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Predictable bacterial composition and hydrocarbon
degradation in Arctic soils following diesel

and nutrient disturbance
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Increased exploration and exploitation of resources in the Arctic is leading to a higher risk of
petroleum contamination. A number of Arctic microorganisms can use petroleum for growth-
supporting carbon and energy, but traditional approaches for stimulating these microorganisms (for
example, nutrient addition) have varied in effectiveness between sites. Consistent environmental
controls on microbial community response to disturbance from petroleum contaminants and
nutrient amendments across Arctic soils have not been identified, nor is it known whether specific
taxa are universally associated with efficient bioremediation. In this study, we contaminated 18
Arctic soils with diesel and treated subsamples of each with monoammonium phosphate (MAP),
which has successfully stimulated degradation in some contaminated Arctic soils. Bacterial
community composition of uncontaminated, diesel-contaminated and diesel + MAP soils was
assessed through multiplexed 16S (ribosomal RNA) rRNA gene sequencing on an lon Torrent
Personal Genome Machine, while hydrocarbon degradation was measured by gas chromatography
analysis. Diversity of 16S rRNA gene sequences was reduced by diesel, and more so by the
combination of diesel and MAP. Actinobacteria dominated uncontaminated soils with <10% organic
matter, while Proteobacteria dominated higher-organic matter soils, and this pattern was
exaggerated following disturbance. Degradation with and without MAP was predictable by initial
bacterial diversity and the abundance of specific assemblages of Betaproteobacteria, respectively.
High Betaproteobacteria abundance was positively correlated with high diesel degradation in MAP-
treated soils, suggesting this may be an important group to stimulate. The predictability with which
bacterial communities respond to these disturbances suggests that costly and time-consuming

contaminated site assessments may not be necessary in the future.
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Introduction

The thawing of Arctic sea ice is facilitating the
exploration and exploitation of Arctic resources by
northern countries. Petroleum is a targeted resource,
and is also used to power many aspects of Arctic
work, so there is an increasing risk of contamination
in a biome that has had limited exposure to human
industrial activity. In many environments, a variety
of native microorganisms are capable of petroleum
degradation (Greer et al., 2010), but petroleum-
degrading activity is primarily limited to the few
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months in which soil temperatures exceed 0°C
(Walworth et al., 2001). In the interest of decreasing
the lifespan of these pollutants in the environment,
nutrients are often added to contaminated Arctic
soils to stimulate microbial growth and activity,
although studies have shown that treatment
effectiveness can vary substantially between geogra-
phically similar soil environments (Greer, 2009;
Yergeau et al., 2009).

Several recent studies have determined that pH
and nitrogen concentration are major determinants
of microbial diversity across a variety of soils in
uncontaminated ecosystems (Lauber et al., 2009;
Chu et al., 2010; Ramirez et al., 2012), but the factors
governing diversity in hydrocarbon-contaminated
soils have not been firmly established. Comparisons
of microbial community composition across sites
have mostly been conducted in soils with existing
petroleum contamination (Greer et al., 2010; Powell
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et al., 2010), but the discovery of consistent trends
has often been confounded by variations in pollu-
tant composition and age. In addition, despite the
identification of many hydrocarbon-degrading taxa
across ecosystems, it is generally not known which
indigenous microorganisms should be promoted to
optimize the rate and extent of bioremediation in
contaminated environments. Added nutrients are
not incorporated equally by bacterial taxa in hydro-
carbon-contaminated soils (Bell et al., 2011), and
because of the fact that many taxa are able to remain
active following hydrocarbon contamination, it is
not clear that the most effective hydrocarbon-
degrading taxa are favoured by bioremediation
treatments or the natural environment.

Ecological disturbance is generally defined as a
distinct event that alters the taxonomic composition,
resource availability or physical properties of an
environment (Horner-Devine et al., 2004), which
classifies both the petroleum contamination of soils
and the subsequent application of nutrients as
disturbance events. Although petroleum contaminants
can provide growth-supporting energy and carbon to
many bacteria, they are toxic in high concentrations,
primarily due to negative interactions with cell walls
(Ramos et al., 2002; Kang and Park, 2010), and thus
require adaptations and resource trade-offs. Microbial
communities can also be disrupted by nitrogen inputs,
and reductions in respiration, biomass and diversity
have been observed following nitrogen addition
(Allison et al., 2007; Ramirez et al., 2012). Experi-
ments with protists have shown that competition can
intensify at high levels of disturbance, when multiple
surviving organisms are at the limit of their tolerance
(Violle et al., 2010), so a competitive advantage in a
specific environment may have more of a role in
taxonomic dominance than the ability to quickly
metabolize the petroleum carbon source.

