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The Athabasca oil sands deposit is the largest reservoir of crude bitumen in the world. Recently, the soaring demand for oil and
the availability of modern bitumen extraction technology have heightened exploitation of this reservoir and the potential unin-
tended consequences of pollution in the Athabasca River. The main objective of the present study was to evaluate the potential
impacts of oil sands mining on neighboring aquatic microbial community structure. Microbial communities were sampled from
sediments in the Athabasca River and its tributaries as well as in oil sands tailings ponds. Bacterial and archaeal 16S rRNA genes
were amplified and sequenced using next-generation sequencing technology (454 and Ion Torrent). Sediments were also ana-
lyzed for a variety of chemical and physical characteristics. Microbial communities in the fine tailings of the tailings ponds were
strikingly distinct from those in the Athabasca River and tributary sediments. Microbial communities in sediments taken close
to tailings ponds were more similar to those in the fine tailings of the tailings ponds than to the ones from sediments further
away. Additionally, bacterial diversity was significantly lower in tailings pond sediments. Several taxonomic groups of Bacteria
and Archaea showed significant correlations with the concentrations of different contaminants, highlighting their potential as
bioindicators. We also extensively validated Ion Torrent sequencing in the context of environmental studies by comparing Ion
Torrent and 454 data sets and by analyzing control samples.

Bituminous sands, or oil sands, are unconventional petroleum
deposits where bitumen, a dense and extremely viscous form

of petroleum, is found in combination with sand, clay, and water.
One of the largest bitumen reservoirs, the Athabasca oil sands, is
located in northeastern Alberta, Canada, along the Athabasca
River. Here, hydrocarbons and associated contaminants occur
naturally or anthropogenically. Erosion or groundwater mixing
by the Athabasca River and its tributaries (e.g., the Ells River,
Steepbank Creek, and Firebag Creek) as they pass through the
Athabasca oil sands is responsible for the natural contamination
of local aquatic ecosystems (14). With rising gas prices and tech-
nological advances, oil sands reserves can now be profitably ex-
tracted and upgraded to usable products. Oil sands mining oper-
ations in northern Alberta produce over 1.31 million barrels of oil
per day, which is expected to rise to 3 million barrels per day by
2018 (http://www.energy.gov.ab.ca/OilSands/oilsands.asp). Ob-
viously, an industrial operation of this scale will have environ-
mental impacts. Environmental impacts, however, are difficult to
evaluate, since natural bitumen erosion in the Athabasca River
and its tributaries also leads to high levels of hydrocarbon-associ-
ated compounds in water and sediments. Although naphthenic
acids (NAs) are seen as one of the most important chemical indi-
cators of potential downstream anthropogenic effects (10, 35),
they are difficult to measure and can occur naturally. An alterna-
tive to chemical indicators would be the use of microorganisms as
bioindicators to track this pollution. Benthic microorganisms in-
habiting river sediments are ideal for this purpose since they are
frequently encountered and constantly exposed to the pollutants.
Aquatic microbial communities are also highly sensitive to pollut-
ants, even at very low concentrations (22–25, 46, 47), and as such,
they are useful biological indicators of pollution.

Oil sands mining uses large quantities of water during the ex-

traction process (up to 2,000 liters for each barrel of bitumen [6]),
and this process water contains polycyclic aromatic hydrocarbons
(PAHs) and NAs (18). Mining also produces large amounts of
tailings, which consist of sand, clay, organics, and residual bitu-
men. Oil sands companies in Alberta operate under a zero-dis-
charge policy, such that tailings are accumulated in settling basins.
These basins currently contain over 840 million m3 of tailings
(http://www.ercb.ca). To reduce water intake, most of the water
used for bitumen extraction is recycled from the settling basins,
further concentrating contaminants. Oil sands tailings ponds,
therefore, are considered a major potential threat. Water in the
tailings ponds has been shown to be toxic to a variety of organ-
isms, including birds, fish, amphibians, and plants (5, 9, 27, 31).
Of concern is the hydraulic connectivity between the ponds
(which are often above grade, setting up a hydraulic head) and the
at-grade or subsurface natural water bodies (see reference 17).
Other environmental risks include atmospheric release of various
trace elements and PAHs and their subsequent deposition in the
Athabasca watershed following upgrading of bitumen to crude oil
(20, 20a). Although the effects of oil sands mining on various
macroorganisms are well documented, evidence on potential ef-
fects on aquatic microorganisms is scarce, other than the few stud-
ies that reported the toxicity of NAs to Bacteria and algae (14, 16).
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Microorganisms, which form the base of the food web in aquatic
ecosystems, are key players in biogeochemical cycles. Accordingly,
their response to pollution could have disproportionate impacts
on biodiversity and ecosystem functioning. It is therefore crucial
to understand their responses if the environment is to be pro-
tected or reclaimed.

For some time it has been known that microorganisms of the
Athabasca River watershed have the potential to degrade compo-
nents of bitumen (43, 44) and NAs (6), suggesting that indigenous
microbial communities have the potential to remediate oil sands
tailings. Complete remediation and reclamation of tailings ponds,
however, are challenging and proceed slowly. This protracted pro-
cess is mainly due to the low settling rates of the fine tailings and to
the recalcitrance of NAs and the lower degradation efficiency of
organic contaminants under anaerobic condition typically en-
countered in tailings ponds. New methods currently being devel-
oped might help speed up this process (14, 30). Still, without an
in-depth knowledge of the microbial communities inhabiting the
tailings ponds and the neighboring natural environments, it
would be difficult to develop and evaluate effective bioremedia-
tion strategies.

The present study had three main objectives: (i) to evaluate the
possible ecological impact of oil sands mining on microbial com-
munity structure in the oil sands mining region, (ii) to identify a
set of microbial indicator taxa that might be used as indicators of
oil sands-related pollution in natural environments, and (iii) to
evaluate the accuracy, reliability, and usefulness of Ion Torrent
sequencing for environmental microbiology studies. We therefore
compared microbial communities in the fine tailings of two tail-
ings ponds with sediments from sites in the Athabasca River and
selected tributary (Firebag Creek, Steepbank Creek, and Ells
River) sediments. Bacterial and archaeal communities were char-
acterized using next-generation sequencing of 16S rRNA gene
amplicons.

