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High-Arctic soils have low nutrient availability, low moisture content, and very low temperatures and, as
such, they pose a particular problem in terms of hydrocarbon bioremediation. An in-depth knowledge of the
microbiology involved in this process is likely to be crucial to understand and optimize the factors most
influencing bioremediation. Here, we compared two distinct large-scale field bioremediation experiments,
located at the Canadian high-Arctic stations of Alert (ex situ approach) and Eureka (in situ approach).
Bacterial community structure and function were assessed using microarrays targeting the 16S rRNA genes of
bacteria found in cold environments and hydrocarbon degradation genes as well as quantitative reverse
transcriptase PCR targeting key functional genes. The results indicated a large difference between sampling
sites in terms of both soil microbiology and decontamination rates. A rapid reorganization of the bacterial
community structure and functional potential as well as rapid increases in the expression of alkane monooxy-
genases and polyaromatic hydrocarbon-ring-hydroxylating dioxygenases were observed 1 month after the
bioremediation treatment commenced in the Alert soils. In contrast, no clear changes in community structure
were observed in Eureka soils, while key gene expression increased after a relatively long lag period (1 year).
Such discrepancies are likely caused by differences in bioremediation treatments (i.e., ex situ versus in situ),
weathering of the hydrocarbons, indigenous microbial communities, and environmental factors such as soil
humidity and temperature. In addition, this study demonstrates the value of molecular tools for the monitoring
of polar bacteria and their associated functions during bioremediation.

With ongoing climate warming and the possible opening of
the Northwest Passage for commercial shipping in the near
future, human activity will increase in the Canadian high Arc-
tic, raising the potential for environmental contamination. The
settlements in the high Arctic are using fuel for transportation
and to produce electricity and heating, while spills from leaking
tanks or pipelines are frequent (19, 34). Bioremediation is
often the only feasible cleanup option because the remoteness
and unique character of these sites preclude conventional
physicochemical technologies for soil treatment. Arctic soils
are characterized by extremely low temperatures and the lim-
ited availability of water and nutrients, especially nitrogen (18,
26), which limit the degradation rates by indigenous soil mi-
croorganisms. One of the possible bioremediation approaches
is to stimulate indigenous cold-adapted microorganisms by the
application of nutrients and water. This strategy was success-
fully applied to diesel-contaminated soils in the Canadian high
Arctic (9, 33, 34). However, these studies mostly focused on
soil chemistry and general soil processes, with very few insights
into the ecology and the functions of the microorganisms ac-
tually involved in the bioremediation processes. Although this
is not surprising since the common criterion for decommission-

ing a polluted site is based on soil chemistry, the lack of
knowledge of the dynamics of the microbial communities in-
volved hampers the design of more efficient bioremediation
approaches.

Common diesel fuel is composed of �64% saturated ali-
phatic hydrocarbons (alkanes), �1 to 2% unsaturated aliphatic
hydrocarbons, and �35% aromatic hydrocarbons (including
polycyclic aromatic hydrocarbons [PAHs]) (23). Consequently,
the complete degradation of diesel requires the presence of
different microorganisms with complementary enzymatic ca-
pacities. Alkanes form the part of diesel that is easier to de-
grade, and the first step of their aerobic degradation is cata-
lyzed by alkane monooxygenases, for which the alkB gene is
particularly well characterized (38). Although Rhodococcus
was hypothesized to be the predominant alkane-degrading ge-
nus in polar soils, Pseudomonas is also thought to be enriched
following hydrocarbon contamination (37). PAHs are more
difficult to degrade and are therefore highly persistent in soils.
The initial step of PAH degradation is carried out by multi-
component aromatic-ring-hydroxylating dioxygenases (RHD)
that contain regions conserved among all the different genes
encoding PAH-degrading enzymes. The typical aromatic-
degrading bacteria isolated from polar soils are Pseudomonas
or Sphingomonas, with Sphingomonas having a wider range of
substrates than Pseudomonas (1). It appears, therefore, that
the relative responses of the different bacterial species to
bioremediation treatments will have a strong effect on the
efficiency of pollutant removal.
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Microarray analyses hold the potential to simultaneously
follow functional and marker genes of hundreds of microor-
ganisms involved in key environmental processes. Such ap-
proaches were shown to be reliable even in less well-studied
polar environments (40, 41), but several issues related to the
specificity and the sensitivity of microarrays warrant the use of
an integrated approach. As compared to comprehensive mi-
croarray platforms that systematically target all known micro-
organisms (4) or most known environmentally relevant func-
tional genes (11), smaller platforms focusing on particular
processes (like hydrocarbon degradation) or specific environ-
ments (like polar soils) could yield similarly interesting infor-
mation and would have the advantage of producing data that
are easier to analyze and interpret. Coupled with detailed
analysis of the microbial community structure and of the ex-
pression levels of key enzymes, such microarray platforms
could yield a deeper functional understanding of the bioreme-
diation of contaminated soils.

Previous studies have demonstrated the potential for indig-
enous Arctic soil microorganisms to degrade hydrocarbons
after nutrient amendment (9, 19, 29, 33–35). The present study
had two main objectives: (i) to demonstrate the utility of mo-
lecular tools (microarray and real-time PCR) to monitor bac-
terial communities and their associated functions in polar en-
vironments during bioremediation treatments and (ii) to
observe and understand the functional dynamics of indigenous
bacterial communities in diesel-contaminated soils at two Ca-
nadian high-Arctic sites and the effect of bioremediation using
nutrient amendments on these bacterial communities. We used
two microarray platforms to describe the bacterial community:
one targeting the functional genes involved in hydrocarbon
degradation and the other targeting the 16S rRNA gene of
bacteria commonly found in cold environments. Quantitative
reverse transcriptase PCR (qRT-PCR) was also used to eval-
uate the amount of transcripts related to key functional genes
(alkB, PAH-RHD genes, and nirS). These results were ana-
lyzed together with complementary data such as those from
soil analyses, potential mineralization, and numbers of cultur-
able hydrocarbon-degrading bacteria.