Table 1 Soil characteristics and percent diesel degradation
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In this study, we collected soil samples from
across the Arctic and sub-Arctic, and treated them
with equal amounts of diesel, both with and without
a nutrient amendment. The amendment that we
selected is comparable in both type and concentra-
tion to those that have been used previously at
hydrocarbon-contaminated Arctic sites (Thomassin-
Lacroix et al., 2002; McCarthy et al., 2004; Greer,
2009; Bell et al., 2011). We expected that the success
of hydrocarbon-degrading bacteria in disturbed soils
would be governed by adaptations to the soil
environment, and that we would observe clear
differences in the relative abundance of hydrocar-
bon-degrading groups across soil gradients. In
addition, we expected to see a shift in the extent
of hydrocarbon degradation depending on which
taxa dominated the bacterial community. A clear
understanding of the factors that drive microbial
community shifts following disturbance with petro-
leum and nutrient amendments will help in pre-
dicting optimal bioremediation treatments without
site-specific assessments that are time-consuming
and expensive (Dorn and Salanitro, 2000).

Materials and methods

Soil collection and analyses

The top 15 cm of soil was collected from 18 Arctic
locations between June and August 2011. We aimed
to find patterns in microbial community response to
petroleum contamination and nutrient amendment
regardless of where a contamination event occurred,
so we collected soils that varied widely in pH and
organic matter content. Soil sampling locations and
properties are presented in Table 1 and Supplemen-
tary Figure 1. Hydrocarbon analyses were adapted
from the Canada-Wide Standard for Petroleum

Sample code Coordinates pH

Soil characteristics

Diesel degradation (%)

Water Organic Nitrate + nitrite Total nitrogen DSL DSL-MAP
content (%) matter (%) (mgkg") (mgkg~")
AH1 79°N, 90°W 7.20 70.70 27.15 0.64 1230.78 28.32 52.97
AH2 79°N, 90°W 7.30 12.33 5.20 <0.05 876.73 22.67 41.54
AK1 69°N, 150°W 5.95 80.97 96.25 0.20 1560.34 51.84 55.75
AK2 69°N, 150°W 6.74 66.19 50.07 1.18 4868.21 38.67 41.66
AK3 69°N, 150°W 6.97 88.53 79.45 2.80 1994.91 27.76 34.86
AL1 82°N, 62°W 8.10 21.44 9.35 5.99 2356.67 4.85 41.01
AL2 82°N, 62°W 8.58 16.21 4.13 1.82 586.52 12.91 20.72
AL3 82°N, 62°W 8.49 15.88 3.44 1.88 672.94 8.57 28.04
AVK 61°N, 78°W 6.63 76.66 80.52 1.87 3734.74 0.00 50.22
BDE 61°N, 73°W 6.25 23.30 11.07 <0.05 1840.87 15.95 30.09
BY1 73°N, 78°W 6.61 9.35 6.73 <0.05 1722.31 22.11 26.68
BY2 73°N, 78°W 6.72 10.93 0.67 0.75 178.13 24.33 4.29
EBA 64°N, 82°W 7.67 1.88 3.73 44.16 11587.60 17.39 44.06
QA 63°N, 68°W 6.29 76.27 76.42 0.35 5765.36 8.75 53.67
NOR 70°N, 19°E 6.00 65.61 79.81 0.33 1684.98 17.91 43.48
RAN 62°N, 92°W 6.93 45.51 22.47 <0.05 7682.68 33.22 50.22
RUS 69°N, 70°E 7.18 22.40 4.20 1.45 1552.06 23.97 48.25
THU 76°N, 68°W 7.83 24.28 8.14 0.90 984.30 0.77 8.73

Abbreviations: DSL, diesel-treated soils; DSL-MAP, diesel + monoammonium phosphate-treated soils.
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Hydrocarbons in Soil, as used previously for the
determination of hydrocarbon concentrations in
sub-Arctic soils (Chang et al.,, 2011). Detailed
procedures for soil and hydrocarbon analyses are
presented in the Supplementary Material.

