYGGGRBGCASCAG) and 806R (GGACTACNNGGGT
ATCTAAT) (20) to amplify a 466-bp fragment of the 16S rRNA gene
flanking the V3 and V4 regions. The PCR mix (40 wl) contained 1X
Phusion HF buffer containing 2.5 mM MgCl, (Finnzymes, Vantaa, Fin-
land), 0.2 mM deoxynucleoside triphosphate (ANTP) mixture, 0.8 U Phu-
sion hot start DNA polymerase, 2 uM each primer, 25 pg bovine serum
albumin (BSA; molecular grade, 10 mg ml™ ! stock), and 1 wl template.
The PCR conditions were an initial activation of the hot start polymerase
at 98°C for 30 s, followed by 30 cycles of 98°C for 5 s, 56°C for 20 s, and
72°C for 20 s, and a final extension at 72°C for 5 min. Analysis of PCR
products was done on a 1% agarose gel stained with ethidium bromide,
and bands of the correct size were cut and purified using the Montage gel
extraction kit (Millipore, Billerica, MA). The quality and concentration of
the purified DNA was determined through analysis on a 1% agarose gel
stained with ethidium bromide (Gel Doc; Bio-Rad, Hercules, CA) and
using NanoDrop. A second round of PCR was performed as described
above, except that primers with an adapter and barcodes of 10 nucleotides
in length were used (see Table S1 in the supplemental material). Further-
more, the number of PCR cycles was reduced to 15. The PCR products
were analyzed on 1% (wt/vol) agarose gel, and DNA was extracted from
the agarose gel as described above, quantified using the Quant-iTdsDNA
high-sensitivity assay kit and the Qubit fluorometer (Invitrogen, Grand
Island, NY), and mixed in approximately equal concentrations (4 X 10°
copies ul ') to ensure equal representation of each sample. These samples
were pooled with other samples (total of 72 samples) and were sequenced
on one of the two regions of a 70_75 GS PicoTiterPlate (PTP) by using a
Titanium kit and GS FLX system according to the manufacturer’s instruc-
tions (Roche, Branford, CT).

Analysis of the pyrosequencing data set. Pyrosequencing data were
analyzed using the QIIME pipeline (http://giime.org/) (22). Sequences
were deemed of low quality and were removed if they did not comply with
the following default quality parameters: (i) include a perfect match to the
sequence tag and the 16S rRNA gene primer, (ii) be at least 200 bp in
length, (iii) have no ambiguous bases, and (iv) have no homopolymers
longer than 6 nucleotides. Once trimmed and assigned to samples, data
were processed using the QIIME’s UCLUST method in order to cluster
the sequences into operational taxonomic units (OTUs) at the 97% sim-
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ilarity level. A set of representative sequences (the most abundant se-
quence in each OTU) were aligned using PyNAST (23) against the Green-
genes core set (24). Possible chimeric sequences were identified using
QIIME’s ChimeraSlayer and subtracted from the previously generated
OTU list, producing a nonchimeric nonredundant OTU list. The taxo-
nomic affiliation of each OTU was determined using the RDP Classifier at
a confidence threshold of 80% (25). Aligned sequences (OTU represen-
tatives) were used to generate a phylogenetic tree with FastTree (26). The
complete pyrosequencing data set is available at the European Bioinfor-
matics Institute (http://www.ebi.ac.uk/ena/data/view/ERP001958) under
accession number ERP001958.

Statistical analyses. In order to relate the changes in microbial com-
munity composition to environmental variables, redundancy analysis
(RDA) was used as implemented in the CANOCO 4.5 software package
(Biometris, Wageningen, The Netherlands). The presence/absence and
relative abundances of OTUs obtained from the pyrosequencing data set
were used. The environmental variables tested were presence/absence of
contamination, TPH concentration, pH, organic matter, and ground wa-
ter level. All of the environmental data were transformed as log(1 + x). A
Monte Carlo permutation test based on 999 random permutations was
used to determine whether or not and which of the experimental variables
significantly contributed to explaining the observed variance in composi-
tion of microbial communities. The community structure was visualized
via ordination triplots with scaling focused on intersample differences.
For all statistical analyses, correlations were considered highly significant
at a P value of <0.001 and significant at a P value of <0.05. The signifi-
cance of the observed differences for carbon fraction distribution and
Shannon and Chaol diversity indexes were verified using the Student ¢
test.