MATERIALS AND METHODS
Sampling sites. The Athabasca River stretches 1,231 kilometers from the
Athabasca Glacier in west-central Alberta to Lake Athabasca in northeast-
ern Alberta. Annual mean discharge downstream of Fort McMurray is 619
cubic meters per second with a maximum of 1,010 cubic meters per sec-
ond (http://www.ec.gc.ca/eau-water/, station 07DA001; accessed 12 Oc-
tober 2011). The direction of the flow near Fort McMurray is from the
south to the north. A single large 10-kg sample was taken from each of the
following sites (17 samples): five sampling sites were chosen on the Atha-
basca River, including a reference site near Fort McMurray, upstream of
the oil sands mining activities (AR); a site near the Northland Sawmill,
close to mining activities (NSM); a site near Suncor mining activities
(DSU); a site near the mouth of the Muskeg River, downstream of the
mining activities (MSK); and finally, a site near the mouth of the Ells
River, about 25 km downstream of the mining activities (AER). Nine
other sampling sites were chosen in three of the Athabasca tributaries:
upper (EU), middle (EM), and lower (EL) Ells River (slightly affected by
mining activities); upper (FU), middle (FM), and lower (FL) Firebag
Creek (not affected by mining activities); and upper (SU), middle (SM),
and lower (SL) Steepbank Creek (strongly affected by mining activities).
Three samples were taken from oil sands tailings ponds: sample SY1A was
taken from the Mildred Lake settling basin at about the midpoint adjacent
to the east shore, and sample SY1B was taken parallel to the east shore but
further south in the basin. These positions are on a line transect that
includes sites sampled by Penner and Foght (29). The third sample (Sun-
cor 8A, sample SU3) was retrieved from a tailings pond adjacent to the
Athabasca River which was considered full by 2006 and in the process of

being transformed into a fine tailings drying site by 2010. The bottom of
the tailings ponds consists of sand, silt, and clay fractions along with some
bitumen in contact with overlying waters. Although it is reasonable to
consider the geological materials in a tailings pond to be sediment, par-
ticularly given that in the region natural stream beds may essentially be
bitumen, we note that the tailings being sampled are often referred to as
mature fine tailings (MFTs). For simplicity’s sake, all samples will further
be referred to as “sediment.” See Fig. 1 for a map of the sampling sites and
Table 1 for a description and the coordinates of the sampling sites.

Sediment sampling and physicochemical analyses. Sampling was
carried out between 22 September 2010 and 24 September 2010. At the
moment of sampling, the water temperature was 6.5°C. Sediment samples
from the Athabasca River and its tributaries were obtained using a stain-
less steel shovel from shore in less than 1 m of water, while the sediment
samples from the tailings ponds were obtained using a long-handled
scoop in 1 to 2 m of water. Sediment samples were collected and trans-
ferred to plastic bags; excess water was removed, although residual water
content was retained. The bags were then closed and placed in plastic pails
for transport. Samples were transported in coolers to the laboratory
within 48 h, kept at 4°C, and subsampled for analyses within 10 days.
Analysis of naphthenic acids in sediment and water matrices was carried
out using liquid chromatography-mass spectrometry (LC-MS-MS) (15).
Total petroleum hydrocarbons and polyaromatic hydrocarbons were de-
termined for water and sediments using capillary gas chromatography
coupled with flame ionization detection (GC-FID) and gas chromatogra-
phy-mass spectrometry (GC-MS) (13, 38–40). Other sediment and water
chemistry data were derived following standard methods for analyses (7).

DNA extraction and PCR amplification. DNA was extracted from 10
g of sediment using a PowerMax soil DNA isolation kit (MoBio, Carlsbad,

FIG 1 Sampling site locations. AR, Athabasca reference site; NSM, Northland
Sawmill; DSU, downstream Suncor; MSK, Muskeg River; AER, mouth of Ells
River; EU, EM, and EL, upper, middle, and lower Ells River, respectively; FU,
FM, and FL, upper, middle, and lower Firebag Creek, respectively; SU, SM, and
SL, upper, middle, and lower Steepbank Creek, respectively; SY1A and SY1B,
Syncrude tailings ponds; SU3, Suncor tailings pond. (Template map source:
Natural Resources Canada.)
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CA). Amplification for 454 and for Ion Torrent sequencing was carried
out using the Fusion protocol. For 454 sequencing, bacterial 16S rRNA
gene amplification was carried out as described by Bell et al. (1) using the
forward primer Univ-9F (5=-GAG TTT GAT YMT GGC TC-3=) and the
reverse primer BR534/18 (5=-ATT ACC GCG GCT GCT GGC-3=) (42)
that were linked to Roche 454 adapters and the multiplex identifiers listed
in Table S1 in the supplemental material. For Archaea 16S rRNA gene
amplification, we used the following primers: forward primer 5=-CCA
TCT CAT CCC TGC GTG TCT CCG ACT CAG XXX XXX XXX XAA
TTG GAN TCA ACG CCG G-3=, first reverse primer 5=-CCT CTC TAT
GGG CAG TCG GTG ATC GRC GGC CAT GCA CCW C-3=, and second
reverse primer 5=-CCT CTC TAT GGG CAG TCG GTG ATC GRC RGC
CAT GYA CCW C-3=, where the Xs represent the sample-specific multi-
plex identifier (listed in Table S1 in the supplemental material), the un-
derlined sequences represent the template-specific sequences (958arcF,
1048arcRmajor, and 1048arcRminor, respectively, from reference 8), and
the remaining sequence is the Ion Torrent adapter A (forward) and
adapter trP1 (reverse). The two reverse primers were mixed in an equimo-
lar ratio and used as the reverse primer in PCR. Reactions were carried out
in 25-�l volumes containing 2 �l of template DNA, a 0.5 �M concentra-
tion of each primer, and 12.5 �l of KAPA2G Robust HotStart ReadyMix
(KAPA Biosystems, Woburn, MA). Cycling conditions involved an initial
5-min denaturing step at 95°C, followed by 35 cycles of 30 s at 95°C, 30 s
at 57°C, and 45 s at 72°C and a final elongation step of 10 min at 72°C. For
Ion Torrent bacterial 16S rRNA sequencing, we carried out amplification
using the forward primer BSF343/15 (5=-TAC GGR AGG CAG CAG-3=)
and the reverse primer BR534/18 linked to the Ion Torrent adapters de-
scribed above and the multiplex identifier (MID) listed in Table S1 in the
supplemental material. We could not use the same primers for bacterial

454 and Ion Torrent sequencing, as the size of the fragments that can be
amplified during the emulsion PCR step of the Ion Torrent library prep-
aration is currently limited to �330 bp. Therefore, to minimize the am-
plification biases and maximize comparative power, amplifications were
carried out on diluted amplicons that were used for bacterial 454 sequenc-
ing. Reactions were performed in 25-�l volumes containing 1 �l of tem-
plate DNA, a 0.3 �M concentration of each primer, 0.4 mg/ml of bovine
serum albumin, 0.2 mM deoxynucleoside triphosphates, and 0.05 U/�l of
rTaq DNA polymerase (GE Healthcare, Baie d’Urfé, Canada). Cycling
conditions involved an initial 5-min denaturing step at 95°C, followed by
25 cycles of 30 s at 95°C, 30 s at 55°C, and 45 s at 72°C and a final elonga-
tion step of 3 min at 72°C. All PCR products were purified on agarose gels
using a QIAquick gel extraction kit (Qiagen, Valencia, CA) and quantified
using a PicoGreen double-stranded DNA quantitation assay (Invitrogen,
Carlsbad, CA). For each sequencing run, all the 17 amplification products
from the different samples were pooled in an equimolar ratio, resulting in
three pools (two for Bacteria and one for Archaea).