Microcosm setup and incubation

For each sample, 250 g of soil was contaminated to a
final concentration of 5500mgkg~"' of ultra-low
sulfur diesel fuel. We selected diesel fuel as it is a
common contaminant of polar soils, as is jet fuel
(Aislabie et al., 2006; Bell et al., 2011; Yergeau et al.,
2012c), which is similar in composition to diesel.
Soils were incubated for 1 week at 1°C to allow
abiotic loss of the volatile components of diesel, as
most short-term evaporative weathering can occur
within 1 week of contamination (Neff et al., 2000).
Following weathering, a 50-g sample was removed to
determine baseline hydrocarbon concentrations. Each
soil was then split into 2 x 100g portions, and one
portion was treated with 250mgkg~" monoammo-
nium phosphate (MAP), a nutrient amendment that
has previously been shown to effectively stimulate
bioremediation in hydrocarbon-contaminated Arctic
soils (Greer, 2009). This led to three separate
treatments per soil: (1) initial soil, (2) DSL (diesel
added) and (3) DSL-MAP (both diesel and MAP
added). Both DSL and DSL-MAP treatments were
split into five replicates of 20 g, and were incubated at
10°C in loose-top 50-ml Falcon tubes for 4 weeks to
simulate the high point of the Arctic summer. At the
end of the incubation, soil was used for both
hydrocarbon analysis and total DNA extraction.

Soil DNA extraction, 16S rRNA amplification
and Ion Torrent sequencing
Total soil DNA was extracted from three replicates
of each soil under each treatment condition using
the protocol described in Yergeau et al. (2007).
A detailed protocol is available in the Supplementary
Material. Partial 16S ribosomal RNA (rRNA) gene
amplicons were produced using the universal pri-
mers E786 (5-GATTAGATACCCTGGTAG-3') and
U926 (5-CCGTCAATTCCTTTRAGTTT-3'), which
target the V5 variable region (Baker et al., 2003).
These primers were initially compared with other
16S rRNA sets that produced amplicons below the
Ion Torrent size threshold (at the time, 220bp
including adapters). The primers were compared for
inclusivity in the Ribosomal Database Project data-
base, and matched between 95.5 and 98.3% of all
bacteria with one mismatch or less, with no clear bias
against any specific groups. We conducted a sequen-
cing run with the candidate primers, and selected the
set that yielded the highest bacterial diversity.
Primers for each sample contained unique multi-
plex identifier codes and adapter sequences for Ion
Torrent sequencing. Full primer sequences can be
found in Supplementary Table 1. Reactions were
carried out using 12pl of KAPA2G Robust DNA
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polymerase mix (KapaBiosystems Inc., Boston, MA,
USA), 12l of nuclease-free deionized water, and
40pmol of each of the appropriate forward and
reverse primers. PCR cycling conditions involved an
initial 5 min denaturing step at 95 °C, followed by 30
cycles of 30s at 95 °C, 30s at 55 °C and 30s at 72 °C,
and a final elongation step of 7min at 72°C.
Amplicons were gel purified using the illustra
GFX PCR DNA and Gel Band Purification Kit (GE
Healthcare, Piscataway, NJ, USA), and then quanti-
fied using the Quant-iT PicoGreen dsDNA assay kit
(Invitrogen, Burlington, Ontario, Canada), pooled in
equimolar ratios, and diluted to a concentration of
5 x 10”7 molecules for sequencing. Sequencing was
conducted on an Ion Torrent Personal Genome
Machine using the Ion Xpress Template Kit (Life
Technologies, Carlsbad, CA, USA) and the Ion 314
chip (Life Technologies) following the manufac-
turer’s protocols. Ton Torrent sequencing has been
shown to produce microbial community profiles
that are highly comparable to those produced by 454
sequencing (Yergeau et al., 2012b).

Sequence classification and operational taxonomic
unit analysis

Taxonomic identities were assigned to by classifying
sequences in parallel using the MultiClassifier tool
available on the Ribosomal Database Project website
(Release 9; Wang et al., 2007). A bootstrap of 50%
was used as is recommended for sequences of
<250bp (Claesson et al., 2009). At each taxonomic
level, the proportion of sequence identities was
calculated as a percent of all sequences classified to
that level. Operational taxonomic unit analysis was
performed in Mothur (Schloss et al., 2009), and was
used to determine Shannon diversity values and
UniFrac distance between samples. To standardize
between samples, the number of sequences repre-
senting each sample was reduced to the lowest
number among all sample replicates (156 sequences)
using random numbers as in Fortunato et al. (2012).
Analysis was performed following mainly the work-
flows outlined on the Mothur website with the
Sogin et al. (2006) and Costello et al., (2009) data
sets. Detailed sequence processing is described in
the Supplementary Material. The sequence data
generated in this study were deposited in the NCBI
Sequence Read Archive and are available under the
project number SRA058896. All statistical analyses
are described in the Supplementary Material.