RESULTS AND DISCUSSION

General characteristics of the soil samples. Due to both the litho-
logical and contamination patterns at the site, characterization of
the 26 samples indicated considerable variation in the physical
and geochemical properties of the soils collected (Table 1). The
organic matter content correlated well with the soil type, with fill
and sand samples generally below 10% and 2%, respectively, and
peat samples above 10% organic matter in most cases. pH varied
across samples from 4.2 to 7.5; sandy soils showed a slightly lower
pH. The TPH concentrations of the 11 contaminated samples var-
ied from 1.3 g/kg to 22.2 g/kg. The highest levels of contamination
were encountered at sampling sites near the refuelinglocation and
at or below the groundwater level.

The distribution and composition of the TPH contamination
were indicative of natural in situ degradation processes. Diesel
concentrations were notably reduced in samples obtained above
the groundwater level in the source area where the contamination
originated; this indicates that degradation may occur in the vadose
zone. The TPH carbon number fraction distribution also points
toward degradation. An LNAPL sample collected in the source
zone at the location of refueling shows that the original diesel
contamination contained mainly low-molecular-weight (LMW)
hydrocarbons, with 63% of the mass from compounds in the C, -
to-C, ¢ range (Fig. 2). Soil samples were overall depleted in LMW
compounds compared to the LNAPL. Samples well above the
groundwater level (site A1) or farther downstream (sites E2 and
F2) showed notably less LMW, with up to 50% of the C,,-to-C,¢
fraction depleted relative to the LNAPL signature. Reductions in
the amount of LMW compounds were also observed across the
site; the difference in relative carbon fraction abundance was sig-
nificant for fractions C,, to C,, and C,, to C,; when comparing
source samples A2 and B3 to plume samples E2 and F2 (P = 0.02).
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This shift in contaminant composition can most likely be at-
tributed to biological degradation. As the LNAPL source spreads
across the site, microbial degradation occurs, thereby degrading
LMW compounds. Microbial preference for low-molecular-
weight compounds has been observed previously (27, 28). These
results suggest that natural attenuation potential is present at this
location and that biodegradation processes are ongoing, which is
further corroborated by observed changes in microbial commu-
nity composition, as described below.

General analysis of the pyrosequencing data set. The phylo-
genetic composition and diversity of the microbial communities
present in the soil samples collected throughout the diesel-con-
taminated railway site were profiled using pyrosequencing of
PCR-amplified bacterial and archaeal 16S rRNA gene fragments.
After trimming and quality filtering of the raw reads, the se-
quences were clustered into operational taxonomic units (OTUs)
using a similarity threshold of 97%, yielding a total 0£ 40,912 high-
quality, nonchimeric OTUs. These OTUs represented a total of
201,585 reads, distributed in 7,753 * 1,032 (mean * standard
deviation) sequences per sample with an average length of 401.8
bp. Representative sequences of each OTU were classified into the
domains Bacteria (91.7% of the total data set) and Archaea (7.7%),
using the RDP Classifier with a confidence threshold of 80%. A
small proportion of sequences (0.6%) could not be classified at the
domain level.

Relatively high proportions of sequences, ranging from 2% to
46% (average, 21%), could not be classified below the phylum
level. These considerable proportions of unclassified bacterial and
archaeal sequences fall in the range of values obtained in other
recent studies applying tag-pyrosequencing to different soil and
sediment ecosystems, where, in principle, a high microbial diver-
sity is expected. For example, Inceoglu et al. found 15 to 45%
unclassified bacteria in a pyrosequencing data set obtained from
potato field soil samples (20), and a similar range of unclassified
bacterial reads (11 to 24%) was found in a collection of forest and
grassland soils (13). A possible interpretation of these high pro-
portions of unclassified sequences could be that they belong to
as-yet-uncultured, unrecognized, or novel bacterial or archaeal
species.
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The OTUs were classified into the domains Bacteria (27 phyla)
and Archaea (2 phyla). On average for the complete data set, the
major microbial phyla were Proteobacteria (36.6% =+ 14.5% of the
reads), Firmicutes (9.0% * 10.2%), Actinobacteria (9.3% =
5.1%), Acidobacteria (6.6% = 5.5%), Euryarchaeota (6.1% =
11.3%), Chloroflexi (2.8% * 3.0%), Bacteroidetes (1.8% = 1.7%),
and Verrucomicrobia (1.1% * 1.3%) (Fig. 3; also see Table S2 in
the supplemental material).