MATERIALS AND METHODS

Site descriptions. The two sampling sites, Alert and Eureka, are located on
Ellesmere Island, Nunavut, in the Canadian high Arctic. Alert (82°31�N,
62°17�W) is the northernmost permanent human settlement in the world and is
located at an elevation of 30.5 m. Annual precipitation averages 153.8 mm, while
the average daily temperature is �18.0°C. The annual daily maximum is
�14.7°C, and the annual daily minimum is �21.3°C. During the growing season
(July to August), the daily average temperature is 2.1°C, the average daily
maximum is 4.6°C, and the average daily minimum is �0.6°C. The soil under
study was subjected to a large diesel spill in 2004, and the contaminated soil was
moved to a contained berm area in 2005 followed by a nutrient amendment/
mixing bioremediation strategy.

Eureka (79°59�N, 85°56�W) is the second-northernmost permanent human
settlement and is at an elevation of 10.4 m. Eureka receives on average 75.5 mm
of precipitation each year. The average daily temperature is �19.7°C, while the
annual daily maximum is �16.4°C, and the annual daily minimum is �22.9°C.
During the growing season (July to August), the daily average temperature is
4.2°C, the average daily maximum temperature is 6.8°C, and the average daily
minimum is 1.5°C. The soil under study was subject to a 37,000-liter diesel fuel
spill in 1990, resulting in the contamination of �3,200 m3 of soil. In situ nutrient
amendment/tilling treatment was initiated in 2000.

All of the above weather data were from Canada’s National Climate Archive
(http://www.climate.weatheroffice.ec.gc.ca/index.html).

Bioremediation treatments and soil sampling. Different bioremediation treat-
ments were carried out at the two sites but were based on a similar rationale:
stimulation of aerobic hydrocarbon-degrading microorganisms by N and P
amendment and soil aeration. At Eureka, a custom-made liquid nutrient solution
(minimum of 15% nitrogen, 3% phosphoric acid, 2% potash, and 1% sulfur;
Oligosol Ltd., Beloeil, QC, Canada) was diluted and applied annually by sprin-
kler at a rate of �65 ml m�3 followed by tilling. At Alert, solid fertilizer in the
form of NH4PO4 was thoroughly mixed with the soil at a rate of 0.3 kg m�3,
which was then windrowed into 1.5-m-high biopiles within a bermed area lined
with an impermeable geomembrane.

Our objective was to monitor the biodegradation of hydrocarbons over time
and compare the treated soils with untreated contaminated soils and nearby
uncontaminated soils. For the majority of conditions, four replicate soil samples
were analyzed. For Eureka, we analyzed two samples right before the first
nutrient amendment (time zero [T � 0]; August 2000), two samples 1 month
after the first nutrient amendment (September 2000), four samples 1 year after
the beginning of treatment (2001), four samples 4 years after the beginning of the
treatment (2004), four untreated contaminated samples (two from 2000, one
from 2003, and one from 2005), and four uncontaminated samples (one from
2005, two from 2006, and one from 2007). For Alert, we analyzed two samples
taken right before nutrient amendment (T � 0; August 2005), four samples taken
1 month after the nutrient amendment (September 2005), four samples taken 1
year after treatment (2006), four untreated contaminated samples (one from
2007 and three from 2008), and four uncontaminated samples (two from 2005
and two from 2008).

Soil samples (1 to 2 kg) were taken and kept at 4°C and shipped to the lab.
Samples were mixed thoroughly and then separated: one part was frozen (�20°C
for Eureka and �80°C for Alert) for subsequent use in molecular analyses, while
the remainder was kept at 4°C and processed as soon as possible for mineral-
ization assays, viable counts, and soil analyses. At Eureka, contaminated treated
soil samples were collected 50 cm below the surface at random locations. These
random locations were marked and sampled throughout the time course. At
Alert, contaminated treated soil samples were composite soils collected through-
out the biopiles. At both locations, uncontaminated and untreated contaminated
soil samples were collected randomly from a depth of 15 cm.

Soil analyses, CFU and MPN-diesel counts, and mineralization assays. Soil
petroleum hydrocarbons (C10-to-C50 fraction) were assessed by gas chromatog-
raphy-flame ionization detector. Total culturable soil aerobic heterotrophic bac-
teria counts were carried out in triplicate at 4°C on MSM-YTS (minimum salts
medium [8] plus 250 mg liter�1 each of yeast extract, tryptone, and soluble
starch) using serial soil dilutions in 0.1% pyrophosphate buffer. The numbers of
culturable aerobic diesel-degrading bacteria were monitored in a 96-well format
by the most probable number method (MPN-diesel) at 5°C in minimum salts
medium (total volume of 200 �l) supplemented with 3 �l of diesel per well (10,
39). Degradation of diesel was followed by colorimetric development following
the reduction of 2-(p-iodophenyl)-3-(p-nitrophenyl)-5-phenyl tetrazolium chlo-
ride (INT), as compared to that of uninoculated controls. Mineralization was
assessed following Whyte and colleagues (36) by using microcosms that con-
tained 20 g of soil set up in triplicate and incubated at 4°C. The microcosms were
not supplemented in the laboratory with additional nutrients. The microcosms
were spiked with either [14C]hexadecane (alkane) or [14C]naphthalene (PAH)
for final concentrations of 100 ppm and 10 ppm, respectively, and �100,000 dpm.
The production of 14CO2 was monitored by liquid scintillation spectrometry, and
mineralization was expressed as the cumulative percent relative to the initial
amount injected. Sterile autoclaved control soils did not show any 14CO2 pro-
duction. The mineralization extent, used in the present study, was determined
after 28-day (Alert) or 40-day (Eureka) incubations.

