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Abstract Unraveling functional genes related to biodegra-
dation of organic compounds has profoundly improved our
understanding of biological remediation processes, yet the
ecology of such genes is only poorly understood. We used a
culture-independent approach to assess the abundance and
diversity of bacteria catalyzing the degradation of n-alkanes
with a chain length between Cs and C¢ at a forest site co-
contaminated with mineral oil hydrocarbons and metals for
nearly 60 years. The alkB gene coding for a rubredoxin-
dependent alkane monooxygenase enzyme involved in the
initial activation step of aerobic aliphatic hydrocarbon
metabolism was used as biomarker. Within the area of
study, four different zones were evaluated: one highly
contaminated, two intermediately contaminated, and a
noncontaminated zone. Contaminant concentrations, hydro-
carbon profiles, and soil microbial respiration and biomass
were studied. Abundance of n-alkane-degrading bacteria
was quantified via real-time PCR of alkB, whereas genetic
diversity was examined using molecular fingerprints (T-RFLP)
and clone libraries. Along the contamination plume, hydrocar-
bon profiles and increased respiration rates suggested on-going
natural attenuation at the site. Gene copy numbers of alkB were
similar in contaminated and control areas. However, T-RFLP-
based fingerprints suggested lower diversity and evenness of
the n-alkane-degrading bacterial community in the highly
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contaminated zone compared to the other areas; both diversity
and evenness were negatively correlated with metal and
hydrocarbon concentrations. Phylogenetic analysis of alkB
denoted a shift of the hydrocarbon-degrading bacterial
community from Gram-positive bacteria in the control zone
(most similar to Mycobacterium and Nocardia types) to
Gram-negative genotypes in the contaminated zones (Acine-
tobacter and alkB sequences with little similarity to those of
known bacteria). Our results underscore a qualitative rather
than a quantitative response of hydrocarbon-degrading bacte-
ria to the contamination at the molecular level.

Introduction

Anthropogenic activities related to the production, transpor-
tation, processing, handling, and disposal of oil have resulted
in the contamination of numerous sites with aliphatic n-
alkanes and other hydrocarbons in the last century [1, 2].
Although much of these contaminations are susceptible to
multiple natural biodegradation processes, remediation can
be particularly difficult and costly at sites where mixtures of
contaminants are present (SERDP and ESTCP [3]). Assessing
the genetic potential and functionality of the organisms and
processes relevant to the assessment and/or remediation of
contaminants in the environment is thus important for
evaluating the impact of anthropogenic disturbances on
ecosystem performance and understanding mechanisms of
natural attenuation.

Rapid advances in microbial ecology over the last years
have significantly improved our knowledge of the genes
and the enzymes involved in n-alkane metabolism as well
as the microbiology of n-alkane degraders [4, 5]. A class of
integral membrane nonheme diiron monooxygenases of the
alkB type has been proposed as one of the two unrelated
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classes of enzymes responsible for the aerobic transforma-
tion of midchain-length n-alkanes (Cs to C;4) and in some
cases even longer alkanes [6]. These enzymes catalyze the
terminal or subterminal oxidation of n-alkanes to primary or
secondary alcohols, which is the initial step in the aerobic
degradation of m-alkanes [7]. Based on this knowledge,
various oligonucleotide primers and DNA probes targeting
alkB genes have been developed over the last years [8—15],
which can be applied to the study of specific bacterial
groups or general hydrocarbon-degrading bacteria in the
environment.

Despite the rapid development of such molecular markers,
relatively little is known concerning the ecology of
hydrocarbon-degrading populations at abandoned sites which
have been contaminated with complex mixtures of hydro-
carbons and metals for decades. This is mainly because field
studies on complex and mixed contaminations are rare. In
addition, most work on alkB homologous genes has been
carried out with isolates [8, 9, 12, 14], in microcosms [16],
or using group specific primers [17, 18].

Advancing our knowledge on the ecology of hydrocarbon
degraders in soil is important to improve reliance on natural
attenuation and/or optimize bioremediation processes at
contaminated sites. We investigated various zones at a forest
site impacted to a different extent (highly, intermediately, and
noncontaminated) by a deposit of acid resin, a waste product
from the mineral oil industry. Since the resin contains
hydrocarbons of chain length amenable to a/kB monooxyge-
nases (C;¢—C;6 and possibly larger), we hypothesized that
long-term contaminant-driven selective pressure would result
in larger abundance and diversity of n-alkane degraders as
characterized by alkB along the contamination plume
compared to nonaffected areas and, in turn, favor selection
of specific groups depending on the extent of the contamina-
tion. To test this, at each zone, we investigated hydrocarbon
profiles, general biological properties (biomass and respira-
tion), and molecular abundance and diversity of hydrocarbon
degraders using the alkB gene as biomarker.

Materials and Methods
Site Description and Contamination History

The site of study is located in an area known as Seelacher
Berg near the city of Kronach (Bayern, Germany). It is
characterized by a hilly landscape (about 320 m high) of
mixed forest dominated by Fagus sylvatica L. and Coryllus
avellana L., and to a lesser extent Pinus sylvetris L.,
Populus tremula L., and Picea abies (L.) Karst. The climate
lies between oceanic and continental [19] with mean annual
temperature of 8°C and mean annual precipitation of
765 mm. The soil has a sandy loam texture (77% sand,

@ Springer

16% silt, and 7% clay) and is classified as Braunerde [20],
which falls within the cambisols family [21].