Initial examination of the phylogenetic distribution identified
sample I2 as an outlier. Whereas the relative abundance of indi-
vidual phyla does not surpass 54.4% in any other sample, 83.6% of
sequences were classified as Proteobacteria in sample 12 (Fig. 3).
Additionally, 88% of Proteobacteria were from the Betaproteobac-
teria (Fig. 3; also see Table S3 in the supplemental material). Sam-
pling was performed atlocation I to provide a clean sand sample as
a control for comparison to contaminated sand samples. How-
ever, visual comparison of 12, a coarse light-colored sand, to other
clean sand samples (F1, H3, and I1), which were notably darker
and finer, showed that 12 was dissimilar. This was further con-
firmed by geochemical parameters (Table 1), phylogenetic distri-
bution (Fig. 3), and alpha-diversity (Table 2; see below). Redun-
dancy analysis (see Fig. 5) indicated that, along with 12, I1 is also
not representative of the clean samples.

The majority of the most-abundant bacterial OTUs were affil-
iated with Proteobacteria, which were observed at relative abun-
dances of 10.4 to 82.9%, and all five major classes were represented
(Fig. 3; also see Tables S3 and S4 in the supplemental material).
Proteobacteria have been identified in many studies as the pre-
dominant phylum in soil samples (5, 13, 14, 29), playing an inte-
gral role in nutrient cycling (30). For example, the two most-
abundant bacterial OTUs were classified within the genera
Variovorax (OTU 7163, 4.1% of the total number of sequences,
family Comamonadaceae, Betaproteobacteria), and Methylocystis
(OTU 64060, 1.4%, family Methylocystaceae, Alphaproteobacte-
ria). The ability of Alpha-, Beta-, and Gammaproteobacteria to
utilize aliphatic and aromatic compounds has previously been
established (31-33), and shifts in their abundance are often
noted upon contamination with TPH or during bioremedia-
tion (34-36).

OTUs with sequences similar to Methanosaeta in the Methano-
saetaceae family in the archaeal phylum Euryarchaeota showed
remarkably high abundance. These OTUs were observed in many
contaminated samples and represented more than 30% of all 16S
rRNA gene sequences in samples Al and D5 (Fig. 3; also see Table
S2 in the supplemental material). A thorough analysis of archaeal
abundance and diversity is given below.

The phyla Firmicutes, Actinobacteria, and Acidobacteria, found
in this study in high abundances, have been noted previously in
work examining uncontaminated soil samples (13, 14, 37). Fur-
thermore, these phyla have been observed in soils contaminated
with aliphatic or aromatic compounds, both in the polluted sam-
ples and the clean reference soil (7, 29, 38, 39). Bacteroidetes,
which were not dominant in this study, have been found in clean
and contaminated samples at similar relative abundances (1.9%
and 1.8%, respectively). In a previous work using pyrosequencing
to study uncontaminated soils, Bacteriodetes was identified as
quite prevalent, with relative abundances of 15 to 25% (14); a
different study, where pyrosequencing was also utilized to com-
pare community structure in forest versus grasslands, placed Bac-
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teriodetes into the rare-phylum group with <1% overall relative
abundance (13).