Nucleic acid extractions. Soil DNA was extracted from a 0.5-g soil subsample
using the MoBio DNA Power soil kit (MoBio Laboratories, Carlsbad, CA), while
soil RNA was extracted from a 2.0-g soil subsample using the MoBio RNA
Power soil kit. Residual DNA in RNA extracts was removed using the Turbo
DNA-free kit (Ambion, Austin, TX).

qRT-PCR. The primers and PCR conditions used are summarized in Table 1.
qRT-PCR was performed in 20-�l volumes using the iScript one-step RT-PCR
kit with Sybr green (Bio-Rad Laboratories, Hercules, CA) on a Rotor-Gene 3000
apparatus (Corbett Life Science, Sydney, Australia). Reactions were set up as
per the manufacturer’s instructions, with 1 to 75 ng of total soil RNA extract. The
amplification procedure was as follows: cDNA synthesis for 10 min at 50°C; RT
inactivation for 5 min at 95°C; and PCR cycling and detection (40 cycles) for 30 s
at 95°C, 30 s at annealing temperature (Table 1), and 30 s at 72°C (acquiring
signal at the end of this step). For the assays in which primer dimers were an
issue, an additional 15-s reading step was added at the end of each cycle and the
fluorescence signal was acquired at the end of this step (see Table 1 for tem-
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perature). Standards were made from 10-fold dilutions of linearized plasmids
containing the gene fragment of interest that was cloned from amplified soil
DNA. For all reactions, several no-RT and no-template controls were carried out
and yielded no detectable signals. Lambda DNA was used to correct for potential
PCR inhibitors present in soil extracts (2). Equal volumes of 10� diluted soil
RNA extracts and a cloned 500-bp fragment of bacteriophage lambda (105 copies
per �l) were mixed. When the recovery of lambda was below 100%, quantifica-
tion values for all other genes were corrected accordingly. PCR inhibition ranged
from 4.6% to 75.9%.

Microarray targeting the 16S rRNA genes of bacteria found in cold environ-
ments. The 16S rRNA gene probe design for the microarray was as follows: (i)
database searches in Greengenes (http://greengenes.lbl.gov) for 16S rRNA gene
sequences with keywords “Arctic,” “Antarctic,” “Polar,” “Cold,” and “Psychro”
(2,891 sequences retrieved, performed on 15 April 2008); (ii) clustering of the
database sequences together with 16S rRNA gene sequences from strains iso-
lated in our lab in previous studies of polar environments using Blastclust (NCBI,
Bethesda, MD); (iii) design of five 25-mer probes for each of the 99% similarity
clusters having three or more representatives using OligoPicker (32); (iv) elim-
ination of probes having a �G of 	�3 kJ; (v) BLAST comparison of the central
17 nucleotides of each probe against all the original sequences; and (vi) selection,
for each cluster, of the probe that showed less significant hits to sequences
outside the cluster and most significant hits within the cluster. The probes used
and their sequences are listed in the NCBI Gene Expression Omnibus (GEO)
under platform accession no. GPL8953 (http://www.ncbi.nlm.nih.gov/geo/query
/acc.cgi?acc � GPL8953). Oligonucleotides (synthesized by IDT, Coralville, IA)
were printed in triplicate on aminosilane-coated glass slides (Corning, Acton,
MA) using a VersArray Chip Writer Pro printer (Bio-Rad, Hercules, CA).
Including control spots, the microarray consisted of 528 spots. Each slide con-
tained three identical subarrays. Total RNA extracted from all soil samples (n �
38) was submitted to an RT-PCR procedure with the F1-R13 eubacterial 16S
rRNA gene primers (15) using the Qiagen OneStep RT-PCR kit (Qiagen, Va-
lencia, CA), following the manufacturer’s instruction (except that all volumes
were halved), with an annealing temperature of 50°C. RT-PCR products were
then chemically labeled using the Label IT nucleic acid labeling kit (Mirus Bio,
Madison, WI). Slides were prehybridized for 1 h at 37°C with a DIG (digoxige-
nin) Easy hybridization solution (Roche Applied Science, Laval, QC, Canada)
containing 5% bovine serum albumin. Samples were then assigned randomly to
a subarray, and hybridization was carried out for �20 h at 37°C on a Slide
Booster apparatus (Implen, Calabasas, CA). Slides were washed three times for
5 min at 37°C in 0.1� SSC (0.15 M NaCl plus 0.015 M sodium citrate)–0.1%
sodium dodecyl sulfate followed by a single wash for 5 min at 37°C in 0.1� SSC.
Slides were scanned in a ScanArray GX PLUS microarray scanner (PerkinElmer,
Boston, MA) at a resolution of 10 �m, and images were transferred to Quant-
Array (PerkinElmer), where each spot was identified and quantified. Data were
then exported to Excel, where net spot intensity was calculated by subtracting the
background signal from the target spot intensity. A spot was scored as “present”
if its net intensity was at least three times higher than the median net intensity of
all spots. For a taxon to be scored as present, all of its triplicate spots had to be
scored as present. The results from the 16S rRNA gene microarray were only
used in the binary form (presence/absence of taxa).