The site has been contaminated with hydrocarbons and
metals for approximately 60 years. The origin of this
contamination is a deposit of acid resin, a residue from the
mineral oil industry, which was produced during the recycling
of used oils by the Benzmann process during the first half of the
last century [22]. These resins were very acidic and enriched
with hydrocarbons and trace elements, mainly Pb. Due to the
lack of environmental legislation at that time, acid resins were
dumped into excavated ponds in public areas without further
protection. Estimations suggest between 40 and 160 acid resin
deposits in Germany alone [23]. A detailed description of the
contamination and its effects on soil functionality can be
found in Pérez-de-Mora et al. [23, 24]. The most relevant
characteristics of the acid resin are pH (1.5 units), total
hydrocarbon concentrations (93 g kg '), As (63 mg kg "), Cd
(24 mg kg "), Cu (1,835 mg kg "), Pb (8,100 mg kg '), S
(55,450 mg kg "), and Zn (873 mg kg ).

Soil Sampling

Soil was sampled in October 2006. The investigated area was
approximately 4,800 m”>. A more detailed description of the
sampling strategy can be found in Pérez-de-Mora et al. [23].
Four different zones were investigated in the surroundings of
the acid resin deposit: (1) a control zone unaffected by the
waste and therefore not contaminated (Cg) and (2) three
zones along the plume of contamination (Xg), one highly
contaminated (Xp;) and two intermediately contaminated
(Xp> and Xg3). Within each selected zone (control, high, or
intermediately contaminated), five different locations were
sampled in an area of approximately 20 m”. At each location,
a composite sample of 15-20 soil cores (0—15 cm depth) was
collected. Since the study focused on long-term contamina-
tion effects, the litter layer was excluded to avoid the
influence of recently added material to the soil system. No
vegetation was directly growing on the surface of sampled
zones, but woody species in the area showed no apparent
signs of toxicity. Transport to the laboratory was achieved
within 3 h after the sampling. For assessment of gravimetric
water content, total hydrocarbons, microbial respiration, and
microbial N (N,;.) soil subsamples were stored at 4°C until
analysis (within 3 weeks after the sampling). For determina-
tion of the other chemical properties, soil samples were dried
for 4 days at room temperature. Subsamples for DNA
analysis were immediately frozen in situ in dry ice and
subsequently stored at —80°C until extraction.

General Soil Properties

Soil pH, total hydrocarbons (THC), trace elements (As, Cu,
Pb), and S concentrations are shown in Table 1. All of these
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Table 1 Soil pH, total hydro-
carbon and trace element and Mean Median SD Minimum Maximum
S concentrations of the four
zones investigated (n=>5) pH Cp 3.31 3.29 0.09 322 3.44
X1 3.31 2.98 0.96 2.44 4.93
Xga 4.22 3.88 0.91 3.31 5.40
Xg3 5.30 5.37 0.26 4.84 5.50
THC (mg kg ") Cg 93.5 89.5 43.4 40.1 159
Xg1 35,363 18,459 38,065 13,021 103,050
Xpa 1,641 1,158 753 1,061 2,698
Xp3 2,139 1,740 1,145 1,007 3,749
As (mg kg™ Cp 4.33 4.30 1.12 3.04 6.06
Xp1 56.3 60.5 14.2 40.0 71.9
Xp2 17.5 19.8 6.62 10.6 25.5
Xg3 13.6 14.6 3.12 8.15 15.8
Cu (mg kg 1 Cy 21.9 22.1 3.54 17.2 26.0
Xg1 371 284 272 195 851
Xp2 76.1 92.8 33.8 38.7 106
Xp3 43.6 40.8 10.2 31.0 56.3
Pb (mg kg ") Cp 19.7 18.4 3.27 16.8 249
Xg1 2,804 1,660 2,777 1,180 7,750
Xpo 246 240 147 103 475
Xp3 138 151 240 104 158
Gommme bl swgwh) G w  m o wm w o
bon content, X, highly con- Xg1 7,376 6,120 3,631 4,560 13,700
taminated zone, X3, and Xjp; Xg2 1,224 1,280 479 747 1,870
intermediately contaminated Xp3 1,037 971 121 919 1,200

zones

general properties in addition to microbial respiration were
determined as previously described [23, 24]. Microbial
biomass was estimated by quantification of microbial N
(Niic) using the chloroform-fumigation extraction proce-
dure [25]. A kgn value of 0.54 was used to convert the N
difference between fumigated and nonfumigated samples in
biomass N [26]. Nitrogen in the extracts was determined
via catalytic high temperature oxidation using a TC/TN
DIMATOC Analyzer (Dimatec Analysentechnick GmbH,
Germany). All analyses were performed in duplicate.

DNA Extraction from Environmental Samples

Total nucleic acids from soil (0.5 g dw) were extracted
using the method of Griffiths et al. [27]. In brief, cells were
lysed via mechanical shaking using Precellys-Keramik-Kit
Tubes (PeqLab, Germany) with a Precellys 24" Equipment
(Bertin Technologies, France). Extracted nucleic acids were
resuspended in 50 mL milliQ water (pH=6.8); concentra-
tion of total DNA was measured via a Nanodrop” ND-1000
spectrometer (Nanodrop Technologies, USA) at 260 nm.
Extractions were carried out in duplicate. The quality of the
DNA extracted was checked by comparing the ratios OD
260/280 and OD 260/230 between samples. DNA extrac-
tion quality was also tested via PCR amplification using the

universal 16S rRNA gene as target. All samples from
control and contaminated locations could be amplified
successfully.