16S rRNA gene amplicon sequencing. Bacterial 16S rRNA gene am-
plicons were sequenced on 1/4 of a plate using Roche 454 sequencing
technology with FLX chemistry at the DNA Sequencing Facility of the
University of Pennsylvania. Bacterial and archaeal 16S rRNA gene ampli-
cons were sequenced in-house. A total of 3.50 � 107 molecules were used
in an emulsion PCR using an Ion OneTouch 200 template kit (Life Tech-
nologies) and OneTouch and OneTouch ES instruments (Life Technolo-
gies, Carlsbad, CA) according to the manufacturer’s protocol. The se-
quencing of the pooled library was performed using an Ion Torrent
personal genome machine (PGM) system and a 314 chip (Archaea) or 316
chip (Bacteria) with the Ion Sequencing 200 kit according to the manu-
facturer’s protocol. The bacterial 454 data set was used for most analyses,

TABLE 1 Description, location, and physical characteristics of sediments from the Athabasca River, tributaries, and tailings ponds

Sample Description Latitude Longitude
Distance to nearest
pond (km)

Nearest pond
sample

%

Clay Silt Sand

AR Athabasca reference site 56.72 111.40 19.41 SU3 19.8 12.0 68.2
NSM Athabasca, near mining

activities
56.87 111.44 4.69 SU3 29.4 26.0 44.1

DSU Athabasca, near mining
activities

57.06 111.52 6.90 SY1B 18.6 9.2 72.2

MSK Athabasca, downstream of the
mining activities

57.12 111.60 5.30 SY1A 28.4 18.9 52.8

AER Athabasca, 25 km downstream
of the mining activities

57.31 111.67 25.41 SY1A 33.3 22.1 44.6

SU Tributary, strongly affected by
mining

56.86 111.13 16.16 SU3 1.8 36.7 61.4

SM Tributary, strongly affected by
mining

56.99 111.34 10.69 SU3 21.0 23.1 55.9

SL Tributary, strongly affected by
mining

57.02 111.47 10.80 SY1B 29.2 38.5 32.3

EU Tributary, slightly affected by
mining

57.23 111.89 22.69 SY1A 38.1 39.5 22.3

EM Tributary, slightly affected by
mining

57.24 111.77 19.41 SY1A 10.9 61.0 28.1

EL Tributary, slightly affected by
mining

57.26 111.72 21.12 SY1A 3.8 19.3 76.9

FU Tributary, not affected by
mining

57.34 110.48 73.15 SU3 0.1 10.2 89.7

FM Tributary, not affected by
mining

57.44 110.89 59.67 SY1A 2.3 56.0 41.7

FL Tributary, not affected by
mining

57.52 111.11 57.75 SY1A 0.1 24.7 75.1

SU3 Tailings pond 56.90 111.38 0.00 30.1 15.6 54.3
SY1A Tailings pond 57.08 111.64 0.00 27.6 15.1 57.3
SY1B Tailings pond 57.07 111.63 0.00 57.1 34.8 8.1
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while the Ion Torrent bacterial data set was used to confirm the reliability
of Ion Torrent sequencing of 16S rRNA gene amplicons. To evaluate the
classification accuracy for Ion Torrent data, we added a positive control in
the PCRs that was carried through the whole process, up to classification
in the RDP database (see below). The positive control was genomic DNA
extracted from a strain of Methanobrevibacter smithii (for Archaea) and an
Alkanindiges sp. (for Bacteria). Amplicons from these positive controls
were mixed with amplicons from environmental samples before sequenc-
ing, using 10 times fewer molecules than the amount used for environ-
mental samples.

Escherichia coli DH10B resequencing. Escherichia coli DH10B was
sequenced using the Ion Control Materials 100 kit on a 314 chip, following
the manufacturer’s instructions. The quality metrics used were derived
from the automated analysis carried out by the Torrent Suite (version
2.2).

Bioinformatic analyses. The 16S rRNA gene amplicons were mostly
treated using the RDP Pyrosequencing pipeline (http://pyro.cme.msu
.edu/) (Bacteria) or a local Perl implementation of it (Archaea). For Bac-
teria, sequences having an average quality under 20 (45), having uniden-
tified bases (Ns), not exactly matching the MID sequence, or being shorter
than 100 bp were discarded. For Archaea, sequences having an average
quality under 17, having Ns, not exactly matching the MID sequence, or
being shorter than 75 bp were discarded. Following this filtering, the 454
Bacteria data set comprised 460,535 reads of an average of 222 bp for a
total of 102 Mbp, the Ion Torrent Bacteria data set comprised 738,123
reads of an average of 173 bp for a total of 125 Mbp, and the Ion Torrent
Archaea data set comprised 5,736 reads of an average of 101 bp for a total
of 579 kbp. Remaining sequences were then submitted to the RDP classi-
fier using a 0.5 bootstrap cutoff, as recommended for short sequences (4).
For Bacteria, sequences matching plant plastids were removed from the
data set and not taken into consideration in further analyses. For opera-
tional taxonomic unit (OTU) calculations, flowgrams from sff files were
denoised and clustered using AmpliconNoise (32). Some parameters were
adjusted for Archaea to meet the specifications of the Ion Torrent PGM,
mainly the nonrepetitive flow order. Before performing AmpliconNoise
calculations, data sets were normalized by randomly selecting 25,000 se-
quences for Bacteria and 700 sequences for Archaea. A 97% similarity
cutoff was used, but similar trends in diversity were observed at lower
cutoff values. Weighted-normalized Unifrac distances between each sam-

ple pair were calculated using the FastUnifrac website (12), based on the
GreenGene core data set.