Microarray targeting hydrocarbon-degrading genes. The full description, us-
age, and analysis of the functional gene microarray are given in the NCBI GEO
under platform accession no. GPL8960 (http://www.ncbi.nlm.nih.gov/geo/query
/acc.cgi?acc�GPL8960). Hybridizations were carried out for all samples (n � 38)
with 100 ng of genomic DNA labeled with Cy5 using the BioPrime Array CGH
genomic labeling kit (Invitrogen, Carlsbad, CA). Following normalization (see

the GEO repository for more details), intensity values were averaged over trip-
licate spots to give a single value per gene. The intensity of the genes for which
hybridization of the probes could not be visually detected in image analysis was
set to zero. Relative intensity values were then calculated by dividing the inten-
sity of a gene by the sum of the intensity for all genes (excluding controls). This
“relative abundance” represents the fraction of the total intensity that is due to
a particular gene, and this value was subsequently used in statistical analyses.

Statistical analyses. Since the bioremediation approaches were quite different,
the two sites were treated separately in all analyses, except correlations. All
statistical analyses were carried out in R (v 2.7.1; The R Foundation for Statis-
tical Computing). When necessary, data was log (in most cases), square root, or
cubic root transformed to meet the assumptions of parametric analysis of vari-
ance (ANOVA). Normality was tested using the “shapiro.test” function.
ANOVA and subsequent Tukey’s honestly significantly different (HSD) tests
were carried out using the “aov” and “TukeyHSD” functions, respectively. When
transformations failed to normalize data, Kruskal-Wallis and associated multi-
ple-comparison tests were carried out using the “kruskal.test” and the
“kruskalmc” functions of the “pgirmess” library, respectively. Correlation anal-
yses were based on Spearman’s r (rs) using the “cor” function. Principal coordi-
nate analyses (PCoA) were carried out using the “cmdscale” function based on
the square root of 1-Jaccard (16S rRNA gene microarray) or on the square root
of Bray-Curtis (functional gene microarray) distance matrices calculated using
the “vegdist” function of the “vegan” library. For PCoA of the functional gene
microarrays, vectors representing the relative amount of genes related to differ-
ent compounds (calculated by summing the relative signal of all genes related to
this compound) were added to the ordination as supplementary variables: i.e.,
not involved in the calculation (28).

Microarray data accession number. The data discussed in this publication
have been deposited in NCBI GEO (5) and are accessible through GEO
series accession no. GSE17533 (http://www.ncbi.nlm.nih.gov/geo/query/acc
.cgi?acc�GSE17533).

RESULTS

Soil analyses, CFU, MPN-diesel, and potential mineraliza-
tion. To compare and validate the molecular techniques used
in this study, we measured several parameters that are tradi-
tionally used to evaluate the degradation of hydrocarbons in
soils. Soils were analyzed for hydrocarbon content (C10-to-C50

fraction) to follow the reduction of the contamination under
field conditions. Potential mineralization was measured under
optimal conditions in the laboratory and is related to the max-
imum amount of particular hydrocarbons (in our case, alkane
and naphthalene) that can be completely oxidized by the or-
ganisms present in a soil. CFU and MPN-diesel evaluate the
numbers of culturable heterotrophic microorganisms and the
numbers of culturable microorganisms that can grow with die-
sel as the sole carbon source, respectively. Several of the re-
sults (CFU, MPN-diesel counts, potential mineralization, and
soil analyses) were not significantly different (ANOVA tests at
P 
 0.05), even though the averages between treatments were

TABLE 1. Primers and PCR conditions used in real-time RT-PCR assays

Target Enzyme Primers
Temp (°C)a

Reference
Annealing Read

alkB Alkane monooxygenase alkbFd and alkbRd 57 77 21
Bacterial 16S rRNA Eub338 and Eub518 53 NA 6
Bacteriophage lambda lambda 7131F and lambda 7630R 60 NA 2
nirS cd1-containing nitrite reductase cd3aF and R3cd 57 83 30
PAH-RHD GN Gram-negative PAH-RHD � PAH-RHD GN F and PAH-

RHD GN R
57 80 3

PAH-RHD GP Gram-positive PAH-RHD � PAH-RHD GP F and PAH-
RHD GP R

54 80 3

a NA, not applicable. These qRT-PCR assays did not have a reading step, and reading was performed at the end of the elongation step, at 72°C.
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quite different (Table 2). This was caused by large variations in
individual replicates, but also because, in some cases, not all of
the replicate samples were assessed for these basic character-
istics. For these reasons, we also highlighted nearly significant
(0.05
 P 
 0.10) P values in Table 2. The C10-to-C50 hydro-
carbon fraction content in surface soil decreased over the years
following nutrient amendment at both Alert and Eureka. After
a single year, soil C10-to-C50 content decreased by 91% at Alert
and by 52% at Eureka. It took 4 years of treatment for the soil
C10-to-C50 content at Eureka to decrease to the same extent
(87%) as that observed at Alert after 1 year. Significant differ-
ences in total heterotrophic bacterial counts, MPN-diesel
counts, and mineralization of hexadecane and naphthalene
were observed between contaminated and treated and uncon-
taminated soils. Significant differences in hexadecane mineral-
ization and MPN-diesel counts were also observed between
treated and untreated contaminated soils at Alert.

qRT-PCR quantification. No significant differences were ob-
served between the three Eureka sample types (contaminated
and treated, contaminated and untreated, and uncontami-
nated) in the expression of functional genes and in the amount
of 16S rRNA. The dominant trend for most of the functional
genes examined in the Eureka samples was a relatively small
increase within 1 month and a much larger increase within 1
year, normally followed by a decrease within 4 years (Fig. 1).
Untreated contaminated and uncontaminated soils demon-
strated a much lower expression of most examined genes. At
Alert, several significant differences were observed (Fig. 1).
Although significance varied, the general trend was the same:
a large increase in the expression of the gene within 1 month of
treatment followed by a decrease within 1 year. In most cases,
uncontaminated soils showed significantly lower, but still de-
tectable, expression of the examined functional genes (Fig. 1).