Quantification of the alkB Gene via Real-Time PCR

AlkB gene copy numbers in soil samples were quantified via
real-time PCR using an ABI Prism 7700 sequence detector
(Applied Biosystems, USA) as previously described [28, 29].
Degenerate primers developed by Kloos et al. [10] without
any obvious strain-specific discrimination were slightly
modified by substituting every fourfold degenerated base
with inosine nucleotides to reduce degeneracy and improve
amplification: alkB-f (5’AAYACIGCICAYGARCTIGGI
CAYAA3') and alkB-r (5' GCRTGRTGRTCIGARTGIC
GYTG3"). This primer set yields a PCR product of
approximately 550 bp. The PCR cycle program was as
follows: initial denaturation at 95°C for 10 min, 5 cycles of
45 s at 95°C, 1 min at 62°C (stepwise reduced to 57°C) and
45 s at 72°C followed by 40 cycles of 45 s at 95°C, 1 min at
57°C, and 45 s at 72°C. Data were collected at 78°C after
each cycle was completed. This is to minimize the
fluorescence from primer-dimers which might form due to
the degeneracy of the primers. For melting curve analysis, a
final cycle was performed (15 s at 95°C, 30 s at 60°C, and
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15 s at 95°C). The PCR reaction mixture (final volume of
25 uL) included 12.5 puL of Power SYBR" green PCR
Master Mix (Applied Biosystems, USA), 1 puL of 50 mM
MgCl,, 0.5 puL of 3% bovine serum albumin (BSA),
0.625 puL of a 4-uM solution of each primer, 7.75 uL of
milliQ autoclaved water, and 2 pL of the template DNA. The
optimal amount of template for maximum quantification was
determined in preliminary experiments for each sample.
Different dilutions of original extracts ranging from 3 to 25 ng
of template were tested for this purpose (data not shown). All
samples and standards were amplified in triplicate. As
standard, tenfold serial dilutions of plasmid DNA containing
the alkB fragment from Pseudomonas putida GPol was
used. The efficiency of the PCR was 88%. Standard curves
were linear (R*>0.991) over seven orders of magnitude. No
signals were observed in the nontemplate controls (water
instead of template; data not shown). Amplification speci-
ficity was double-checked by melting curve analysis and
agarose-gel electrophoresis (2% gels).

Diversity Analysis of alkB by T-RFLP Fingerprinting

Restriction endonuclease Hpall was selected for T-RFLP
fingerprinting following in silico-based restriction analysis
of alkB gene sequences from uncultured bacteria and
representatives of different phylogenetic groups using the
biology workbench 3.2 online application (San Diego
Computer Supercenter, USA). For T-RFLP fingerprinting
analysis, genomic DNA from soil extracts was first
amplified via PCR using the same primer pair and
conditions described above for qPCR with the following
modifications: (1) 30 cycles (45 s at 95°C, 1 min at 57°C,
and 45 s at 72°C) instead of 40, (2) no reading step at 78°C
after each cycle, (3) a final extension of 10 min at 72°C,
and (4) no final cycle for melting curve analysis. The PCR
reaction mixture (final volume of 50 pL) included: 5 pL of
10x Buffer (Invitrogen, Germany), 2 pL of 50 mM MgCl,,
2.5 uL of a 2 mM dNTP mix solution, 1 uL of 3% BSA,
1.25 uL of a 4-uM solution of each primer, 34.5 pL of
milliQ autoclaved water, 0.5 uL of a 5-U upL™' Taq
Polymerase solution and 2 puL of template DNA.
Amplified products (550 bp) were run on a 2% agarose
gel, cut in the absence of UV light, and purified using the
MinGel Extraction Kit (Qiagen, Germany). Approximately
100-150 ng of the purified PCR product was digested with
20 U of Hpall (New England Biolabs, Germany). The
reaction mixture included 2 uL of 10x NEBuffer 1, 2 uL of
Hpall (10,000 U mL™"), around 8-12 uL of purified
amplicons, and milliQ autoclaved water to make up a final
volume of 20 uL. DNA digestion was performed for 3 h at
37°C followed by an enzyme inactivation step at 65°C for
20 min. The reaction mix was purified using the MinElute
Reaction Purification Kit (Qiagen, Germany). For each
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sample, a nondigested PCR extract was used as control to
ensure specificity of the restriction assay (T-RFLP peaks
deriving from no other band than the 550 bp).

For the separation and detection of fragments, 10-15 ng
of the labeled and digested DNA or nondigested DNA
(controls) was mixed with 0.25 puL GenomeLab™ DNA
Size Standard 600 (internal standard; Beckman Coulter
GmbH, Germany) and 26.75 mL of SLS loading solution
(Beckman Coulter GmbH, Germany). A drop of mineral oil
was added to prevent evaporation. Separation and detection
of labeled fragments were achieved via capillary gel
electrophoresis and molecular fluorescence spectrometry
using a CEQ 2000 XL Sequencer (Beckman Coulter
GmbH, Germany). Primary electropherogram evaluation
was performed using the CEQ™ 8000 Genetic Analysis
System Software version 8.0.52 (Beckman Coulter GmbH).
Peak recognition was checked and edited manually.
Terminal restriction fragment (T-RF) relative abundances
(4p) were inferred from peak heights using the following
equation:

Ay = n;/N (1)

where n; represents the peak height of one distinct T-RF and
N is the sum of all peak heights in a given T-RFLP pattern.
Signals with a peak height below 100 relative fluorescence
units and with a peak abundance contribution below 2%
were considered as background noise and discarded for
further analysis [30]. The size of the fragments was
estimated by reference to the internal standard using the
quartic algorithm. The standard deviation (SD) for specific
T-RF expressed as % of peak height varied in general
between 5% and 10%. Technical variability was assessed
by triplication of individual samples.

Comparison of T-RF profiles between samples was
achieved by means of nonmetric multidimensional scaling
(NMS, see “Data Analysis”). Richness (R) was calculated
as the number of peaks in a sample unit. Diversity (H) was
based on Shannon’s diversity index [31] which is calculated
as follows:

q
H= —Zpilogpi (2)
i=1

where pi represents here the frequency of the ith T-RF.
Evenness (J) was computed as proposed by Pielou [32]:

J = H /Hpax 3)

where Hpax = zq: 1/q log 1/q = log ¢ and ¢ is the number
of T-RF. =1

For calculation of the functional organization index (Fo),
Pareto—Lorenz evenness curves [33] were constructed for
each location. They resulted from the cumulative normalized
number of T-RF or cumulative proportion of OTUs (x-axis)
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versus their respective normalized intensities (y-axis) [34].
To obtain the index, the y-axis projection of each curve with
the 20% x-axis line was scored.