Results

Soil characteristics

Soil parameters are presented in Table 1. Differences
in degradation between DSL and DSL-MAP soils are
also depicted in Supplementary Figure 2. Organic
matter content covaried with both water content
(R=0.921, P<0.001) and pH (R= — 0.640, P=0.004),
and pH was also correlated with water content
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Figure 1 Decline in Shannon diversity following soil distur-
bance with DSL and DSL-MAP, as measured by differences in 16S
rRNA gene composition using a 3% dissimilarity cutoff. Error
bars represent s.e. Different letters above columns indicate
significant differences between means (P<0.05), as determined
by paired Student’s t-tests.

(R= —0.549, P=0.018). Total nitrogen was corre-
lated with nitrates/nitrites (B=0.721, P<0.001).
Diesel degradation in DSL-MAP soils correlated with
water content (R=0.565, P=0.015), log total nitrogen
(R=0.670, P=0.002), and log organic matter content
(R=0.657, P=0.003). Degradation in DSL soils was
not linearly related to any of the environmental
variables measured, but peaked at~pH 7.

Diversity and community composition across soils
After sequence filtering, we obtained a total of
154 418 usable reads, with an average of 903 reads
per sample replicate. Shannon Diversity declined
with increasing disturbance (P<0.001) using a 3%
dissimilarity cutoff to define operational taxonomic
units (Figure 1), and all treatments were signifi-
cantly different from each other according to paired
Student’s t-tests (P<0.05). Principle coordinate
analysis ordination showed that microbial commu-
nity composition spread farther across the first axis
in the DSL-MAP soils than in the initial or DSL soils
(Figure 2a,b). Average weighted UniFrac distances
between soils within the same treatment were
higher in the DSL-MAP soils than in the initial or
DSL soils (Figure 2c; P<0.05). Bacterial community
composition grouped almost exclusively based on
whether the soil of origin contained more or less
than 10% organic matter (Figure 2d). This clustering
was also linked to differences in pH, although
slightly less closely, as there was overlap in the pH
range of these two groups. The pH of soils with
<10% organic matter ranged from 6.61-8.58, while
the pH of soils with >10% organic matter ranged
from 5.95-7.20.

The abundance of Actinobacteria and Proteobac-
teria correlated strongly and significantly with
organic matter (Figure 3). Despite the strong covar-
iance between organic matter and water content,
organic matter correlated better than water content
with the relative abundance of the two major phyla,
Actinobacteria and Proteobacteria, with the exception
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Figure 2 Representation of differences between samples using
distance matrices. Principle coordinate analysis (PCoA) ordina-
tion plots show relatedness of samples separated by treatment
using (a) weighted UniFrac distances, and (b) Bray—Curtis
distances of classified 16S rRNA gene sequences at the phylum
level (including classes of Proteobacteria). The average weighted
UniFrac distance between samples is displayed in (c) as a column
graph. Error bars represent s.e. while different letters above
columns indicate significant differences between means
(P<0.05), as determined by paired Student’s t-tests. Weighted
UniFrac distances were also used to create an ordination plot of
(d) samples separated by % organic matter.
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Figure 3 Correlations between Actinobacteria, Proteobacteria
and organic matter content in initial, DSL, and DSL-MAP soils.

of the Proteobacteria in the DSL soils (Supplementary
Figure 3). This was further confirmed using forward
selection on all environmental variables in canonical
redundancy analysis (P=0.003, R.;;=0.471 in
reduced model). Before treatment, Actinobacteria
dominated soils with low organic matter, but abun-
dance dropped off quickly with increasing organic
matter content (R= — 0.790, P<0.001), giving way to
the Proteobacteria (R=0.792, P<0.001) (Figure 4a).
Following disturbance, Actinobacteria represented
an even larger proportion of the microbial commu-
nities in low-organic matter soils (Rps.= — 0.849,
Pps1.<0.001;  Rpspmar= —0.807, Ppsi map<0.001),
while Proteobacteria represented a greater proportion
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of the communities in high-organic matter soils
(HDSL == 0763, PDSL<0001; RDSL—MAP == 0759, PDSL—MAP<
0.001). This was especially true in DSL-MAP soils,
with Actinobacteria representing 11.10-83.71% and
Proteobacteria representing 11.70-75.16% of classi-
fied sequences, as compared with 15.20-59.02%
and 28.76-54.66%, respectively, in the initial soils.