Correlation analyses were also carried out to evaluate the
consistency of the data obtained via the various methods. For
this purpose, Eureka and Alert data were used together to

have the largest possible data set. The expression of PAH-
RHD (both gram positive and gram negative) and alkB genes
was significantly positively correlated to the MPN-diesel counts
(PAH-RHD gram positive, rs � 0.454 and P � 0.0133; PAH-
RHD gram negative, rs � 0.570 and P � 0.0012; alkB, rs �
0.759 and P 
 0.0001) and to the mineralization of hexadecane
(PAH-RHD gram positive, rs � 0.563 and P � 0.0008; PAH-
RHD gram negative, rs � 0.496 and P � 0.0039; alkB, rs �
0.402 and P � 0.0226) and naphthalene (PAH-RHD gram
positive, rs � 0.609 and P � 0.0003; PAH-RHD gram negative,
rs � 0.559 and P � 0.0009; alkB, rs � 0.498 and P � 0.0038).
The amount of bacterial 16S rRNA was significantly positively
correlated to CFU counts (rs � 0.549, P � 0.0036), to MPN-
diesel counts (rs � 0.511, P � 0.0076), and to the mineraliza-
tion of hexadecane (rs � 0.412, P � 0.0192) and naphthalene
(rs � 0.555, P � 0.0012).

16S rRNA gene microarray. The 16S rRNA gene microarray
targeting the bacteria commonly found in cold environments
consisted of 525 25-mer oligonucleotides targeting 159 bacte-
rial taxa. Out of these 159 taxa, 53 bacterial taxa were detected
in our samples. On average, 12.2 taxa were detected per indi-
vidual sample, ranging from 4 to 23 taxa. The taxa presence/
absence data retrieved from the microarray analysis of each
sample were used in a PCoA. This type of multivariate statis-
tical analysis can be used to produce ordination graphs, in
which the samples are positioned according to their similarity
(samples close to each other on the graph show more similar
microarray hybridization patterns). At Alert, the different
treatments harbored highly contrasting bacterial communities,
as can be visualized in the PCoA ordination (Fig. 2). The
samples grouped tightly according to the different treatments,
and these groups were clearly discriminated on the first axis of
the ordination plot, which is indicative of a very strong trend in
the data set. In contrast, the Eureka samples did not show such
a trend in community composition (Fig. 2). There was no clear
grouping of these samples according to contamination and/or

TABLE 2. Average soil water and hydrocarbon concentrations, CFU counts, MPN-diesel degraders, and potential hexadecane and
naphthalene mineralization at 4°C for Alert and Eureka soilsa

Site and parameter % Water
content

Hydrocarbon (C10–C50)
concn (mg kg�1)

CFU count on YTS
medium (107 g�1)

MPN-diesel
degraders (105 g�1)

Mineralization (% degraded)b

Hexadecane Naphthalene

Alert
2005 (T � 0) 18.2 3,325 A 2.47 AB 63.7 AB 1.21 AB 63.42
2005 (1 mo) 11.6 1,358 A 9.32 AB 400 A 35.00 A 63.91
2006 (1 yr) 11.0 298 A 14.6 A 27.1 AB 19.79 AB 69.99
Untreated contaminated 14.1 8,607 A 1.19 B 23.5 BC 0.24 B 37.44
Uncontaminated NAc 0 A 0.05 B 0.51 C 2.97 AB 20.80
P NA 0.028 0.003 0.0009 0.009 0.092

Eureka
2000 (T � 0) NA 10,467 30.2 231 0.21 16.50 AB
2000 (1 mo) NA 6,558 18.4 42.9 0.24 61.38 B
2001 (1 yr) 10.0 5,056 8.00 69.30 6.42 55.01 AB
2004 (4 yr) 8.1 1,325 4.89 4.56 22.64 57.18 B
Untreated contaminated 12.7 6,307 0.76 0.11 1.35 25.12 AB
Uncontaminated 11.1 0 0.26 0.07 0.41 0.53 A
P NA 0.172 0.151 0.084 0.054 0.007

a Different letters indicate significantly (P 
 0.05) different averages following Tukey’s HSD or Kruskal multiple-comparison tests. For ANOVA results, P
values 
0.05 are in boldface and P values of 
0.10 and 	0.05 are in italic.

b For hexadecane and naphthalene mineralization, the durations of incubation were 28 days for Alert and 40 days for Eureka.
c NA, not available.
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treatment. Since the microarray probes were designed based
on sequence clusters (see Materials and Methods), the exact
phylogenetic affiliation of the different probes associated with
particular treatments cannot be reported here. The relatively
small numbers of probes do not make it relevant to report
relative presence at the phylum level.