Statistical analyses. Canonical correspondence analyses (CCA) were
carried out in Canoco for Windows (version 4.5), with phylum/class data
entered as supplementary variables (not included in the calculation of the
ordination). All other statistical analyses were carried out in R (The R
Foundation for Statistical Computing, Vienna, Austria). Pearson (r) and
Spearman rank-order (rs) correlations were carried out using the cor.test
function. Principal coordinate analyses (PCoA) were carried out using the
cmdcsale function. Mantel tests based on Spearman correlations were
performed using the mantel function, while the permANOVA program
was performed using the adonis function of the vegan package. Geo-
graphic distances between sampling sites were derived from Global Posi-
tioning System (GPS) coordinates using the earth.dist function of the
fossil package.

Nucleotide sequence accession numbers. Sequence data were depos-
ited in the NCBI Sequence Read Archive under accession number
SRA057084.

RESULTS
Sediment physicochemical analyses. We assessed the following
variables: loss on ignition (LOI; percent organic matter), sediment
granulometry, total petroleum hydrocarbons (TPHs), total
straight-chain hydrocarbons (TSHs), total aromatic hydrocar-
bons (TAHs), naphthenic acids (NAs), and the sum of the 16 U.S.
Environmental Protection Agency priority polycyclic aromatic
hydrocarbons (EPA-PAHs; sum of naphthalene, acenaphthylene,
acenaphthene, fluorene, phenanthrene, anthracene, fluoran-
thene, pyrene, benz[a]anthracene, chrysene, benzo[b]fluoran-
thene, benzo[k]fluoranthene, benzo[a]pyrene, dibenz[a,h]an-
thracene, benzo[ghi]perylene, and indeno[1,2,3-cd]pyrene). For
TPHs, TSHs, TAHs, NAs, and EPA-PAHs, the values were much
higher in tailings pond sediments than the other sampled sedi-
ments (Table 2). Concomitant higher organic matter in tailings
pond sediments, except for the SY1A sample (Table 2), was also
noted. The sediment clay percentage, TAHs, and EPA-PAHs were
negatively correlated to distance from the closest tailings pond

TABLE 2 Chemical characteristics and bacterial and archaeal OTUs for sediments from the Athabasca River, tributaries, and tailings pondsa

Sample
Bacteria
OTU

Archaea
OTU LOI (%)

TPH concn
(�g/g)

TSH concn
(�g/g)

TAH concn
(�g/g)

NA concn
(mg/liter)

EPA-PAH concn
(ng/g)

AR 2132 611 2.1 251 104 147 ND 1,176
NSM 1971 628 2.2 105 52 53 1 189
DSU 2067 582 1.4 69 33 36 ND 128
MSK 2296 627 2.4 340 157 183 1 498
AER 2381 640 2.3 397 170 227 3 762
SU 1778 563 5.5 121 53 69 4 82
SM 1774 505 3.7 840 420 420 0 5,854
SL 1589 590 4.3 3,880 1,948 1,932 3 9,210
EU 1616 592 3.2 66 35 31 1 219
EM 2177 647 1.1 140 70 70 3 434
EL 1838 545 2.2 2,792 1,638 1,154 4 9,497
FU 2052 636 2.5 34 20 15 1 36
FM 1746 624 13.0 129 87 42 1 89
FL 1954 572 5.0 1,995 978 1,018 3 854
SU3 1254 471 56.7 254,540 111,128 143,412 6 970,169
SY1A 239 549 3.5 36,200 15,900 20,300 14 176,972
SY1B 442 585 15.9 113,374 52,483 60,891 16 600,198
a OTUs at 97% similarity. LOI, loss on ignition (total organic carbon); TPHs, total petroleum hydrocarbons; TSHs, total straight-chain hydrocarbons; TAHs, total aromatic
hydrocarbons; NAs, naphthenic acids; EPA-PAHs, sum of the U.S. Environmental Protection Agency 16 priority polycyclic aromatic hydrocarbons (naphthalene, acenaphthylene,
acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene, pyrene, benz[a]anthracene, chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene,
dibenz[a,h]anthracene, benzo[ghi]perylene, indeno[1,2,3-cd]pyrene); ND, not determined
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(rs � �0.548, P � 0.023; rs � �0.526, P � 0.030; and rs � �0.523,
P � 0.031, respectively), indicating that these variables had higher
values in ponds and in sediments found closer to the tailings
ponds.

Microbial community composition and diversity. The bacte-
rial 454 data set was used for most of the analyses, while the utility
of Ion Torrent sequencing was verified by comparing the 454 and
Ion Torrent data sets. The relative abundance at the phylum level
varied considerably across the different samples (Fig. 2; see Table
S2 in the supplemental material). The largest differences were be-
tween the tailings ponds (especially the Syncrude ponds) and the
rest of the samples. For all samples, Proteobacteria was the domi-
nant phylum, with Alphaproteobacteria and Betaproteobacteria be-
ing the most dominant classes within that phylum, with the ex-
ception of samples SL and EU, where Deltaproteobacteria
dominated (Fig. 2). Bacteroidetes, Firmicutes, and Chloroflexi were
also relatively abundant, but with large sample-to-sample varia-
tion (Fig. 2). At this level, no clear grouping of the samples could
be observed relative to the sampling location (tributaries versus
Athabasca River). Further illustrating the large differences be-
tween the tailings ponds and the river sediments, canonical corre-
spondence analysis (CCA) based on genus-level information re-

vealed a clear separation of the Syncrude tailings ponds from all
the other samples on the first ordination axis of the plot (Fig. 3).
Similar results were obtained by principal coordinate analysis
(PCoA) based on Unifrac distances (see Fig. S1 in the supplemen-
tal material). This separation was explained by higher clay, NA,
PAH, TPH, TSH, and TAH content. The Syncrude samples had
relatively more Betaproteobacteria, Epsilonproteobacteria, and Del-
taproteobacteria and relatively less of all other groups (Fig. 3). This
relative increase in Betaproteobacteria and Deltaproteobacteria was
primarily due to three taxa, Rhodoferax, Thiobacillus, and Smith-
ella, which dominated in the Syncrude tailings ponds sediments
but were at a lower relative abundance in the other samples (see
Table S3 in the supplemental material). When tailings pond sed-
iments were removed and analyses were rerun, sediment samples
from the Athabasca River grouped together on the left side of the
ordination plot, while all tributary sediment samples grouped on
the right side. No other clear grouping, however, was observed
(not shown). Bacterial diversity was significantly lower (one-way
Kruskal-Wallis rank sum test, P � 0.01759) in the tailings ponds
than in the Athabasca River sediments (Table 2). Tributary sedi-
ments harbored intermediate bacterial diversity, being lower in
the Steepbank Creek sediments and in the upper Ells River sedi-

FIG 2 Community composition of Bacteria (derived from 454 sequencing) and Archaea (derived from Ion Torrent sequencing) for sediment samples of oil sands
tailings ponds and of the Athabasca River and its tributaries. Refer to the legend of Fig. 1 for sample abbreviations. Others for Bacteria are OD1, BRC1,
Deferribacteres, Fusobacteria, Caldiserica, TM7, Spirochaetes, Thermotogae, Nitrospira, Gemmatimonadetes, Chlorobi, Deinococcus-Thermus, Synergistetes, WS3,
Planctomycetes, Tenericutes, OP11, Fibrobacteres, OP10, Lentisphaerae, Chlamydiae, and SR1. Others for Archaea are Methanosalsum, Caldisphaera, Methermi-
coccus, and Methanomethylovorans.
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ments (Table 2). In the Athabasca River, sediments taken closest
to the mining activities (NSM and DSU) showed the lowest diver-
sity. The number of bacterial OTUs (97% similarity) was signifi-
cantly correlated with LOI and TSHs (rs � �0.733, P � 0.00081
and rs � �0.525, P � 0.033, respectively).