Cloning and Sequencing of alkB Fragments

To assess the phylogenetic diversity of a/kB in soil samples,
three clone libraries representing each degree of contamina-
tion (high, intermediate, and noncontaminated) and each
consisting of 44 clones were constructed. Each library was
based on a composite soil sample consisting of approxi-
mately 1-1.2 kg of soil from 15 pooled soil cores (0—15 cm).
PCR amplicons were obtained using the same primer system
and PCR program as described in “Quantification of the a/kB
via Real-Time PCR.” PCR products were purified with the
QIAquick PCR purification kit (Qiagen, Germany) and
cloned (around 12 ng of DNA) into the pCR2.1 vector using
the TA cloning kit (Invitrogen, Karlsruhe, Germany)
following the manufacturer’s instructions. After transformation
into Escherichia coli TOP10 competent cells (Invitrogen,
Germany), positive clones were picked (white-blue screening)
and grown in LB+Kanamycin liquid medium for further
plasmid purification [35]. Prior to sequencing, validity of
purified plasmids was confirmed via PCR as detailed in
“Quantification of the alkB via Real-Time PCR.” Sequencing
was performed with the BigDye Terminator Kit 3.1 on the

ABI 3730 48-capillary sequencer (both Applied Biosystems,
USA). Both strands were read from double-stranded plasmid
with the opposing vector primers T7 forward and M13
reverse. Nucleotide sequences were translated into protein
sequences in silico using the ExPasy proteomic server
software [36] and subsequently aligned with the blastp
software (NCBI, www.ncbi.nlm.nih.gov). The phylogenetic
tree was calculated with the ARB Software [37] using
Maximum-Likelihood as well as Parsimony and Neighbor-
Joining linkage methods for stability testing (data not
shown). Sequences are available under the GenBank
accession numbers: HM441092-HM441135 (control zone),
HM441136-HM441179 (highly contaminated zone), and
HM441180-HM441223 (intermediately contaminated zone).
Rarefaction curves for each clone library were also calculated
using the free software Analytic Rarefaction 1.3 [38].

Data Analysis

For general soil and microbiological properties (Tables 1
and 2, respectively), and ecological indexes based on
molecular fingerprints (Table 3), mean, median, standard
deviations, and minimum and maximum values were
calculated for comparison between zones. Correlation
analysis was performed to determine the relationship
between the different microbiological properties and the

Table 2 Absolute and normalized alkB copy numbers in soil, and soil microbial biomass and respiration (n=5)

Mean Median SD Minimum Maximum

alkB copies g ' soil Cp 1.06E+7 1.05E+7 7.28E+6 3.06E+6 2.17E+7

Xp1 3.28E+7 9.06E+5 7.19E+7 1.52E+4 1.61E+8

Xp2 1.89E+7 9.97E+6 1.99E+7 1.52E+6 4.04E+7

Xp3 1.77E+7 1.77E+7 9.73E+6 4.56E+6 2.95E+7
alkB copies mg " Ny Cs 2.00E+8 1.88E+8 1.41E+8 5.98E+7 421E+8

X 5.56E-+8 3.73E+8 1.15E+9 1.17E+6 2.61E+9

Xp2 4.52E+8 5.24E+8 3.33E+8 8.19E+7 9.10E+8

Xp3 3.46E+8 4.54E+8 1.11E+8 2.02E+8 4.55E+8
Biomass (mg Ny kg™") Cg 533 52.6 2.18 51.1 55.9

Xp1 243 14.1 213 11.8 61.8

Xg2 34.0 185 27.1 12.6 77.0

Xps 47.6 48.1 15.6 22.6 64.8
Respiration (mg C—CO, kg ' h™") Cp 432 418 62.2 365 503

Xpr 4,640 4,481 1,415 3,175 6,939

Xga 2,390 2,230 463 1,904 3,139

Xps 1,756 1,950 507 983 2,189
Respiration/biomass (mg C-CO, mg ' N ') Cp 8.08 7.95 0.85 7.10 9.11

Xp1 249 226 99.7 112 363

Xp2 100 127 51.1 40.7 151

Xp3 37.8 39.0 478 32.0 435

Cp control zone, SD standard deviation, Xp; highly contaminated zone, X, and Xj; intermediately contaminated zones
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Table 3 Ecological indexes
based on T-RF fingerprints of

the alkB gene (n=5)

Cp control zone, SD standard
deviation, THC total hydrocar-
bon content, Xp; highly con-
taminated zone, Xz, and Xp;

Zone Mean Median SD Minimum Maximum
Richness Cg 10.4 11.0 2.5 8.0 14
Xg1 6.0 6.0 1.4 4.0 8.0
Xpo 8.6 10.0 3.0 5.0 12
Xg3 11.4 11.0 0.5 11 12
Shannon’s diversity (H) Cp 3.0 3.0 0.7 2.1 3.9
X1 1.7 1.8 0.4 1.1 2.1
Xga 2.6 3.1 1.0 1.2 3.8
XB3 34 3.5 0.4 2.8 39
Pielou’s evenness (J) Cp 1.3 1.3 0.2 1.0 1.5
XB1 0.9 1.0 0.2 0.7 1.1
XBa 1.2 1.3 0.3 0.7 1.5
XB3 1.4 1.4 0.2 1.2 1.6
Functional organization (Fo) Cg 0.5 0.5 0.1 0.4 0.7
Xg1 0.6 0.7 0.1 0.4 0.7
Xg2 0.6 0.6 0.1 0.5 0.7
Xg3 0.5 0.5 0.1 0.4 0.6

intermediately contaminated
zones

ecological indexes considered and the various soil and
contaminant-related properties. The significance level reported
(a=0.01 and a=0.05) is based on Pearson’s coefficients using
SPSS 16.0 for Windows.

