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We investigated methanotrophic bacteria in slightly alkaline surface water (pH 7.4-8.7) of oilsands
tailings ponds in Fort McMurray, Canada. These large lakes (up to 10 km?) contain water, silt, clay
and residual hydrocarbons that are not recovered in oilsands mining. They are primarily anoxic and
produce methane but have an aerobic surface layer. Aerobic methane oxidation was measured in the
surface water at rates up to 152nmol CH, ml~' waterd ~'. Microbial diversity was investigated via
pyrotag sequencing of amplified 16S rRNA genes, as well as by analysis of methanotroph-specific
pmoA genes using both pyrosequencing and microarray analysis. The predominantly detected
methanotroph in surface waters at all sampling times was an uncultured species related to the
gammaproteobacterial genus Methylocaldum, although a few other methanotrophs were also
detected, including Methylomonas spp. Active species were identified via '*CH, stable isotope
probing (SIP) of DNA, combined with pyrotag sequencing and shotgun metagenomic sequencing of
heavy '*C-DNA. The SIP-PCR results demonstrated that the Methylocaldum and Methylomonas spp.
actively consumed methane in fresh tailings pond water. Metagenomic analysis of DNA from the
heavy SIP fraction verified the PCR-based results and identified additional pmoA genes not detected
via PCR. The metagenome indicated that the overall methylotrophic community possessed known
pathways for formaldehyde oxidation, carbon fixation and detoxification of nitrogenous compounds
but appeared to possess only particulate methane monooxygenase not soluble methane
monooxygenase.
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Introduction

Canadian oilsands, primarily located in northern
Alberta, represent one of the world’s largest petro-
leum reserves, estimated at 169 billion barrels
(Energy Resources Conservation Board, 2012).
Removing solids from the highly viscous oil requires
extraction with 15-20 volumes of hot water per
volume of oil extracted and subsequent treatment
with chemical solvents. This process produces large
amounts of tailings comprised of water, silt, clay,
residual bitumen and small amounts of unrecovered
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solvents. Because the bitumen content of oilsands
deposits is only about 10% by weight, the total
volume ratio of waste tailings to oil produced is
12-14 (Kasperski and Mikula, 2011). Although new
management options are being investigated, at
present tailings are usually stored in open basins.
As the silt and clay particles settle, water in the basins
is recycled for reuse in the extraction procedure, so
the net fresh water use in mining operations is only
about three volumes of fresh water per volume of oil
produced (Allen, 2008). Proper management of tail-
ings ponds presents several environmental chal-
lenges, particularly limiting the contamination of
surrounding aquifers with pollutants such as toxic
metals, naphthenic acids and polycyclic aromatic
compounds (Quagraine et al., 2005; Kelly et al., 2009,
2010) and limiting efflux of methane, a greenhouse
gas with 25 times the global warming potential of CO,
per molecule (Solomon et al., 2007).
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The tailings ponds in northern Alberta cover a
total area of over 170km? (Government of Alberta,
2012). The large amounts of hydrocarbons in
tailings, particularly residual bitumen, as well as
reduced chemicals such as sulfides, create a high
biological and chemical oxygen demand and pro-
duce conditions conducive to methanogenesis
(Quagraine et al., 2005). The largest tailings basin
is 10 km? and effluxes an estimated 100 million 1d™*
of methane to the atmosphere, equivalent to about
500000 cattle (Holowenko et al., 2000). Flux data
are not available for all sites, but if the rates are
similar, the total flux from all ponds is around 1.7
billion 1 CH,d '. The surface water caps (6—10m
deep) of the ponds, from which recycle water is
drawn, are relatively clear and support some aerobic
microbial activity. We hypothesized that, similar to a
natural wetland, aerobic methanotrophic bacteria
are active in the surface water and remove some of
the methane produced before it effluxes to the
atmosphere.

Known aerobic methanotrophs belong to the
Alphaproteobacteria and Gammaproteobacteria
classes of the Proteobacteria, the phylum Verruco-
microbia and candidate phylum NC10 (Op den
Camp et al., 2009). The proteobacterial methano-
trophs have been well-studied in various environ-
ments. There are two forms of the key enzyme
methane monooxygenase (MMO), a soluble form
(sMMO) and a membrane-bound or particulate form
(pMMO). The pMMO is universal to all known
methanotrophs with the exception of Methylocella
spp. and Methyloferula stellata (Dedysh and
Dunfield, 2010; Vorob’ev et al., 2011), and the
phylogenies of the pmoCAB genes encoding it
correspond well to 16S rRNA gene-based phylogeny
(Kolb et al., 2003; Op den Camp et al., 2009).
Therefore, methanotroph communities are com-
monly investigated by cultivation-independent
recovery and sequence analysis of the pmoA gene
(McDonald et al., 2008). Although effective, this
technique fails to detect sMMO-only methanotrophs
like Methylocella spp., which may be important in
some ecosystems, such as northern wetlands
(Dedysh and Dunfield, 2010). DNA stable isotope
probing (SIP) using "CH, has commonly been
used in combination with analysis of pmoA or 16S
rRNA genes to investigate active methanotrophic
communities in various environments (McDonald
et al., 2008).