Microbial diversity in pristine and contaminated samples.
Alpha-diversity estimations, based on OTUs defined at a genetic
distance of 3% (i.e., sequence identity of 97%), showed that there
was a significant reduction in microbial richness and diversity in
the contaminated samples. Differences in the Chaol richness es-
timator and Shannon diversity indexes were highly significant
when comparing clean (uncontaminated) and contaminated
samples (P = 0.00003 and P = 0.0002, respectively) (Table 2).
When each soil matrix type (fill, peat, clay, and sand) was consid-
ered separately, only fill and peat samples showed a significant
difference in microbial diversity between clean and contaminated
samples (P < 0.05). The clay group was too small to assess the
significance of observed differences in diversity. Within the sand
group, diversity indices in clean and contaminated samples were
not significantly different, most likely due to the low TPH concen-
tration in sample F2, leading to a nonsignificant microbial re-
sponse to the contamination. The peat and fill groups contained
samples with much higher TPH concentrations in the polluted
samples.

Finally, rarefaction curves estimating OTU richness confirmed
the difference between clean and contaminated samples (Fig. 4),
where clean samples were predicted to harbor higher microbial
species richness than contaminated samples when excluding the
outlier sample 12. Since no similar correlations between the other
soil properties and richness were observed, the noted change in
richness could be attributed to the presence of TPH contamina-
tion. No notable correlation between TPH concentration and di-
versity was observed, indicating that the presence of contamina-
tion, rather than its concentration, dictates changes in diversity.
Apparently, a threshold concentration of TPH is required to elicit
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changes in diversity, above which no correlations of concentration
and diversity would be observed, at least for the range of concen-
trations observed at this field site.

Correlations between soil properties, including contamina-
tion and microbial community composition. Differences in mi-
crobial community composition have been attributed to soil
properties, including vegetation and land use (13), soil matrix
type (12, 16), and soil pH (37). We performed multivariate anal-
ysis in order to determine the impact of environmental parame-
ters on the community structure. Here, geochemical soil charac-
teristics, including organic matter content, pH, sample depth
relative to the groundwater level, and soil matrix type, were con-
sidered. There was no significant correlation between overall
community composition with either organic matter content or
sample depth. However, redundancy analysis (RDA) indicated
that the relative abundance of some microbial phyla, such as Aci-
dobacteria subgroup 16 and unclassified Proteobacteria, was cor-
related with organic matter content (Fig. 5).

pH was found to contribute significantly to explaining the ob-
served variation in community composition (P = 0.008). Acido-
bacteria subgroup 1 was correlated with low pH, while Acidobac-
teria subgroup 16 was somewhat correlated with increasing pH
values (Fig. 5). High abundances of Acidobacteria subgroup 1 have
previously been observed in samples with pH below 5.5, and high
abundances of Acidobacteria subgroup 16 in samples above pH 6
(40). Additionally, all Acidobacteria subgroups were negatively
correlated with the presence of TPH (Fig. 5), which has been ob-
served previously (41). A similarly deleterious effect on the abun-
dance and diversity of Acidobacteria was observed due to both the
short-term and long-term presence of 2,4,6-trinitrotoluene (42),
further supporting the conclusion that Acidobacteria are particu-
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TABLE 2 Microbial richness and diversity as determined by Chaol estimator and Shannon index

No. of
Chaol estimate of Shannon index high-quality

Sample Contamination OTU richness 95% CI“ (H") sequences
Al Contaminated 3,127 2,804; 3,520 6.49 8,462
A2 Contaminated 3,259 2,994; 3,575 8.59 5,259
Bl Clean 13,024 11,963; 14,222 10.69 8,285
B2 Contaminated 4,493 4,183; 4,853 9.02 7,876
B3 Contaminated 8,348 7,599; 9,211 8.77 8,054
B4 Contaminated 6,431 5,847; 7,112 8.81 7,636
Cl1 Clean 11,783 10,8915 12,785 10.8 7,781
C2 Clean 9,226 8,499; 10,053 10.25 7,458
C3 Contaminated 5,315 4,848; 5,860 8.25 7,527
D1 Clean 6,794 6,235; 7,437 8.86 8,200
D2 Clean 7,811 7,184; 8,528 9.44 8,158
D3 Contaminated 4,227 3,783; 4,761 7.18 9,474
D4 Contaminated 3,849 3,472; 4,302 7.43 8,258
D5 Contaminated 4,587 4,155; 5,099 7.52 8,192
El Clean 6,948 6,346; 7,646 9.17 7,691
E2 Contaminated 6,529 5,983; 7,159 9.54 7,639
F1 Clean 14,683 13,506; 16,005 10.94 7,798
F2 Contaminated 5,439 4,932; 6,032 9.08 5,619
Gl Clean 9,820 8,941; 10,826 10.44 5,663
G2 Clean 11,929 11,075; 12,884 11.06 7,711
G3 Clean 14,447 13,5125 15,483 11.16 10,332
H1 Clean 12,824 11,878; 13,885 11.19 7,637
H2 Clean 12,637 11,767; 13,609 11.27 8,294
H3 Clean 7,716 7,227; 8,269 10.69 7,821
11 Clean 4,382 3,987; 4,851 8.54 7,867
12 Clean 521 463; 612 3.75 6,893