Multivariate analysis of T-RFLP fingerprints was per-
formed using NMS. Among other features, this iterative
procedure is well suited to data that are nonnormal and deal
effectively with the “zero truncation problem” which affects
performance of other ordination techniques. NMS was
performed with the PC-ORD™ software [39]. Calculations
were made using Serensen’s distance and a random starting
configuration. The number of runs performed was 250 for
the real data and 500 for the randomized data. The number
of dimensions in the final solution was two. This number
was determined by plotting the final stress vs the number of
dimensions and confirmed by Monte Carlo test (p=0.02).
The maximum number of iterations for the final solution
was 250. The stability of the latter was assessed with a plot of
stress vs the iteration number; stress stabilized after 30
iterations. To test for group differences between zones based
on the frequencies of the T-RF, a nonparametric multiresponse
permutation procedure (MRPP) was also performed with the
PC-ORD™ software based on Serensen’s distance [39]. A
detailed description of the method can be found in McCune
and Grace [40].

Results
Natural Attenuation of Hydrocarbons

Figure | shows the GC/MS chromatograms for total hydro-
carbons characteristic for the acid resin deposit (source;

@ Springer

Fig. 1a) and the various zones studied (highly, intermediate-
ly, and noncontaminated; Fig. 1b—¢). A thorough evaluation
of biodegradation using biomarkers and changes in hydro-
carbon profiles over time was beyond the scope of this study.
Within the highly contaminated zone, there was one location
with no signs of biodegradation (Fig. 1b) characterized by an
almost identical GC chromatographic profile to that of the
source (Fig. 1a). This location was the most extreme in terms
of contaminants (see max. levels in zone Xg;, Table 1). At
the other locations within the highly contaminated zone, the
disappearance of some of the well-resolved peaks found in
the resin suggests some extent of biodegradation (Fig. 1c).
This was even more evident at the intermediately contami-
nated zones, where the majority of the GC-resolved
compounds from the resin were no longer observed; instead,
the GC-unresolved fraction became more apparent and
compounds less amenable to biodegradation accumulated
(Fig. 1d) [41]. There were no signs of resin contamination at
the control locations (Fig. le).

Abundance of alkB, Soil Microbial Biomass, and Soil
Respiration

Microbial biomass was calculated based on microbial N
(Npic). It was observed that C,;. measurements in
contaminated zones were biased because of the high C
content of the hydrocarbons from the acid resin (data not
shown). Despite lower mean and median values of N,,;. in
the contaminated zones compared to the control, microbial
biomass was within the same order of magnitude in all
zones (Table 2). The maximum biomass value from the
contaminated zones was similar or even higher than that of
the control zone (Table 2). Soil respiration both in absolute
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Figure 1 GC-MS chromato-
grams for total hydrocarbons in
a acid resin deposit, b location
C in zone Xp; (highly contami-
nated), ¢ location A in zone Xg;
(highly contaminated), d location
A in zone Xp; (intermediately
contaminated), and e location A
in zone Cg (control). Peaks at
approximately 8 and 79 min
correspond to decane and treta-
contane, respectively
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terms and normalized with N,,;c was always higher in the Abundance of the alkB gene in the soil samples was
contaminated zones compared to that in the control area  calculated both as the number of copies per gram of soil

(Table 2).

and per milligram of N,,,;c (Table 2). Both mean and median
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values were within the same order of magnitude for all
samples. The greater range observed in Xp; reflects the
heterogeneity reported for this zone in terms of general soil
properties and contaminant concentrations (Table 1). This
may be attributed to a greater and patchier distribution of
acid resin contaminants compared to the intermediately
contaminated zones.

Diversity of alkB

Differences in the community structure of hydrocarbon-
degrading microbial populations were assessed via T-RFLP
fingerprints of the alkB gene. A total of 39 distinct T-RF were
identified and used for community analysis. Results suggest
inter- as well as intrazone differences in the community
structure (Fig. S1). In general, fingerprinting profiles were
dominated by a few T-RFs (between 1 and 5), which
accounted for more than 80% of the total number of T-RFs.
There was only one T-RF which was present in all samples
(T-RF 72) and three other T-RFs that were found in 95% of
the locations studied (T-RF 118, T-RF 131, and T-RF 140;
Fig. S1). A significant number of T-RFs (a total of 21) were
unique to specific samples. In general, the contribution of
unique T-RFs within each sample was low (2-3%); only in
the case of T-RF-142 in Xgip (10.2%) and T-RF-383 in
XgiE (6.2%) a significant contribution of unique T-RFs was
found (Figure S1).

Figure 2 shows the ordination of the 20 samples studied
in the multivariate space as a result of the T-RF analysis
using nonmetric multidimensional scaling (NMS). The first
and second axis accounted for 81% and 14% of the total
variance, respectively. Axis 1 of the ordination was strongly
correlated with T-RF-72 (1=-0.926; +*=0.985), and to a
lesser extent with T-RF-131 (1=0.463; r*=0.422) and
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Figure 2 Ordination of field replicates in species space (T-RFs of the
alkB gene) as defined by NMS. Cp control zone, SD standard
deviation, THC total hydrocarbon content, Xz highly contaminated
zone, Xp, and Xp; intermediately contaminated zones
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T-RF-194 (1t=0.497; +*=0.409), while axis 2 was mainly
correlated with T-RF-238 (1=0.316; 7*=0.458) and T-RF-240
(t=-0.476; 1*=0.383). In general, ordination analysis
showed no clear separation between contaminated and
control areas, being samples from the various zones
relatively scattered in the multivariate space with the
exception of those from the intermediately contaminated
zone Xpz (Fig. 2). The MRPP was used to test for
differences in the community composition of the different
zones and provide statistical support to the ordination
approach (data not shown). Results showed that the within-
group variation was small for Xp3 but relatively large for the
other zones. Significant differences based on pairwise
comparisons were only found between zone Xp; and the
control and Xg; zones (data not shown).