Hydrocarbon degradation gene microarray. The second mi-
croarray platform used in the present study targeted functional
genes involved in hydrocarbon degradation. The microarray

was built from 140 PCR products amplified from cloned genes
related to the degradation of alkanes (10 genes) and aromatic
hydrocarbons (90 genes), to the nitrogen cycle (6 genes), to
heavy metal transformation (7 genes), and to other processes
(27 genes). From these 140 genes, 132 were detected in our
samples. There were 57 genes detected on average in an indi-
vidual soil sample, with a maximum of 99 and a minimum of
10. For Alert, the ordination patterns in hydrocarbon-degrad-
ing genes were similar to the ones observed for the 16S rRNA

FIG. 1. qRT-PCR results for the quantification of 16S rRNA and the expression of alkane monooxygenase (alkB), gram-positive and
gram-negative PAH-RHDs, and cytochrome-containing nitrate reductase (nirS) in soils from Alert (f) and Eureka (�). Different letters indicate
significantly different averages at P � 0.05 following Tukey’s HSD test or the Kruskal multiple-comparison test. No significant differences were
observed for Eureka. The error bars represent the standard deviation.
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gene microarray. The treated soils generally grouped together
tightly, especially the soils sampled 1 month after nutrient
amendment (Fig. 3). The untreated samples grouped mainly
with the treated samples, and the uncontaminated samples
were separated from all other samples on the first ordination
axis. The different probes were categorized according to their
role in the degradation of different compounds. The signals
from these probes were then summed for each sample, and
these data were added on the PCoA ordination. The resulting
compound degradation arrows (Fig. 3) point toward the sam-
ples that had the highest relative intensities for the probes
related to the degradation of that particular compound. Con-
taminated samples from Alert were strongly associated with
alkane, phenol, and isopropylbenzene degradation genes and
partly to naphthalene and phenanthrene degradation genes
(especially for the samples 1 year after nutrient amendment).
In contrast, contaminated samples had a lower signal for bi-
phenyl, phthalate, carbazole, styrene, and aniline degradation
genes. Toluene, catechol, and N-cycle-related genes appeared
to have a particularly strong association with an uncontami-

nated sample collected from a frost-sorted polygon. Chloro-
catechol-related genes also demonstrated a stronger signal in
uncontaminated samples.

In contrast to the results from the 16S rRNA gene microar-
ray analyses, ordination of the hydrocarbon-degrading gene
microarray data revealed that a majority of the treated samples
from Eureka grouped together on one side of the first axis, but
this grouping was loose (Fig. 3). This indicates that these sam-
ples are showing similar levels of functional genes as compared

FIG. 2. PCoA based on Jaccard’s similarity calculated from the
presence/absence of taxa represented on the 16S rRNA gene microar-
ray for soil samples from Eureka and Alert. F, before treatment (T �
0); Œ, 1 month after nutrient amendment; }, 1 year after nutrient
amendment; f, 4 years after nutrient amendment; gray circles, un-
treated contaminated; E, uncontaminated.

FIG. 3. PCoA based on Bray-Curtis distance calculated from the
normalized relative intensities of the genes present on the hydrocar-
bon-degrading gene microarray for soil samples from Eureka and
Alert. Arrows represent the sum of the signals due to genes that had
a role in the degradation of a particular compound and were added in
the analysis as supplementary variables not included in calculations. F,
before treatment (T � 0); Œ, 1 month after nutrient amendment; }, 1
year after nutrient amendment; f, 4 years after nutrient amendment;
gray circles, untreated contaminated; E, uncontaminated.
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to other samples but that there is a relatively large variation
between the individual samples. Some compound degradation
arrows pointed generally toward nutrient-amended samples:
phenol, biphenyl, toluene, isopropylbenzene, and naphthalene
degradation genes. Some other compound degradation arrows
pointed in the opposite direction, indicating a lower relative
abundance of the probes related to these compounds in
amended samples: N-cycle, aniline, phthalate, carbazole,
phenanthrene, styrene, chlorocatechol, and catechol transfor-
mation genes. The alkane degradation arrow was somewhat in
between.

DISCUSSION

The results presented here indicate that the effects of pol-
lution and nutrient amendments on Arctic soil bacteria are
likely to be highly site and treatment specific. Diesel pollution
was already shown to differentially affect microbial communi-
ties at two widely different Canadian Arctic sites (13). In our
case, even though the basic bioremediation concept was the
same and the experimental sites were similar, several site-
specific factors could be responsible for the observed differ-
ences in bacterial responses. For instance, the composition and
the application of the nutrient amendment, the manipulation
of the soil, and the concentration and level of weathering of the
contamination were different between Eureka and Alert. Sim-
ilarly, the site-specific environmental and microbiological char-
acteristics could have played a role. For instance, the indige-
nous bacterial communities, which subsequently carried out
the biodegradation, were quite different (average of 26.9%
Jaccard similarity between the taxonomic microarray commu-
nity compositions between uncontaminated sites at Alert and
Eureka).

Pollution and subsequent bioremediation treatments had
their strongest impacts in Alert soils. In these soils, we ob-
served a major change in bacterial community structure to-
gether with changes in the relative abundance of several func-
tional genes and in the expression of genes involved in key
degradation processes (Fig. 1 to 3). This indicates that bacteria
are responding rapidly to the treatments and that they are
largely responsible for the degradation of hydrocarbons in
these soils. In Eureka soils, the responses to the treatments
were highly variable, which precluded the observation of any
significant changes. Eureka soils were left in place and mixed
by tilling, which was far less efficient for homogenizing the soils
than mixing the soils in a biopile, as was done at Alert. A better
mixing of the Eureka soils would probably have reduced the
variability between the replicates and allowed a clearer iden-
tification of the functional changes that followed bioremedia-
tion treatments. Aislabie and colleagues (1) proposed that ex
situ bioremediation (e.g., biopiles) was likely to be the method
of choice as compared to in situ bioremediation (e.g., soil
amendment and tilling), mainly because it allows a stricter
control of nutrient, moisture, and temperature conditions.
Here we further demonstrated that the higher efficiency of ex
situ versus in situ treatments is probably related to larger and
more consistent changes in the microbial communities.