“ CI, confidence interval.

larly sensitive to changes in soil conditions, including the presence
of organic contamination.

RDA was also performed in order to analyze the impact on
community composition of diesel contamination in general and,
more specifically, the TPH concentration (Fig. 5). The presence of
diesel in soil samples contributed significantly to explaining the
variation in microbial community structure (P = 0.002), indicat-
ing that contamination, above all other geochemical characteris-
tics, dictates microbial diversity. Contaminated samples were
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FIG 4 Rarefaction curves indicating the average observed number of opera-
tional taxonomic units (OTUs) for clean samples and contaminated samples
without the outlier I2 of the clean group. Error bars indicate *standard devi-
ation.
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positively correlated with TPH contamination (Fig. 5; right clus-
ter), whereas the clean samples were negatively correlated with
TPH contamination (Fig. 5; left cluster). However, clean samples
I1 and 12 show a divergent pattern. The concentration of TPH
present was found to correlate with the relative abundance of a
number of phyla (Fig. 5 and 6), including Chloroflexi, Firmicutes,
and Euryarchaeota, as described in the following sections.
Impact of TPH contamination on soil microbial communi-
ties. A highly significant reduction in OTU richness and microbial
diversity was observed to be correlated with TPH contamination,
as described above. Previous works investigating microbial diver-
sity have found that contamination may yield an increase (43—45)
or a decrease (36, 46) in diversity. The reduction in diversity ob-
served in our data set lies in stark contrast to the results of the only
other pyrosequencing-based study investigating the impact of die-
sel contamination on microbial community structure (5). In that
study, an increase in diversity and richness was observed 23 days
after spiking and was attributed to the addition of hydrocarbon
substrates with diverse structures. Whereas similar short-term ef-
fects are possible in the field, our study investigated microbial
diversity under natural in situ conditions in soil contaminated for
more than 40 years with diesel. Reduced diversity is most probably
caused by the selective ecological pressures of TPH contamina-
tion, including (i) the introduction of toxic TPH concentrations
and biodegradation products (47-49), (ii) the dominance of a
pool of less-diverse, easily degradable diesel-originating hydrocar-
bon substrates compared to complex soil organic matter com-
pounds (27, 28, 50), (iii) the presence of imbalanced C:N:P ratios
due to the influx of carbon-rich diesel, leading to competition for
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FIG 5 Redundancy analysis triplot showing relationship between microbial composition at class level and soil geochemical and physical properties as described

in Table 1. Clean samples, shown by open circles, cluster on the left quadrant;

contaminated samples, shown by open squares, cluster on the right quadrant.

Outliers I1 and I2 are shown by open diamonds. Classes are indicated with triangles, environmental parameters with arrows, and nominal environmental

variables with filled triangles. The eigenvalues of the first (x) and second (y)

canonical axes are 0.265 and 0.073, respectively. The plot can be interpreted

qualitatively by following the direction of arrows for environmental parameters. The arrow length corresponds to variance that can be explained by the
environmental variable. The direction of an arrow indicates an increasing magnitude of the environmental variable. The perpendicular distance between classes
and environmental variable axes in the plot reflects their correlations. The smaller the distance, the stronger the correlation. SOM, soil organic matter; GW level,

above groundwater level; [TPH], concentration of TPH.

nutrients and reduced nutrient availability for the microbial com-
munity originating from the pristine system (6, 51, 52), and (iv)
possible electron acceptor limitation for the native microbial
community in the subsurface due to microbial TPH mineraliza-
tion (48, 51).