The archaeal community was mainly composed of Euryar-
chaeota at the phylum level (58 to 100% of classified hits). The
Syncrude tailings ponds were almost or completely devoid of Cre-
narchaeota (0 to 2.8%), while the remaining samples had relatively
more (2.6 to 42%). Only 15 different archaeal genera could be
identified, with most belonging to the Methanomicrobia class of

the Euryarchaeota (Fig. 2). Two genera, Methanoculleus and
Methanolinea, were observed exclusively in the SY1B sample,
while Methanobacterium, although absent from the three tailings
ponds, was present in almost all other samples (Fig. 2). Methano-
sarcina was absent from the two Syncrude tailings pond samples
but present in all other samples (Fig. 2). CCA based on genus-level
data resulted in a clear separation of the samples from the Syn-
crude tailings ponds from all other sediment samples (Fig. 3).
Similar results were obtained by PCoA based on Unifrac distances
(see Fig. S2 in the supplemental material). This separation was
explained by higher clay, NA, PAH, TPH, TSH, and TAH content,
which resulted in these samples having relatively more Methano-
brevibacter, Methanocorpusculum, Methanoculleus, and Methano-
linea and relatively fewer of the other groups (Fig. 3). Removing
tailings ponds samples and rerunning the analyses did not result in
clear clustering of samples (not shown). Archaeal diversity was
relatively uniform across samples, and no significant differences
were observed between tailings ponds, tributaries, and the Atha-
basca River sites (Table 2). The lowest archaeal diversity was ob-
served in the Suncor tailings pond (SU3), and the highest was
observed in the middle Ells River (EM) (Table 2). The number of
archaeal OTUs (97% similarity) was significantly correlated with
TPHs, TSHs, TAHs, and EPA-PAHs (rs � �0.539, P � 0.028; rs �
�0.544, P � 0.026; rs � �0.551, P � 0.024; and rs � �0.544, P �
0.026, respectively).

Relationships with physicochemical and spatial data. Per-
mANOVA was used to test for significant relationships between
physicochemical data and bacterial and archaeal community
structure (Unifrac distances). We found similar relationships for
Bacteria and Archaea, with clay and naphthenic acids having sig-
nificant influences on the community structure (Bacteria clay, F �
2.96, P � 0.012; Bacteria NAs, F � 9.29, P � 0.001; Archaea clay,
F � 3.06, P � 0.018; Archaea NAs, F � 6.74, P � 0.007). Naph-
thenic acids had the strongest influence (highest F ratio), followed
by clay. None of the other variables significantly influenced the
community structure. We also tested for correlations between
bacterial and archaeal diversity and physicochemical variables.
Bacterial diversity was negatively correlated to LOI and TSH (rs �
�0.733, P � 0.00081 and rs � �0.525, P � 0.033, respectively),
whereas archaeal diversity was negatively correlated to TPHs,
TSHs, TAHs, and EPA-PAHs (rs � �0.539, P � 0.028; rs �
�0.544, P � 0.026; rs � �0.551, P � 0.024; and rs � �0.544, P �
0.026, respectively).

We found a significant relationship between bacterial and ar-
chaeal community composition and proximity to the tailings
ponds, when proximity was defined as a distance of less than 10
km. This relationship was observed at the phylum and genus lev-
els, as well as for the Unifrac distances calculated from sequence
similarity. This observation indicates that the microbial commu-
nities from samples taken less than 10 km away from the tailing
ponds are more similar to each other and to the tailings ponds
communities than to the microbial communities of samples taken
more than 10 km away. In contrast, this relationship was no longer
significant when defining proximity as less than 25 km from the
ponds, suggesting that the tailings ponds effect is highly localized.
This effect is illustrated in Fig. 4, where the average Unifrac dis-
tance between a river or tributary sample and the closest tailings
ponds is lower (indicating higher similarity) for samples taken less
than 15 km away from the ponds than for samples taken 15 to 30
km or more than 30 km away from them. Although these differ-

FIG 3 Canonical correspondence analysis of the community structure of Bac-
teria (derived from 454 sequencing) and Archaea (derived from Ion Torrent
sequencing) based on the relative abundance of the genera. Red arrows, envi-
ronmental variables; black arrows, phylum/class relative abundance (entered
as supplementary variables); black dots, samples; green triangles, individual
genera. Refer to the legend of Fig. 1 for sample abbreviations.
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ences were not significant because of the small number of samples
in each class, this suggests that samples taken less than 15 km away
from a tailings pond have microbial communities that are more
similar to the ones inhabiting the tailings ponds sediments than
samples taken further away.

There was no correlation between geographic distance and
similarity between microbial communities at any taxonomic level.
This analysis is based purely on geographic distance derived from
the GPS coordinates of the sampling sites (flying distance), and it
indicates that the communities are not gradually getting more
different with increasing distance. There were no significant cor-
relations between bacterial or archaeal diversity and the geo-
graphic distance to the nearest tailings pond.

Potential indicator phyla/genera. In order to highlight indi-
vidual bacterial phyla/classes and archaeal genera that could be
used as bioindicators, we carried out correlation analyses with
sediment chemical data. Spearman (monotonous) correlations
were carried out because the large differences in most physico-
chemical parameters between the tailings ponds and the river sed-
iments would have produced spurious Pearson (linear) correla-
tions. Among the dominant genera, the relative abundances of
Proteobacteria and Betaproteobacteria were positively correlated
with the concentration of naphthenic acids, while the abundance
of Proteobacteria was also positively correlated to the concentra-
tions of TAHs and EPA-PAHs (Fig. 5). The relative abundance of
Cyanobacteria was negatively correlated with the concentrations
of TPHs, TSHs, and TAHs. The relative abundance of Betaproteo-
bacteria was negatively correlated with distance from the nearest
tailings pond, with Betaproteobacteria being more abundant in or
near tailings ponds (rs � �0.509, P � 0.037). In contrast, the

FIG 5 Heat map based on Spearman correlations between the relative abun-
dance of bacterial phylum/classes (derived from 454 sequencing) and Archaea
genera (derived from Ion Torrent sequencing). Red, strong positive correla-
tion; yellow, weak correlation; green, strong negative correlation; *, significant
correlations (at P � 0.05).