Calculated diversity indexes based on the various T-RF
outlined potential ecological trends within the area of study
(Table 3). In general, richness, Shannon’s diversity, and
Pielou’s evenness were found to be lower in the most
contaminated zone (Xp;) compared to the other areas,
particularly with respect to zone Xz (Table 3). The
functional organization index (Fo) was similar among the
different zones, but marginally higher at Xp; and Xp,
compared to that in X3 and the control zone (Table 3).

Correlation Analysis

Bivariate correlation analysis showed significant trends
between the different variables studied (Table 4). AkB
gene copy numbers were positively correlated with micro-
bial biomass and microbial respiration, while no trend was
found with the total hydrocarbon content and total concen-
trations of relevant inorganic elements associated with the
contamination (Table 4). Microbial biomass, and T-RF-
based richness, diversity, and evenness were positively
correlated with soil pH and negatively correlated with total
concentrations of hydrocarbons, As, Cu, Pb, and S, whereas
soil respiration was positively correlated with total concen-
trations of both organic and inorganic contaminants
(Table 4).

Clone Libraries and Cluster Analysis

In order to assess the diversity of a/kB at the phylogenetic
level, three clone libraries representative of each degree of
contamination and each containing 44 clones were con-
structed. Rarefaction curves indicated that the number of
clones sequenced was clearly sufficient to capture most of
the diversity present in the highly contaminated zone.
Contrarily, rarefaction curves for the control and interme-
diately contaminated zones did not reach a plateau
indicating that alkB bacterial diversity is substantially
greater in those areas (Fig. 3), confirming results obtained
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Table 4 Pearson’s correlations between environmental parameters, T-RF-derived ecological indexes and abundance of alkB genes (n=20)
Richness H J Fo Nmic Respiration Resp/Npic alkB alkB/N ;e

pH 0.557* 0.616** 0.627%** —0.487* 0.575* 0.044 —0.522* 0.440 0.441

THC —0.409 —0.500* —0.569%* 0.399 —0.419 0.530* 0.757** —0.089 —0.123

As —0.654%* —0.615%* —0.549* 0.168 —0.484* 0.865%* 0.776** 0.285 0.285

Cu —0.524* —0.587** —0.628** 0.349 —0.452* 0.678%* 0.815%* 0.058 0.033

Pb —0.457* —0.544* —0.606%* 0.376 —0.421 0.586%** 0.771%** —0.019 —0.053

S —0.588** —0.641%* —0.667** 0.379 —0.503* 0.749%x* 0.984** 0.054 0.021

Ninic 0.569** 0.605** 0.613%* —0.459*

respiration —0.562%* —0.499* —0.434 0.078 —0.216

1esp/Nimic —0.738** —0.751%* —0.740%** 0.532% —0.756** 0.672%*

alkB —0.004 0.093 0.177 —0.521* 0.484* 0.557* —0.159

alkB/N i 0.029 0.137 0.226 —0.535* 0.401 0.533* —0.156 0.982%*

Fo functional organization, ' Shannon’s diversity, J Pielou’s evenness, N,,;,. microbial N, THC total hydrocarbon content

*P<0.05; **P<0.01

from the diversity indices calculated based on the T-RFLP
data.

Results from the cluster analysis showed very little
redundancy between the three clone libraries with only one
sequence showing no differences in amino acid composi-
tion present in more than one library (sequence represented
by clone Xg; 2 appearing in the highly and intermediately
contaminated zones; Fig. 4). Sequence redundancy differed
significantly within each library. In the control zone, there
were two sequences accounting for 25% of all clones
(sequences represented by clones Cg 5, and Cg 2 and
Cp_13; Fig. 4). In contrast, in the highly contaminated
zone, four sequences accounted for 79.5% of all clones
(Xp1_15; Xgy_ 5; Xy _2; Fig. 4). In the intermediately
contaminated zone, sequence redundancy was moderate
with six sequences accounting for 34% of all clones

(Fig. 4).
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Figure 3 Rarefaction curves for the three clone libraries (highly,
intermediately, and noncontaminated). Cp control zone, Xp; highly
contaminated zone, Xp, intermediately-contaminated zone