Another important difference that probably influenced the
bioremediation efficiency between the two sites is the time
since the contamination event at the beginning of the biore-

mediation experiment (10 years at Eureka versus 1 year at
Alert). Diesel weathering and losses by volatilization, water
leaching, and sorption can result in a significant shift toward
heavier, more recalcitrant compounds over the years. Differ-
ences in the contaminants remaining in soils could explain the
different response and the lower efficiency observed at Eureka.
Within 1 month of treatment, Eureka soils showed relatively
low expression of genes related to the easily degraded alkanes
but very high expression of gram-positive PAH-RHD genes.
Interestingly, gram-positive bacteria were hypothesized to be
the dominant degraders of recalcitrant high-molecular weight
PAH compounds (16). However, genes involved in the degra-
dation of alkanes were expressed at both sites throughout the
time course (Fig. 1), indicating that these compounds were
available in every sample.

Bacterial community structure. Two complementary mi-
croarray platforms were used in the present study: one target-
ing functional genes involved in hydrocarbon degradation and
the other targeting bacteria commonly found in cold environ-
ments. Preliminary tests (not shown) showed that this latter
microarray platform was able to generate sample clustering
that was almost identical to previously published clustering
based on 16S rRNA gene PCR-denaturing gradient gel elec-
trophoresis fingerprints of another cold environment (20). This
platform was therefore used as a cold-adapted bacterial com-
munity fingerprinting method.

The microarray targeting 16S rRNA genes of bacteria found
in cold environments revealed a substantial shift in the bacte-
rial community structure following hydrocarbon contamination
and bioremediation at Alert (Fig. 2). The community struc-
tures were largely different between uncontaminated, un-
treated contaminated, and nutrient-amended contaminated
soils, as these samples were clearly separated on the first axis of
the ordination (Fig. 2). Similar shifts in bacterial community
structure were reported following pollution and bioremedia-
tion in Antarctic and alpine soils (14, 25, 31). In contrast,
bacterial community structure in Eureka soils did not show
clear changes following contamination and bioremediation,
with replicate samples having highly variable community struc-
tures. This lack of directional shift in bacterial community
structure might be underlying the lower bioremediation effi-
ciency and the absence of significant changes in the expression
of functional genes observed at Eureka. One solution to this
problem could be to introduce a more efficient bacterial com-
munity that would respond to the treatments. However, this
method (bioaugmentation) was shown to have variable effi-
ciency in polar soils (19, 29, 31, 33). Another possible solution
to this problem would be to devise other bioremediation treat-
ments that would more rapidly and strongly influence the in-
digenous soil bacterial community. In fact, in preliminary tests
addressing Eureka bioremediation, the optimal treatment for a
majority of the soils tested included moisture adjustment (34).
Whyte and colleagues (34) further suggested that biodegrada-
tion would be increased by raising the temperature into the 10
to 20°C range. In addition, as mentioned above, more efficient
mixing of the soil could have reduced the observed variability
in the results. The 16S rRNA gene microarray described here
could be useful to monitor and evaluate such alternative biore-
mediation approaches, as it has shown the potential to high-
light shifts in bacterial communities following bioremediation.
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Alternatively, it could be suggested that the limited number of
probes on the microarray hampered the detection of the shifts
in the bacterial community in Eureka soils. This is, however,
unlikely, since all of the complementary methods used in this
study showed a similar, highly variable response for Eureka
replicate soil samples. Increasing the number of replicates
through a more elaborate sampling strategy could also have
improved significance and possibly revealed trends that were
not visible with the level of replication that was used in this
study.

Functional gene expression. The expression of degradation-
related genes (alkB and PAH-RHD) measured by qRT-PCR
showed strong correlations with other more traditional mea-
sures of hydrocarbon degradation, like MPN-diesel counts and
mineralization potential. As expected, based on its successful
application in other systems, this indicates that qRT-PCR is a
reliable method to evaluate the degradation of hydrocarbons
in polar soils. At both locations, we observed a large and rapid
decrease in soil hydrocarbon concentrations within only 1
month of treatment (Alert, �59%; Eureka, �37%). This could
partly be due to soil manipulation (by tilling or mixing in
biopiles) that probably enhanced hydrocarbon volatilization.
However, our results also indicate that at Alert this decrease in
soil hydrocarbons is also caused by bacterial degradation, since
the expression of the measured biodegradation genes (alkB
and PAH-RHD genes) strongly increased following nutrient
amendment. Hydrocarbon-degrading bacteria in this cold en-
vironment therefore seem to respond very rapidly, in 
1
month, to the addition of limiting nutrients. This also indicates
that Alert soil bacteria are able to actively degrade hydrocar-
bons at very low temperatures, since the daily average air
temperature for the month following the first nutrient amend-
ment (August) was 0.8°C (maximum, 3.3°C; minimum,
�1.8°C). This rapid response might also have been possible
because August is one of the wettest months, with 21.2 mm of
precipitation (mainly in the form of snow). Interestingly, in
Eureka soils, the expression of most of the hydrocarbon-de-
grading genes was maximal after 1 year, indicating that Eureka
soils might be responding more slowly to nutrient amendment.
Mohn and Stewart (19) reported that the lag period in labo-
ratory mineralization experiments was mainly explained by N
and hydrocarbon content. However, we found no significant
correlation between the expression of any of the genes and the
hydrocarbon content of the soil, probably because the concen-
tration of hydrocarbons, although much higher in Eureka soils
(Table 2), did not reach concentrations known to be inhibitory
for soil microorganisms (25,000 ppm) (17). Furthermore, in
our case, the composition of the hydrocarbons might be more
important than the total concentration in influencing the ra-
pidity of the response to nutrient addition. Overall, the results
from gene expression analyses demonstrated that bacterial
degradation activities in Arctic soils are not limited by temper-
ature or moisture content, but mainly by nutrient availability,
as was previously shown (9, 19, 33, 34).