FIG 4 Average Unifrac distance between the bacterial communities (derived
from 454 sequencing) of the Athabasca River and tributary sediment samples
and the bacterial community of the nearest tailings pond sample. Each river-
pond sample pair was classified into one of the three different geographic
distance classes.
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relative abundance of Acidobacteria was positively correlated to
the same distance, as described above (rs � 0.565, P � 0.018).

Archaeal genera were mostly negatively correlated to chemical
data, with the exception of Methanobrevibacter, which was posi-
tively correlated to the concentrations of TPHs, TSHs, TAHs,
EPA-PAHs, and NAs (Fig. 5). Significant negative correlations
included Methanobacterium to TAHs, NAs, and EPA-PAHs and
Methanosarcina to NAs (Fig. 5). The relative abundance of Me-
thanobacterium was positively correlated to the distance from the
nearest tailings pond (rs � 0.680, P � 0.0027), being more abun-
dant far from the tailings ponds.

Several bacterial genera (see Table S3 in the supplemental ma-
terial) were significantly correlated with sediment chemical data,
and we present the 10 strongest positive and negative correlations
in Table 3. Six genera showed strong positive correlations with
TPHs, TSHs, TAHs, EPA-PAHs, or NAs: Schumannella (Actino-
bacteria), Hydrogenophaga (Betaproteobacteria), Azonexus (Beta-
proteobacteria), Salinimicrobium (Bacteroidetes), Achromobacter
(Betaproteobacteria), and Gillisia (Bacteroidetes) (Table 3). Four
genera showed strong negative correlations with TPHs, TSHs,
TAHs, NAs, or EPA-PAHs: Sorangium (Deltaproteobacteria),
Hyalangium (Deltaproteobacteria), Rhodopila (Alphaproteobacte-
ria), and Mesorhizobium (Alphaproteobacteria) (Table 3).

Ion Torrent sequencing. In order to confirm the suitability of
Ion Torrent sequencing for microbial ecology studies, we gener-
ated two bacterial 16S rRNA gene data sets, one using 454 se-
quencing and one using Ion Torrent sequencing. The two regions
amplified overlapped, and we analyzed these two data sets sepa-
rately and compared the results generated from an ecological per-
spective. The relative abundances of the most dominant phyla and

Proteobacteria classes derived from the two data sets were strongly
correlated (Fig. 6). However, the slope of the curves differed, in-
dicating some preferential amplification, most probably due to
the different forward primer used. Unifrac-based PCoA ordina-
tions revealed almost identical patterns in community structure
derived from the 454 and Ion Torrent data, with the samples from
the Syncrude tailings ponds clustering away from all other sam-
ples (see Fig. S1 in the supplemental material). The significant
correlations found between taxa derived from the 454 data set and
environmental variables were also found in a majority of cases for
the data derived from the Ion Torrent data set (Table 4).

To evaluate the reliability of the classification of 16S rRNA
sequences generated by the Ion Torrent, the 16S rRNA gene of
known archaeal and bacterial strains was amplified with fusion
primers, pooled with environmental samples, sequenced, and an-
alyzed in an identical manner as the environmental samples. For
Archaea, from the 128 sequences retrieved, 93.8% (n � 120) were
classified to the right genus (Methanobrevibacter), and the remain-
ing sequences were not classified to the genus level. No misclassi-
fication occurred at the genus level. For Bacteria, from the 17,874
sequences retrieved, 17,412 (97.4%) were classified to the right
genus (Alkanindiges) and 17,822 (99.7%) were classified to the
right family (Moraxellaceae), with 408 (2.3%) of these Moraxel-
laceae sequences being unclassified at the genus level. Twelve se-
quences (0.07%) were wrongly classified in genera within the Pro-
teobacteria but also in other phyla.

To evaluate the accuracy of Ion Torrent sequencing, we also
carried out a resequencing of E. coli DH10B. This resulted in
713,430 sequences of 106 bp on average, for a total of 75.65 Mbp
and a mean coverage depth of 16.14 times. Among these, 64.22
Mbp had phred-like quality scores of 20 or more. When taking the
first 50 bp into account (653,330 mapped reads), 493,323 reads
(76.9%) had perfect matches with the reference sequence, 108,005
reads (16.8%) had one mismatch with the reference sequence, and
40,061 reads (6.2%) had two or more mismatches with the refer-
ence sequence, resulting in a per base accuracy of 99.41%. When
taking the first 100 bp into account (554,053 mapped reads),
320,534 reads (60.6%) had a perfect match with the reference
sequence, 130,477 reads (24.7%) had one mismatch with the ref-
erence sequence, and 77,689 reads (14.7%) had two or more mis-
matches with the reference sequence, resulting in a per base accu-
racy of 99.47%.

DISCUSSION

One of the concerns regarding aquatic environments in the region
are the tailings ponds that contain toxic compounds such as PAHs
and NAs. Although the impact of these toxic substances on aquatic
microbial life is not known, such knowledge could lead to the
identification of bioindicator taxa, improved monitoring, and ef-
fective remediation strategies.

Ecological effects of oil sands mining operations on microor-
ganisms. The Bacteria and Archaea inhabiting the studied tailings
ponds were significantly different (P � 0.05) from those found in
river sediments. This observation is in line with previous PCR-
denaturing gradient gel electrophoresis studies that reported a
clustering of bacterial communities from affected ponds that were
distinct from the communities in off-site wetlands (11). Further-
more, we showed here that bacterial and archaeal communities
located close to the tailings ponds were more similar to each other
and to those from the tailings ponds, suggesting that tailings might

TABLE 3 The 10 strongest positive and negative correlations between
bacterial genera (derived from 454 sequencing) and hydrocarbon
concentrationsa

Correlation r P value Genus Chemical

Largest
1 0.827 0.0001 Schumannella TSHs
2 0.819 0.0001 Schumannella TPHs
3 0.794 0.0002 Hydrogenophaga EPA-PAHs
4 0.787 0.0002 Schumannella TAHs
5 0.783 0.0006 Azonexus NAs
6 0.778 0.0002 Schumannella EPA-PAHs
7 0.764 0.0004 Salinimicrobium EPA-PAHs
8 0.763 0.0009 Achromobacter NAs
9 0.742 0.0007 Gillisia EPA-PAHs
10 0.731 0.0009 Azonexus EPA-PAHs