No major taxonomic group shifted in the same
direction following disturbance in all samples
(Table 2). When samples were grouped by percent
organic matter, The Betaproteobacteria and Alpha-
proteobacteria were both significantly more success-
ful in soils with over 10% organic matter in
response to DSL and DSL-MAP treatments
(P<0.05), although on average, the Alphaproteobac-
teria still declined in abundance in both soil types
(Figure 4a). There were also significant differences
in the relative abundance of Actinobacteria between
low- and high-organic matter soils (P<0.05), as they

a

[1<10% Organic Matter A Initial to
Il >10% Organic Matter DSL

Actinobacteria
Alphaproteobacteria

Betaproteobacteria

Gammaproteobacteria
Deltaproteobacteria
Acidobacteria
Bacteroidetes

Firmicutes

increased dramatically in abundance in low-organic
matter soils, and declined in high-organic matter
soils in response to disturbance, while the Gamma-
proteobacteria increased marginally in both low-
and high-organic matter soils. Most other phyla
tended to decline following disturbance (Figure 4a).
When the abundance of Ribosomal Database Project-
classified families was compared, shifts in the
Nocardioidaceae (Actinobacteria) varied signifi-
cantly between low- and high-organic matter soils
(P<0.05), as they increased the most of any group in
low-organic matter soils in the presence of dis-
turbance, but declined in high-organic matter soils,
while the reverse was true for Burkholderiales inc.
sed. (Betaproteobacteria) (P<0.05; Figure 4b).
Hyphomicrobiaceae (Actinobacteria) declined in
both low- and high-organic matter soils, but the
decline was significantly greater in low-organic
matter soils (P<0.05; Figure 4b).
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Figure 4 Percent shifts in the DSL and DSL-MAP soils in the relative abundance of classified sequences of (a) the major phyla (and
classes of Proteobacteria), and (b) families of Actinobacteria and Proteobacteria that were among the ten most abundant in at least one of
the treatments. Significant differences in sequence abundance shifts between soils with low- and high-organic matter content are
denoted by stars (P<0.05) or circles (P<0.10) as determined by the Student’s t-test.
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Table 2 Number of samples in which major taxonomic groups
increased or decreased between treatments

Taxonomic group A Initial to A Initial to 4 DSL to
DSL DSL-MAP DSL-MAP

+ - + - + -

Alphaproteobacteria 10 8 2 16 1 17
Betaproteobacteria 12 6 11 7 13 5
Gammaproteobacteria 12 6 11 7 7 11
Deltaproteobacteria 2 16 1 17 7 11
Actinobacteria 9 9 8 10 8 10
Acidobacteria 6 12 4 14 3 15
Firmicutes 7 11 2 16 4 14
Bacteroidetes 6 12 5 13 7 11

Abbreviations: DSL, diesel-treated soils; DSL-MAP,
diesel + monoammonium phosphate-treated soils.

Predictability of diesel degradation

As the Actinobacteria and Betaproteobacteria
responded most strongly to disturbance from diesel
and nutrients, we decided to further investigate
these groups for correlations with degradation
across soils. For correlations with these two phyla
and degradation, we used a Bonferroni-corrected
P-value cutoff of 0.025 (2=0.05/2 pairwise compar-
isons). There was a negative correlation between the
abundance of Actinobacteria in the initial soils and
degradation in DSL-MAP soils (R= —0.564,
P=0.0149), whereas the abundance of Betaproteo-
bacteria in the initial soils was not predictive of
degradation in either DSL or DSL-MAP soils. We also
investigated correlations between degradation and
each bacterial family that made up >5% of
sequences identified from either the Actinobacteria
or Betaproteobacteria in at least one sample. As
different families are likely promoted depending on
environmental factors, we also examined assem-
blages of all families meeting the above criteria
(=5% of sequences in at least one sample) from
each phylum, grouping by those that correlated either
positively or negatively with degradation. For these
comparisons, we used a Bonferroni-corrected P-value
cutoff of 0.0026 (¢=0.05/19 pairwise comparisons).
No single family in the initial soils was significantly
predictive of degradation in either DSL or DSL-MAP
soils, but when the six most commonly identified
Betaproteobacteria families were normalized to the
total abundance of Betaproteobacteria in each sam-
ple, the relative abundance of Burkholderiaceae +
Oxalobacteraceae + Nitrosomonadaceae in the initial
soils was significantly and positively correlated with
degradation in DSL soils (R=0.775, P<0.001), while
the relative abundance of Burkholderiales inc. sed. +
Comamonadaceae + Rhodocyclaceae in the initial
soils was significantly and negatively correlated with
degradation in DSL soils (R= — 0.771, P<0.001). The
resulting abundance of these assemblages following
disturbance in DSL soils was not significantly
correlated with degradation (Figure 5a), nor
were these assemblages predictive of degradation in
DSL-MAP soils (data not shown). Degradation in
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Figure 5 Correlations between (a) degradation in DSL soils and
the relative abundance of major families of Betaproteobacteria
(Burk, Burkholderiaceae; Oxal, Oxalobacteraceae; Nitr, Nitroso-
monadaceae; Burk i.s., Burkholderiales incertae sedis; Com,
Comamonadaceae; Rho, Rhodocyclaceae) as a proportion of all
Betaproteobacteria, (b) degradation in DSL-MAP soils and
Shannon Diversity (3% dissimilarity), and degradation in DSL—
MAP soils and the relative abundance of Betaproteobacteria.