We further explored the specific microbial groups within the
phyla Chloroflexi, Firmicutes, and Euryarchaeota identified to be
associated with contamination. Although these phyla were found
in nearly all samples, the combined relative abundances in con-
taminated samples were on average 33% (compared to 7% in
clean samples) and reached more than 50% in contaminated sam-
ples Al and B3 (Fig. 6; bar graph). Additionally, the high relative
abundance in contaminated samples of certain classes in the
aforementioned phyla explains the reduced richness noted above
(Fig. 6; pie graphs). This difference was reflected in the apparent
class composition of Chloroflexi and Euryarchaeota in contami-
nated samples. Whereas a number of classes were represented in
clean samples, in the presence of TPH, OTUs classified as Euryar-
chaeota were almost exclusively from the class Methanomicrobia
and Chloroflexi from the class Anaerolineae. The increased abun-
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dance of the phyla Euryarchaeota, Chloroflexi, and Firmicutes in
association with hydrocarbon-impacted samples, as found here, is
in line with observations made in previous studies (5, 53-56).

Euryarchaeota have been observed to be the dominant ar-
chaeal phylum in heavily oil-contaminated environments (53).
The most-dominant OTU classified in the class Methanomicro-
bia showed 98% identity to the 16S rRNA genes of members of
the Methanosaeta, microorganisms that have previously been
observed in oil sands (55) and have been observed in consor-
tiums able to perform anaerobic mineralization of long alkane
chains (57, 58). This genus is known to solely perform acetate
fermentation (59), under methanogenic conditions, indicating
that methanogenic processes could prevail at the contaminated
locations.

The presence and high abundance of Euryarchaeota in contam-
inated samples in the current study lies in contrast to previous
pyrosequencing studies that reported on archaeal abundance and
diversity in clean soil samples. A study on archaeal diversity from
146 uncontaminated soil samples collected across six continents
showed that the relative abundance of Archaea averaged 2% and
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was less than 16% in all samples; the main phylum observed was
Crenarchaeota (60). The observed differences in archaeal phylum
diversity and abundance between the current study on TPH-con-
taminated samples and clean soils investigated previously point
toward a role of contamination in archaeal community composi-
tion.

A major OTU in contaminated samples showed 99% sequence
identity to members of the family Anaerolineae within the Chloro-
flexi. Anaerolineae comprise obligate anaerobes, often found un-
der sulfate-reducing conditions (56). This Anaerolineae OTU
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showed 100% sequence identity to a 16S rRNA gene sequence of
an uncultured Anaerolineae phylotype that was also observed at a
tar oil-contaminated site with toluene degradation (56). Although
present at higher relative abundances in contaminated samples,
OTUs related to this class were also observed in a variety of clean
samples (E1, G1, and H3), indicating that the subsurface was most
likely naturally anoxic. Finally, members of the Firmicutes have
been identified in diesel-contaminated samples either within a
bacterial consortium (5, 54) or as an isolate selected for biosurfac-
tant production to improve hydrocarbon bioavailability (61).
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Current knowledge regarding the physiology of character-
ized phylotypes showing sequence similarity to members of the
microbial phyla identified to be predominantly associated with
contaminated soils in this study indicates the presence of an-
oxic conditions. Anoxic subsurface conditions have implica-
tions for the potential for and especially the rate of natural
attenuation. Although biodegradation of aromatics and al-
kanes can occur at low redox potentials, the degradation rates
are severely reduced compared to those in oxic environments
(62).

Implications of community structure in contaminated sam-
ples for natural attenuation. In this study, we explored the long-
term effect of TPH contamination on the microbial community at
a site with a diesel contamination history of 40 years, giving mi-
croorganisms the ability to adapt and eventually utilize the present
aliphatic and aromatic hydrocarbons. As a result, the impact of
diesel on the microbial community structure is illuminated be-
yond the initial shifts in composition associated with the addition
of carbon substrates and/or toxicants in the short term.