Smallest
1 �0.821 0.0001 Sorangium TAHs
2 �0.815 0.0001 Hyalangium EPA-PAHs
3 �0.810 0.0001 Hyalangium TAHs
4 �0.805 0.0001 Hyalangium TSHs
5 �0.800 0.0001 Hyalangium TPHs
6 �0.784 0.0002 Rhodopila EPA-PAHs
7 �0.779 0.0003 Sorangium EPA-PAHs
8 �0.775 0.0004 Sorangium TPHs
9 �0.765 0.0005 Sorangium TSHs
10 �0.758 0.0004 Mesorhizobium EPA-PAHs

a TPHs, total petroleum hydrocarbons; TSHs, total straight-chain hydrocarbons; TAHs,
total aromatic hydrocarbons; NAs, naphthenic acids; EPA-PAHs, sum of the U.S.
Environmental Protection Agency 16 priority polycyclic aromatic hydrocarbons.
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influence microbial communities in their direct vicinity. This ef-
fect was not observed when looking at samples taken further away
from the ponds and is corroborated by the significant correlations
found between distance to the closest pond and aromatic hydro-
carbons. Thus, both chemical and microbiological data indicate
that proximity to tailings ponds is influencing microbial commu-
nities in river sediments. This influence may be due to leaching or
seepage of tailings water into the neighboring aquatic environ-
ments, since there is no deliberate discharge of tailings pond ma-
terial to the environment. There are some indications of a poten-
tial hydraulic connectivity between the ponds (which are often
above grade, setting up a hydraulic head) and the at-grade or

subsurface natural water bodies (see reference 17), which could
explain the results observed here. The correlation to tailings ponds
is not just due to the presence of natural bitumen in the riverbeds
or due to proximity to the Athabasca River, because all sites cut
through oil sands formations and the sites very near the Athabasca
River were also distinct from the sites nearest the ponds.

The bacterial and archaeal phyla and genera observed here in
oil sands tailings sediments were similar to those previously ob-
served in other direct 16S rRNA gene sequencing studies of Al-
berta oil sands tailings ponds. These included the genera Pseu-
domonas, Thauera, Rhodoferax, Acidovorax, Thiobacillus, and
Brachymonas (29, 33, 37). However, as expected, bacterial diver-

FIG 6 Pearson correlation between the relative abundance of dominant phylum and Proteobacteria classes in 454 and Ion Torrent data sets. Epsilon-, Delta-,
Beta-, Alpha-, and Gamma-, Epsilonproteobacteria, Deltaproteobacteria, Betaproteobacteria, Alphaproteobacteria, and Gammaproteobacteria, respectively.
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sity was lower in tailings ponds sediments where the concentra-
tion of toxic compounds was the greatest. It is also likely that the
lower microbial diversity reflects the limited variety of carbon
sources available, with mainly hydrocarbons available in the
ponds but a potentially higher diversity of carbon sources avail-
able in natural environments. Bacterial diversity was also generally
lower in sediments from Steepbank Creek, which is more heavily
disturbed by mining operations than Ells River and Firebag Creek.
This significant reduction in bacterial diversity may have reper-
cussions on ecosystem processes and on the speed with which
tailings pond reclamation takes place. Higher diversity means that
a given process can be carried out under a wider range of environ-
mental conditions, which often results in higher and more stable
process rates in a fluctuating environment (36, 41). It has previ-
ously been suggested that a diverse microbial community would
have to be present in oil sands tailings for remediation to take
place (14).

Even though they were obtained from tailing ponds receiving
the same type of material, the three pond sediment samples har-
bored distinct microbial communities. The Suncor pond was con-
sidered full by 2006 and is in the process of being transformed into
a fine tailings drying site. This would indicate that the sediments
from this pond would have a higher bulk density than those ob-
tained from the active Syncrude sites. In fact, sediment size (clay
percentage) had a significant effect on the microbial community
structure, indicating that differences in bulk density might drive
the differences observed between the pond samples by changing
oxygen availability. The water depth in the Suncor pond is also
shallow relative to the Syncrude site, which might again change
oxygen availability in the sediments. Large differences within the
Syncrude sediments were also observed, which is not surprising
since sediment size within tailing ponds can vary substantially due
to differences in originating material through time. These results
indicate that there is a large within- and between-pond variability
and that pond remediation strategies will probably need to be
adapted to the specific pond conditions (e.g., aerobic versus an-
aerobic degraders).

Indicator taxa. It is very difficult to chemically distinguish the
heavy hydrocarbons produced during mining and the extracted
hydrocarbons produced through upgrading activities from those
that are naturally occurring in the Athabasca River ecosystem,
since they originate from the same source. Naphthenic acids are
seen as the most promising chemical indicators of potential down-

stream effects after release (10), and recent work suggests that it
may be possible to identify NAs specific to a source (35). Micro-
organisms, however, are sensitive to low pollutant concentrations,
and it is conceivable that they could serve as more accurate indi-
cators for oil sands mining impacts. This study served as a step-
ping stone to identifying microbial bioindicators related to oil
sands mining activities. Several of the measured chemical com-
pounds appeared to have a negative influence on specific micro-
bial taxa, probably linked to their toxicity, although nutrient-like
effects cannot be ruled out. For instance, Cyanobacteria were neg-
atively correlated to sediment hydrocarbon content, being rela-
tively less abundant in tailings ponds and in river sediments with
higher hydrocarbon content. In other studies, Cyanobacteria have
been reported to be sensitive to low concentrations of pharmaceu-
tical pollutants (47). As well, NAs have been shown to influence
phytoplankton community composition (26). In aquatic ecosys-
tems, Cyanobacteria are involved in major processes (C and N
fixation) that are at the base of ecosystem productivity. A decrease
in primary production resulting from a decreased presence of
Cyanobacteria could also have a cascade effect on microbial com-
munities.