DSL-MAP soils could be predicted by bacterial
diversity in the initial soils (R=0.660, P<0.003),
but diversity in DSL-MAP soils did not correlate
with degradation (Figure 5b). Although the relative
abundance of Betaproteobacteria in the initial soils
was not predictive of degradation in DSL-MAP soils
(Figure 5b), the abundance of Betaproteobacteria in
DSL-MAP soils was significantly correlated with
DSL-MAP degradation (R=0.597, P=0.009). The
relative abundance of Rhodocyclaceae (Betaproteo-
bacteria) in DSL-MAP soils was negatively corre-
lated with DSL-MAP degradation (R= —0.740,
P<0.001).
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Discussion

Environmental controls on disturbed soil communities
From both an applied and ecological standpoint, it
was interesting to observe that disturbance and
environment combined to reliably shape bacterial
communities across soils collected from geographi-
cally disparate Arctic sites. Other recent studies
have also shown that disturbance from shifts in
climate (Yergeau et al., 2012a), differences in local
environmental factors (Pommier et al., 2012), and
distance from the litter layer (Schulz et al., 2012)
have a greater effect than geography in determining
microbial community composition. Metagenomic
studies have shown that discrete taxonomic units
exist within bacteria (Caro-Quintero and Konstan-
tinidis, 2012), and our data demonstrate that
taxonomic affiliation does affect which organisms
will dominate in particular contaminated soils.
Hydrocarbons are found almost ubiquitously across
natural environments, so the disturbance of soil
communities by petroleum contaminants may in
fact be an exaggerated analogy to natural fluxes in
the Arctic environment, such as biomass decay,
plant inputs and the disruption of organic matter by
freeze-thaw. Similarly, the addition of nutrients may
resemble fluxes such as nutrient pulses at snowmelt
and the periodic input of animal waste products. In
many biological systems, community composition
shifts temporally in response to changing environ-
mental conditions, helping to support a greater
range of taxa in a single environment through time
(Fuhrman et al., 2006; Magurran and Henderson,
2010). Thus, the bacteria that responded positively
to diesel and nutrient inputs may have a history
of increasing in abundance with such fluxes.
Bacteria that live in variable-resource environments
have been shown to quickly process pulsed carbon
sources (Lennon and Cottingham, 2008), so resource
history could be important in predicting bioreme-
diation capacity.

Although some bacteria may be naturally adapted
to high carbon and nutrient sources, diesel contam-
ination and subsequent nutrient amendments were
shown to be significant disturbances to bacterial
communities in Arctic soils. Shannon diversity of
operational taxonomic units declined in both DSL
and DSL-MAP soils, with the greatest declines
observed in DSL-MAP soils. The addition of both
diesel and MAP appeared to have a disruptive effect
on soil microbial communities, as the average
weighted UniFrac distance between samples
increased relative to both initial and DSL soils,
and community composition was polarized depend-
ing on the soil environment. Only Actinobacteria
and the major classes of Proteobacteria represented
large proportions of the microbial community in
DSL and DSL-MAP soils, with subsequent declines
in other major phyla relative to the uncontaminated
soils, such as the Acidobacteria, Bacteroidetes and
Firmicutes. Although pH has previously been
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shown to shape phylum-level microbial community
structure in uncontaminated Arctic soils (Fierer and
Jackson, 2006; Chu et al., 2010), the effect was less
prominent in our study. This may be due to the fact
that most pH effects on community composition
have been observed at pH values of <6 (Fierer and
Jackson, 2006; Lauber et al., 2009; Chu et al., 2010),
while the lowest pH in our soils was 5.95.