Phylogenetic analysis highlighted substantial differences
in the community structure of the three zones studied; while
the control zone was clearly dominated by alkB sequences
most closely related to those of known Gram-positive
bacteria, clone libraries from the contaminated zones were
entirely composed of alkB sequences most closely affine to
those of known Gram-negative bacteria (Fig. 4). Most
clones from the control zone were found within cluster
IIB 2c2 (82% of all clones from the control area); these
were most closely related to alkB sequences from Gram-
positive bacteria, mainly Mycobacterium, but also Nocardia
and Conexibacter (between 70% and 85% amino acid
identity). The remaining 18% was found within other
clusters and showed highest similarity to the alkB sequences
of Burkholderia xenovorans LB400 (cluster IB_2cl1, Fig. 4),
Solimonas sp. S10-1 (cluster 1IB 2a, Fig. 4) and the
uncultured bacterium ACB11549.1 (cluster IIA, Fig. 4).
Clones from the highly contaminated zone were mostly found
within one subcluster (64% of all clones; cluster IIB_I, Fig. 4)
with highest sequence identity to that of Acinetobacter-like
strains (approximately 72% identity) and Marinobacter
aquaeolei VT8 (76% identity). The remaining 36% was
most affine to the alkB sequence from Alcanivorax dieselolei
(75% identity; cluster IIB_2b; Fig. 4). Approximately 60%
of all clones from the intermediately contaminated zone was
found within cluster IIA (Fig. 4). Sequences from these
clones shared little amino acid identity with known alkB
sequences (approximately 60% identity with Pseudovibrio
sp. JE062), but 85-95% similarity with the alkB sequence
from an unknown uncultured bacterium (ACB11549). The
rest of clones from this zone showed highest affinity to alkB
sequences from Solimonas sp. S10-1 (cluster IIB_2a; Fig. 4)
and Acinetobacter sp. ADPI (cluster IB_1; Fig. 4). A group
of three clones from this zone formed a separate cluster
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(cluster I; Fig. 4) with very little sequence identity to alkB
sequences from known organisms (only 55% with Micro-
scilla marina ATCC 23134; Fig. 4) and other unknown
uncultured bacteria (65% identity with uncultured bacterium
ACBI11553; Fig. 4).

Discussion
Abundance of alkB

Given the long-term exposure of the affected area to the
contamination source and the fact that the hydrocarbon
composition of the acid resin was amenable to biotransfor-
mation by alkB-harboring bacteria (chain length between
C,0—C;6 and may be even longer-chain alkanes; [6]; Fig. 1),
we expected to find higher alkB copy numbers in the
contaminated zone compared to the control locations.

However, our results indicated, that the abundance of
alkB in the soil samples was similar in contaminated and
control zones. Recently, Powell et al. [42] found similar
abundance of alkB gene copy numbers in fuel affected and
nonaffected subantarctic soils using the same primers as in
this study. Genes related to hydrocarbon degradation seem
to be common in the environment, including areas not
affected by spills or hydrocarbon contamination [29, 43,
44]. This might be due to the fact that hydrocarbons are
naturally produced by plants (e.g., waxes of the cuticle) and
microorganisms and, consequently, are ubiquitous in the
environment. In addition, many groups of hydrocarbon-
degrading bacteria can use other substrates as C sources and
therefore do not solely rely on hydrocarbons for survival
and proliferation. It should be noted that in this study and in
those mentioned above, no transcript analysis was done,
and thus, results may not completely reflect activity of
hydrocarbon-degrading microorganisms. GC-MS chroma-
tograms of the different zones, however, suggest that there
is on-going biodegradation of acid resin hydrocarbons in
the affected areas surrounding the acid resin deposit
(Fig. 1).

Soil respiration both in absolute terms and normalized
with microbial biomass (equivalent to the metabolic
coefficient) was higher in the contaminated zones compared
to the control sites; positive correlations were found
between both normalized and non-normalized respiration
rates and alkB copy numbers. Increased respiration rates
after oil spills indicate successful hydrocarbon mineraliza-
tion [17, 45, 46]. However, a high metabolic coefficient
also indicates low turnover rates and thus might be also
indicative of stress [47, 48]. For instance, the presence of
metals or metalloids in the soil might require additional
metal-tolerance mechanisms such as energy-dependent
efflux of ions by hydrocarbon-degrading microorganisms

@ Springer

Figure 4 Phylogenetic, bootstrapped amino acid-based PHYLIP tree p
of clone sequences of a/kB obtained from clone libraries representing
noncontaminated (Cp), highly contaminated (X3;), and intermediately
contaminated zone (X3,). Asterisk the following clones shared 100%
amino acid sequence identity: Cg 5 with Cp 18, Cg 23, Cp 24,
CB_26, CB_28, CB_SS, CB_433 CB_SI and CB_61, XBl_Z with
Xp1_6, Xpi_ 26, Xp; 54, Xp; 62, Xp; 95, Xp; 99, Xp;_ 100,
XB17122 and XB2767; XB174 with XB17229 XB1,509 XBLSI,
XBI_Sga XBI_617 XBI_64’ XBI_84’ XBI_88 and XB]_92; XBI_IS
with Xp; 28, Xp; 32, Xp; 34, Xp;_49, Xp;_ 53, Xp;_86, Xp; 103,
XBI_104: X31_107, XBI_IOS, XBI_109> XBl_l 13 and XBI_IZO

[49]. The co-contamination with metals and metalloids could
therefore limit proliferation of hydrocarbon-degrading bacte-
ria in the contaminated zones. A contribution of both
mechanisms to enhanced respiration rates, that is, hydrocar-
bon metabolism and detoxification, cannot be discarded. The
lack of good correlations between microbial biomass meas-
urements (N,,,;c) and respiration rates and alkB copy numbers
might indicate that hydrocarbon-degrading microorganisms
as evaluated by alkB are not representative of the total
microbial population in soil (Table 4). Recent studies
reported that hydrocarbon-degrading microorganisms did
not dominate the soil microbial community at hydrocarbon-
impacted sites [42, 50], despite no inorganic co-
contamination.