Interestingly, within 1 month of treatment in Alert soils, we
also observed significant increases in nitrite-reducing gene ex-
pression, indicating that nutrient amendment also induced
denitrification. Denitrifiers are common soil microorganisms
(42), and several isolates can metabolize hydrocarbons (12).
Denitrifiers were previously linked to anaerobic hydrocarbon

degradation in amended polar soils (22). Anaerobic degrada-
tion of hydrocarbons uses an alternative pathway, through the
benzoyl coenzyme A reductase (12, 27). The genes coding for
this enzyme were not assessed in the present study, since an-
aerobic degradation was thought to be unlikely to contribute
significantly to hydrocarbon degradation in the sampled sur-
face soils and biopiles. However, the expression of denitrifica-
tion genes indicates the presence of anaerobic microsites
within the surface soil and the biopiles, wherein anaerobic
hydrocarbon degradation could occur. The relative contribu-
tion of anaerobic microorganisms to the hydrocarbon degra-
dation observed here is unknown but is likely to be small.
Furthermore, the expression of nitrite reductase genes could
lead to N losses, which might neutralize the positive effects of
nitrogen amendment on bioremediation. Denitrification in
temperate, diesel-contaminated soils depends upon the form
of N used (24), stressing the importance of an in-depth under-
standing of the functions of the microorganisms involved in
bioremediation.

Hydrocarbon-degrading bacterial community. In contrast to
the results of the 16S rRNA gene microarray, the hydrocarbon-
degrading gene microarray indicated loose grouping of
amended Eureka soil samples by ordination analyses. This
might be due to subtle changes in the functional community
that cannot be observed when measuring the total expression
of a range of genes or the changes in 16S rRNA genes. How-
ever, here again, Alert samples showed a much clearer picture,
with amended samples clustering tightly together. Both loca-
tions showed some similar sample-compound relationships
(for instance, phenol, isopropylbenzene, and naphthalene with
contaminated treated samples or catechol and chlorocatechol
with uncontaminated and contaminated untreated samples;
Fig. 3), indicating that diesel pollution and bioremediation
induced a variety of consistent shifts in functional communities
at both sites. Such shifts could be related to the selective
degradation of hydrocarbon compounds since degradability
under aerobic conditions varies between diesel compounds, in
the following order: straight-chain alkanes 	 branched alkanes 	
monoaromatics 	 PAHs 	 high-molecular-weight PAHs (7,
16, 21). Supporting this hypothesis, the alkB/PAH-RHD ex-
pression ratio decreased following nutrient amendment in
Alert soils from 973 (1 month) to 557 (1 year) and in Eureka
soils from 1,489 (1 year) to 68 (4 years), indicating a shift from
the degradation of easily degradable alkanes to more complex
polyaromatic compounds. This shift in hydrocarbon-degrading
communities was also observed in Antarctic soils, where a
decrease in alkB gene numbers concomitant with an increase
in diesel degraders was explained by a shift to bacteria able to
utilize the non-alkane components of the diesel after the easily
degraded alkanes had become scarce (21). Furthermore, Leys
and colleagues (16) hypothesized that following contamination
by PAHs, the majority of the initial degradation could be
performed by gram-negative r-strategists, whereas K-strategist
gram-positive bacteria could outcompete them for the degra-
dation of more persistent high-molecular-weight PAHs. Here
again, we found evidence in our data supporting this hypoth-
esis, with a decrease following amendment in the gene expres-
sion ratio of gram-negative to gram-positive PAH-RHDs from
0.75 (1 month) to 0.13 (1 year) in Alert soils and a decrease
from 0.11 (1 year) to 0.0019 (4 years) in Eureka soils.
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Concluding remarks. In this paper, we demonstrated the
utility of microarrays and qRT-PCR as tools to rapidly monitor
bacteria and their functions in polar environments during
bioremediation. These molecular tools allowed us to confirm
the potential of two Arctic soils to rapidly degrade hydrocar-
bons following nutrient amendment. Bioremediation efficiency
was related to a rapid reorganization of the soil bacterial com-
munity and increased expression of hydrocarbon degradation
genes. This efficiency differed between our two experimental
sites, and site- and treatment-specific factors, like indigenous
soil microbes, the extent of weathering of the contaminant, the
nutrient amendment used, and the soil mixing strategy, could
explain these differences. The ex situ treatment (i.e., the nu-
trient-amended biopiles at Alert) was more efficient than the in
situ treatment (i.e., nutrient amendment followed by tilling at
Eureka), the ex situ treatment being associated with less vari-
able and larger changes in microbial indicators. Finally, the
qRT-PCR strategy employed allowed us to observe successions
in the expression of functional genes over time, which were
most probably related to the successive degradation of differ-
ent diesel compounds, starting with the most easily degraded
components.
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