In contrast, some taxa were positively correlated to hydrocar-
bon compounds and naphthenic acids, which could indicate ei-
ther that these taxa were less affected by the toxicity of PAHs and
NAs or that they might be able to use some of these compounds as
carbon sources. Additional physicochemical factors might also
play a role beyond hydrocarbons and NAs: it would seem unlikely
that a strict aerobe would be found in all samples or that a strict
anaerobe would be found in shallow (oxic) river sediments. For
instance, Azonexus, a nitrogen-fixing bacterium, was positively
correlated to sediment PAH concentrations, suggesting that this
genus was more abundant in disturbed environments. In fact,
strains from the closely related Azoarcus genus were first isolated
from petroleum refinery oily sludge (21) and were shown to de-
grade toluene anaerobically (48). Another genus positively corre-
lated with NA concentration was Achromobacter, which is a strict
aerobe. This observation is in line with observations from other
studies showing that species from this genus are capable of NA
degradation (2, 3, 19). The strongest positive correlation observed
for Archaea, however, was between the methanogen genus (strict
anaerobe) Methanobrevibacter (Methanobacteriales) and NAs,
TPHs, TSHs, and TAHs. Methane generation from Mildred Lake
alone (where samples SY1A and SY1B were collected), estimated
to be as high as 43,000 m3 day�1 (18), is another environmental
issue associated with oil sands mining. More work is necessary,
however, to confirm that the microbial taxa highlighted above are
indeed effective bioindicators of pollution caused by oil sands
mining operations. It should be ascertained that correlations re-
ported here are related to real relationships and not spurious cor-
relations caused by a common response to another (environmen-
tal) factor, such as oxygen. Indeed, several of the most abundant
taxa found in the tailings ponds are strict or facultative anaerobes
(e.g., Rhodoferax, Smithella, Thiobacillus) (see Table S3 in the sup-
plemental material), and their presence might not be indicative of
a preference for contaminated conditions but, rather, might be
indicative of the limited oxygen available in the pond sediments
due to the sampling depth or the higher clay content of the sedi-
ments. However, the presence of methanogens in all the samples
indicates that some anaerobic niches were potentially available
even in the shallower river sediments.

TABLE 4 Comparison of correlation between abundant phylum/classes
and hydrocarbon concentrations for 454 and Ion Torrent data setsa

Phylum/class Chemical

454 Ion Torrent

r P r P

Betaproteobacteria NAs 0.680 0.005 0.599 0.018
Proteobacteria TAHs 0.488 0.049 0.328 0.198
Proteobacteria NAs 0.599 0.018 0.570 0.027
Proteobacteria EPA-PAHs 0.490 0.048 0.221 0.393
Cyanobacteria TPHs �0.522 0.034 �0.517 0.036
Cyanobacteria TSHs �0.556 0.022 �0.542 0.027
Cyanobacteria TAHs �0.490 0.048 �0.502 0.042
a Discordant values are in boldface. TPHs, total petroleum hydrocarbons; TSHs, total
straight-chain hydrocarbons; TAHs, total aromatic hydrocarbons; NAs, naphthenic
acids; EPA-PAHs, sum of the U.S. Environmental Protection Agency 16 priority
polycyclic aromatic hydrocarbons.
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16S rRNA gene amplicon sequencing with the Ion Torrent
PGM. The present study is one of the first to use Ion Torrent’s
PGM to sequence 16S rRNA amplicons from environmental sam-
ples. As with any new sequencing technology, however, many be-
lieve that high error rates might blur the microbial community
picture generated. We therefore carried out work for extensive
validation of the technique in the context of microbial ecology
studies. The Ion Torrent sequencing approach was first evaluated
by sequencing the same bacterial 16S rRNA region using 454 and
Ion Torrent. The 454 sequencing approach is widely accepted as
accurate and has been used in numerous studies. The Ion Torrent
generated a data set that was highly similar to the one generated by
454. Some differences in the relative abundance at the phylum
level were observed and were most probably related to a primer
bias, as the forward primer was not the same for the two sequenc-
ing runs because of the current technical limitation to the ampli-
con size that can enter in the emulsion PCR procedure during Ion
Torrent library preparation. Having said that, the 454 and Ion
Torrent data sets were almost interchangeable, and both would
have yielded the exact same ecological conclusions. We used the
454 data set in our ecological analyses simply because of the longer
read length.

The second validation analysis was to sequence known Bacteria
and Archaea strains and to carry the sequencing results through
our analysis pipeline. Using this approach, we determined that no
misclassification had occurred for Archaea and that less than 0.1%
of the Bacteria sequences were misclassified. The small amount of
misclassified bacterial sequences could be due to several different
factors: (i) errors in the main part of the sequence, (ii) errors in the
MID, which caused migration from one bin to the other, or (iii)
carryover during the initial PCR or the emulsion PCR procedure.
Sequencing errors for Ion Torrent mainly occur at long homopo-
lymer stretches (28). However, the longest homopolymer stretch
in the 16S rRNA gene region for Alkanindiges is four, which is
normally not problematic. The majority of the sequencing errors
are thus expected to occur randomly along the sequence. Follow-
ing this, it is highly unlikely that an Alkanindiges sequence could
randomly mutate and be classified in a genus from another phy-
lum with high confidence. Similarly, it is highly unlikely that with
random sequencing errors a MID would end up with the sequence
of another MID, since they were designed by Ion Torrent to be
resistant to multiple sequencing errors (see Table S1 in the sup-
plemental material) and the beginning of the sequence is where
the quality is highest. One possibility is contamination during the
initial PCR, which is surprising since all our no-template controls
yielded no visible product. However, with the very low percentage
observed (�0.1% of reads), it is possible that a very slight, unde-
tectable contamination occurred during the amplification. An-
other possibility is carryover of template during emulsion PCR on
the OneTouch instrument. Incomplete washing of the machine
and the use of similar MIDs in two subsequent runs could have
resulted in a small percentage of carryover. Overall, these data
provide confidence that despite some very low level of misclassi-
fication, the Ion Torrent data are valid and representative of the
environmental community in our samples.

The last test that we performed was to resequence an E. coli
strain, which revealed highly accurate base calls. The per base ac-
curacy was in the range of previously published values for Ion
Torrent, which was reported to be comparable to other next-gen-
eration sequencing platforms (28, 34). Altogether, these valida-

tion tests give us confidence in the quality, accuracy, and reliability
of the sequence data produced by Ion Torrent. The Ion Torrent
PGM is ideally suited for environmental microbiology studies be-
cause of its rapid turnaround time (run time, about 2 h) and low
sequencing run costs (�US $500) and we expect that with the
improvements in read lengths (currently at 250 bp; 400 bp is ex-
pected by the end of 2012), it will gain wide acceptance and use.

Conclusions. This study revealed that river sediments in close
proximity to oil sands tailings ponds were chemically and micro-
biologically more similar to each other and to those from the
tailings ponds than to samples obtained from further away. Bac-
terial and archaeal taxa that were strongly correlated to contami-
nant presence were also identified. Importantly, these taxa have
potential as bioindicators. Additionally, we demonstrated the re-
liability of Ion Torrent sequencing in the context of environmen-
tal microbiology studies. In conclusion, the indicator species iden-
tified in this study will help monitor and mitigate oil sands mining
impacts on the Athabasca watershed ecosystem.
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