T-RFLP-Based Molecular Fingerprints

Molecular fingerprints, in particular T-RFLPs, have been
widely used to assess the impact of different stresses on the
structure of the soil microbial community [51]. Nonetheless,
most studies were based on fingerprints from the 16S rRNA
gene [30, 52-54]. As hydrocarbon-degrading populations
may not be dominant members of the soil microbial
community, even at hydrocarbon-impacted sites [50], we
used a T-RFLP approach based on alkB. Our results showed
that in most cases, fingerprinting profiles were dominated by
a limited number of T-RFs (between 1 and 5 accounting for
80% of the total number of T-RFs). In addition, a substantial
number of T-RFs (21 out of 39) were unique to specific
samples, although their relative contribution to the total
number of T-RFs was usually small (2-3%). Despite the
contamination and the different nature of the hydrocarbons
present at impacted and control zones, multivariate analysis
of the fingerprinting profiles did not show a neat separation
of samples into their original groups (areas where they were
sampled) (Fig. 2), although there was a certain degree of
discrimination between zones, as indicated by some aggre-
gations (e.g., zones X3 and Cg, Fig. 2). Using T-RFLP
fingerprints of alkB, Powell et al. [42] were also unable to
discriminate between hydrocarbon-contaminated and non-
contaminated sites. However, we were able to calculate
different biological indexes for the 20 locations studied,
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which showed interesting and consistent trends. Richness
and Shannon’s diversity were generally lower in the most
contaminated zone compared to the rest, particularly in the
case of the control and the Xp3 zones (Table 3). We found
negative correlations between both richness and diversity
and total hydrocarbon and total inorganic elements; in
addition, positive correlations were found between richness
and diversity and soil pH (Table 4). This may indicate that
co-contaminants and other relevant soil properties may be
important for shaping the diversity of the hydrocarbon-
degrading community. Shi et al. [55, 56] suggested that
metals (Cr and Pb) mainly affected microbial activity, but
hydrocarbons were the driving force for changes in the
microbial community in their study; nonetheless, the authors
did not specifically target hydrocarbon-degrading micro-
organisms but the whole soil microbial community. Although
hydrocarbon-degrading populations have been reported to
proliferate in response to hydrocarbon contamination [5, 52],
Kuhn et al. [11] found higher diversity of a/kB homologous
genes in pristine than in contaminated sediments. A
reduction in diversity of alkB-bearing organisms might be
achieved both through enrichment of particularly successful
ecotypes which become dominant and toxicity of less fitted
ecotypes [57]. Results from Pielou’s evenness also point
toward a more skewed and thus less even al/kB community in
the highly contaminated zone (Xg;) in favor of dominant a/kB
ecotypes. The functional organization index (Fo), which also
reflects the ability of a community to organize in an adequate
distribution of dominant and other less frequent members
(a value of 0.45 is considered optimal in a scale from 0 to 1;
[34]), further supports the abovementioned results.

Phylogenetic Diversity of al/kB Homologous Genes in Soil

Results from clone libraries showed important differences
between zones suggesting that the structure of the
hydrocarbon-degrading community as represented by alkB
was affected by the contamination (Fig. 4). Approximately
82% of the clones obtained from the control zone formed a
large group (cluster IIB 2c¢) of sequences most similar to
those of actinomycetes. These Gram-positive bacteria pos-
sess the ability to utilize short-chain and gaseous alkanes in
contrast to the majority of hydrocarbon-degrading bacteria
[58]. Dominance of alkB sequences related to actinomycetes
has been previously reported in other uncontaminated soils
[10, 17, 43], possibly owing to their metabolic versatility
which includes n-alkanes and a wide range of organic
compounds [7, 59]. In contrast to the control zone, all
sequences from the contaminated zones were most closely
linked to Gram-negative bacteria. In various studies, pre-
dominance of Gram-negative bacteria over Gram-positive
bacteria following hydrocarbon contamination was observed
[60, 61]. While sequence redundancy was relatively small
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among clones from the intermediately contaminated zone,
four sequences accounted for approximately 79% of all
clones from the highly contaminated zone Xg;. These results
agree with data from the T-RFLP fingerprints, which
suggested lower diversity and evenness of alkB-bearing
microorganisms in the highly contaminated zone. Nearly half
of these clones were grouped in cluster I A (Fig. 4),
showing highest affinity to either Acinetobacter strains or the
Gamma-proteobacterium M. aquaeolei VT8, an obligate
marine hydrocarbon-degrading bacterium [62]. Notably, a
substantial number of clones from both Xg; and Xg, were
related to Acinetobacter-like organisms, which are well-known for
their ability to degrade medium- and long-chain #-alkanes
ranging from Ci; to Cyy [63, 64]. This might be related to the
nature of the hydrocarbons present in the resin (mostly medium-
chain) (Fig. 1). The remaining clones (cluster IIB 2a) were
similar to another hydrocarbonoclastic marine bacterium A.
dieselolei. Tt is also noteworthy that none of the alkB sequences
described here showed a significant sequence identity to alkB
from P, putida GPol, as the occurrence of P putida-like genes
generally increases in contaminated habitats [15, 43, 65]. In
addition, the presence of alkB sequences with very little similarity
(55-62%)), particularly in the intermediately contaminated zone,
to those of both known and unknown organisms found in the
databases suggests potential novel forms of this gene (Fig. 4).

These results provide new insights into the ecology of
hydrocarbon-degrading bacteria under complex mixtures of
contaminants at the molecular level and thus contribute to the
gradual process of understanding indigenous microbial func-
tionality and natural attenuation mechanisms in contaminated
soils. Future studies should address the question whether other
alkane-degrading microbes, which perform different pathways
of alkane degradation and may harbor other genes different
from alkB, might also contribute to the natural attenuation
potential of the site, and if such genes do show similar trends
to alkB or not. It might be also worth exploring the presence
of hydrocarbon-degrading bacteria with metal-tolerant traits
through enrichments as suggested by the dominance of certain
alkB genotypes in the highly contaminated zone.

Conclusions

* Abundance of hydrocarbon degraders in soil as quan-
tified by alkB was similar in contaminated and control
areas. Potential causes for this might be attributed to the
ubiquity of many hydrocarbon degraders and their
metabolic versatility to use other C sources.

* Acid resin contamination resulted in important changes
between the structure of the hydrocarbon-degrading
microbial community in contaminated (exclusively
Gram-negative) and uncontaminated areas (mostly
Gram-positives).
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