Bioaugmentation, the inoculation of contaminated
soils with additional hydrocarbon-degrading micro-
organisms, has done little to increase rates of
bioremediation (for example, Thomassin-Lacroix
et al., 2002; van Herwijnen et al., 2006). This lack
of success has been blamed on a failure to consider
other environmental controls on hydrocarbon degra-
ders (Thompson et al., 2005), and is not surprising
in light of our results. Although hydrocarbon
contamination can reduce the number of bacterial
taxa in Arctic soils, there are still many that remain
active (Bell et al., 2011), and competitive interac-
tions between these remaining groups are likely to
be governed by other environmental parameters.
Our experimental setup controlled for contaminant
composition, age and concentration, and found that
differences in phylum-level community composi-
tion was best explained by soil organic matter
content, especially in DSL-MAP soils. Total carbon
was previously identified as one of several factors
that linked with community composition in hydro-
carbon-contaminated Antarctic soils, but this effect
was confounded by variability in soil contaminants
(Powell et al., 2010). In our study, organic matter
primarily affected the relative abundance of Actino-
bacteria and Proteobacteria, with Actinobacteria
dominating in soils with <10% organic matter and
Proteobacteria dominating higher-organic matter
soils. Actinobacteria have previously been linked
with low carbon concentrations by phospholipid
fatty acid analysis in temperate soils, and are
reduced when higher concentrations of carbon are
present or added (Griffiths et al., 1999; Fierer et al.,
2003). Similarly, Actinobacteria dominated at snow-
melt in an alpine tundra soil, while Gram-negative
bacteria, likely including Proteobacteria, dominated
during the growing season when plant carbon inputs
were higher (Bjork et al., 2008).

Soil resource history

Ramirez et al. (2012) recently showed that Actino-
bacteria reliably increase in abundance across
nitrogen gradients and environments in response
to nitrogen inputs, and suggest that the Actinobac-
teria may represent a copiotrophic group. However,
our observation of dominant Actinobacteria popula-
tions in low-organic matter soils suggests that this
may not be the case. It has been suggested that fast-
growing copiotrophic microorganisms that primar-
ily use labile carbon sources are likely to most
rapidly and positively respond to nutrient inputs
(Ramirez et al., 2012), and that intrinsic growth rate



is the main factor leading to success following
disturbance (Haddad et al., 2008). However, we
show that positive response to nutrient addition in
the presence of hydrocarbon contaminants is not
limited to specific groups, but that different bacter-
ial taxa are favoured depending on environmental
factors, in this case, organic matter content. Copio-
trophs are expected to outcompete oligotrophs in
the presence of abundant resources (Fierer et al.,
2007), so the fact that Proteobacteria and Actino-
bacteria respond positively to carbon and nutrient
inputs in different soil environments suggests
that they have either separately adopted the
copiotrophic life strategy, or that each has capita-
lized on reduced competition following soil
disturbance. Fierer et al. (2007) suggest that copio-
trophism may be a fixed characteristic of bacterial
phyla, in which case the latter hypothesis appears
more probable.

Degradation in DSL-MAP soils correlated linearly
and positively with organic matter, water content
and total nitrogen, while degradation in DSL soils
was not linearly related to any of the environmental
variables that we examined. Despite the fact that low
water content has previously been correlated with
ineffective nutrient stimulation of degradation
(Walworth et al.,, 1997), we observed successful
stimulation in soils with water contents as low as
1.88%. It was interesting to note that higher total
nitrogen content in soils indicated higher degrada-
tion in the presence of added nutrients, which
suggests that microorganisms that are adapted to
using nitrogen naturally may more effectively use
nitrogen additives. Historical resource regimes in
soils have been shown to affect future microbial
function, suggesting that evolved community adap-
tations are important even in the face of a changing
soil environment (Keiser et al., 2011). Similarly,
microbial communities that have evolved in high-
organic matter environments may be better adapted
to quickly process added diesel.

When microbial communities were inoculated
into new litter environments, the resource regimes
under which they had historically evolved affected
decomposition rates, but these communities became
more effective at decomposing particular substrates
following successive 100-day exposures (Keiser
et al., 2011). As hydrocarbon contaminants can
persist in Arctic soils (Atlas, 1986), exposure to the
contaminant may be so prolonged that the resource
history of the microbial communities before con-
tamination may no longer be relevant. Metagenomic
analysis of a site that had experienced chronic
heavy-metal contamination over several decades
showed that the microbial community had simpli-
fied significantly, both in terms of functional
potential and taxonomic diversity (Hemme et al.,
2010). Further studies of extended hydrocarbon
contamination will help in determining how impor-
tant it is to consider microbial resource history
when designing bioremediation treatments.
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Predictability of hydrocarbon degradation in Arctic
soils