The increasing prevalence of natural attenuation projects due
to risk-based remediation regulations requires improved under-
standing of the microbial populations present and active in con-
taminated soils. Regulations generally require multiple lines of
evidence, including (i) historical data showing a stabilization or
reduction in plume size, (ii) hydrogeological or geochemical indi-
cations of the type of natural attenuation processes, and (iii) proof
of biological degradation potential through the use of microcosm
studies or molecular diagnostics (63, 64). The current study is a
step toward the further development of molecular tools to deter-
mine microbial degradation potential in support of natural atten-
uation of TPH-contaminated locations.

We identified a number of OTUs showing high similarity to
microbes known to be involved in TPH degradation. These were
mainly anaerobic microbes, including members of the phyla Eur-
yarchaeota, Chloroflexi, and Firmicutes. This finding correlates
with the degradation potential that was found at the site, based on
the shifts in diesel carbon number distribution (Fig. 2). The soil
samples, especially those from the vadose zone or in the plume,
had notably fewer LMW compounds, with up to 50% of the C, -
to-C,, fraction having been depleted, compared to the composi-
tion of the LNAPL source. Microbial preference for degradation of
the more mobile and thus high-risk LMW compounds fits well
into risk-based natural attenuation approaches. Such microbial
degradation potential is another line of evidence, in addition to
traditional chemical analyses of soil and groundwater, indicating
the usefulness of a full understanding of the microbial community
in order to substantiate the choice for natural attenuation of a site.

The redox conditions noted here also allow more-specific di-
rect molecular analyses of bioremediation under such natural at-
tenuation conditions. Typical investigations into TPH degrada-
tion include utilization of quantitative PCR assays targeting genes
encoding enzymes involved in aerobic TPH degradation, such as
the alkane monooxygenases AlkB and P450 (33, 65). In the case of
this site, any response to such alkane monooxygenase primers
with a DNA template would indicate whether or not there is a
potential for aerobic degradation. However, the potential for con-
tinued natural attenuation under the prevailing anoxic conditions
would not be illuminated, and the exploitation of any existing
aerobic degradation potential would require extensive manipula-
tion of in situ circumstances.
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This work highlights a number of potential molecular proxies
which, at this site, were indicative of long-term diesel contamina-
tion and natural attenuation. The reduced diversity noted in sam-
ples with TPH, in addition to being ecologically relevant, means
that a large portion of the microbial community could be targeted
with relatively few molecular assays. Thus, microbial characteriza-
tion of such a site could be simplified, as fewer microbial species
need to be detected to identify the potential for degradation.
OTUs related to Archaea, specifically of the class Methanomicrobia
in the phylum Euryarchaeota, are particularly associated with TPH
contamination in this study and have been observed in previous
work to be present in microbial consortiums performing alkane
degradation (53, 55, 57). This class dominates archaeal sequences
in most contaminated samples, where Archaea relative abundance
reaches up to 35%. Additionally, sequences identified as belong-
ing to the phyla Chloroflexi (specifically Anaerolineae) and Firmi-
cutes show higher abundances in diesel-contaminated samples
than in clean samples. Previous work identifying these phyla in
TPH-contaminated locations and describing their role in hydro-
carbon degradation supports the choice of these phyla for consid-
eration as potential targets for molecular-based techniques (5, 54,
56, 61). Additional studies investigating the microbial community
composition at TPH-contaminated locations where natural atten-
uation has been observed are required to further develop and val-
idate this approach.

The results presented here indicate that a number of taxa that
are correlated with TPH contamination can be identified at a con-
taminated site, providing a first insight into the potential for deg-
radation of the TPH contamination present. This knowledge can
be further used to examine the microbial population in terms of
ecological relevance in order to understand the underlying condi-
tions that are conducive to degradation processes. Finally, with the
increasing prevalence of natural attenuation projects due to risk-
based remediation regulations, an understanding of the microbial
populations present in contaminated soils is needed for the accep-
tance of monitored natural attenuation as a remediation strategy.
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