We found bacterial diversity in the initial soils to be
predictive of degradation in DSL-MAP soils, but not
in DSL soils. Traditionally, the debate of how
diversity influences productivity centers around
the theories of sampling effect and niche comple-
mentarity; essentially whether the selection of a
single efficient organism or a group of complemen-
tary organisms are responsible for a given function
(Bell et al., 2005; Fargione et al., 2007). Interestingly,
diversity in DSL-MAP soils was not related to
degradation, suggesting that diversity may be
important in the initial selection of organisms, but
less important for actual hydrocarbon degradation.
Other recent studies have also shown that the
diversity-function relationship depends on the
function being considered, and that in some cases,
the presence of specific taxa is more important than
actual diversity (Salles et al., 2009; Peter et al.,
2011). Most of the major taxonomic groups were
present in all soils, so it may be that evenness
increased the number of groups that could poten-
tially respond to nutrient addition, as the presence
of dominant bacterial taxa can sometimes limit the
establishment of other bacteria (Heczko et al., 2000).

We were also able to link specific taxonomic
assemblages with diesel degradation. Although a
number of taxa correlated significantly with degra-
dation in both DSL and DSL-MAP soils, groupings
of Betaproteobacteria were the best predictor of
degradation across all soils. When the proportion of
Betaproteobacteria consisting of Burkholderiaceae,
Oxalobacteraceae and Nitrosomonadaceae in the
initial undisturbed Arctic soils was high, hydro-
carbon degradation could be expected to proceed
well without treatment, while the opposite was true
when mostly Burkholderiales inc. sed., Comamona-
daceae and Rhodocyclaceae were present. Members
of most of these families are known to be capable of
degrading hydrocarbons (Pepi et al., 2003; Castorena
et al., 2006; Owsianiak et al., 2009; Mbadinga et al.,
2011), so it was interesting that the relative
abundance of these assemblages in contaminated
soils did not correlate with degradation. Instead,
they likely identify an initial soil parameter that is
important for hydrocarbon degradation, such as
moderate pH.

In contrast to this was the relationship between
Betaproteobacteria and hydrocarbon degradation in
DSL-MAP soils. The abundance of specific Beta-
proteobacteria families in initial soils was predic-
tive of degradation in DSL soils, but not degradation
in DSL-MAP soils. However, the relative abundance
of Betaproteobacteria after incubation in DSL-MAP
soils was strongly and positively related to degrada-
tion, suggesting a potentially important active role
for this group. In a study that aimed to determine
optimal bioremediation cultures for diesel degrada-
tion using microautoradiography, Betaproteobac-
teria represented over half of radioactively labeled
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cells (Hesselsoe et al., 2008), and Betaproteobacteria
have previously been shown to be positively
correlated with carbon mineralization across a range
of soils (Fierer et al., 2007), suggesting that this
correlation could represent a functional relation-
ship. Despite the fact that key genes involved in
hydrocarbon degradation are located on mobile
elements and can potentially be exchanged between
taxa (Whyte et al., 1997, Ma et al., 2006), it appears
that certain taxa may be more efficient at petroleum
degradation than others. The apparent discrepancy
between the active role for Betaproteobacteria in
nutrient-amended but not unamended contami-
nated soils suggests that its effectiveness as a
degrader may be dependent on sufficiently available
nutrients. If Betaproteobacteria can be confirmed as
the most efficient petroleum degraders in nutrient-
amended soils, future approaches to bioremediation
should attempt to favor this group, or limit the
growth of competing taxa that may hinder its
success.

Conclusions

As petroleum contamination is increasingly likely
throughout the Arctic, it is important to understand
the factors that will shape petroleum hydrocarbon-
degrading microbial communities, as well as rates of
contaminant degradation in soils with different
physicochemical characteristics. Despite the appar-
ent geographic isolation between the soils used in
our study, we observed consistent microbial com-
munity shifts when both diesel and nutrients were
added, towards Actinobacteria dominance in low-
organic matter soils and Proteobacteria dominance
in high-organic matter soils. Bioremediation poten-
tial was also predictable across soils, based on the
initial 16S rRNA gene diversity or Betaproteobac-
teria composition of uncontaminated soils. In addi-
tion, total Betaproteobacteria abundance was
correlated with effective degradation in the presence
of nutrient amendments, suggesting that this may be
an important taxonomic group to stimulate. Site-
specific assessments of bioremediation potential are
expensive and time-consuming (Dorn and Salanitro,
2000), so predictability will be invaluable in
responding to future contamination events. As the
concentration, age and composition of petroleum
contaminants at affected sites is highly variable,
future work should aim to identify how consistently
these patterns apply, especially in soils with aged
contaminants in which the original resource history
of soils may no longer be relevant or available for
study.
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