Chemical properties of oilsands tailings water have
been summarized elsewhere (Quagraine et al., 2005;
Allen, 2008; Penner and Foght, 2010). The water is
slightly alkaline (around pH 8.0) due to the use of
NaOH in the extraction process, has a high salt
content of about 2.2 gl " and also has high contents of
various metals, sulfides and hydrocarbons. Indigen-
ous methanotrophic species are therefore likely to be
different from those found in other subarctic wetlands
common in northern Alberta, which are usually acidic
(pH 3.5-5), salt-poor oligotrophic habitats (Dedysh,
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2011). In the present study, we combined SIP,
metagenomics, pyrotag sequencing of 16S rRNA and
pmoA genes and pmoA microarray analyses to
examine the activity and community structure of
aerobic methanotrophic bacteria in the surface layer of
oilsands tailings ponds. A tailings-affected wet-
land and natural bitumen outcrops were studied for
comparison.

Methods

Sampling and water chemistry

Surface water (0-10 cm) was sampled at 1-3-month
intervals over 2010-2011 from two tailings ponds
near Fort McMurray, Alberta, Canada: here desig-
nated Pond A and Pond B. These two sites are
not isolated, as water is occasionally cycled
between them. Samples were taken from a floating
barge 10-15m from shore. Four-liter polycarbonate
containers were rinsed three times with water
before filling to the top and capping. These were
transported to the University of Calgary at ambient
temperature and processed for experiments within
7d of sampling. The chemical properties of the
surface waters determined at two dates are summar-
ized in Supplementary Table S1. Water was saline,
alkaline and rich in ammonia and sulfides. Dis-
solved O, was well below the saturation point of
around 9mgl~" at the sampling temperatures; the
maximum was 0.38 mgl " at the air—water surface of
Pond A. The pH values were measured for each
sample taken over the entire study period and
ranged from 7.4-8.7 (mean 8.0).

Other sites were sampled on September 25, 2009
and August 5, 2010 to determine: (i) whether the
methanotrophs detected in Ponds A and B were
found in tailings waters from another industrial
operation, and (ii) whether the same methanotrophs
were detected in natural sites. These samples
included: surface waters from several tailings
ponds operated by a different company; a shallow
fen that received tailings input but also fresh
runoff water so that it was still vegetated with reeds;
and natural bitumen deposits from Saline Creek in
Fort McMurray (56°41’N, 111°20'W). As streams
erode soils in this region, oilsands deposits are
exposed. We removed >10-cm-diameter bitumen
blocks from the bed of Saline Creek and scraped off
the surface layer (1mm) to determine aerobic
methanotroph communities associated with natural
bitumen deposits.

Potential methane oxidation

To concentrate bacteria, 200ml of fresh tailings
water was filtered through a 0.22-pm filter. The
filter and 20ml of tailings water were added to a
100-ml serum bottle (equivalent to 220 ml of tailings
water and 80 ml of headspace). Each sample was run
in duplicate or triplicate. Vials containing 20ml of
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water only were used as abiotic leakage controls.
Vials were sealed with butyl rubber stoppers, and
CH, (8-10% v/v) and CO, (10%) were added to the
headspace. Bottles were incubated at 23°C on a
rotary shaker at 180r.p.m. Headspace methane was
monitored at 1-d intervals for 7 d using a Varian 450-
GC gas chromatograph equipped with an FID
detector (250 °C), and 2mm x 0.5 m Hayesep N and
a 2mm x 1.2m Molecular Sieve 16X column in
series (70°C) (Agilent Technologies, Mississauga,
ON, Canada). Methane oxidation rates were calcu-
lated by linear regression of methane mixing ratios
in the vial headspaces.

Pyrotag sequencing of 16S rRNA and pmoA genes
Water samples were filtered as described above, and
DNA from the filters extracted using the FastDNA
Spin Kit for Soil (MP Biomedicals, Santa Ana, CA,
USA), with extra purification steps as described by
Knief et al. (2003). 16S rRNA genes were amplified
using FLX Titanium amplicon primers 454T RA X
and 454T _F, comprised of 16S rRNA gene-targeted
primers 926f and 1392r at the 3'- ends plus
10-nucleotide (nt) multiplex identifiers and Roche
Titanium chemistry adaptors at the 5'- ends (Ramos-
Padrén et al., 2011). Barcoded PCR reactions were
performed, and the products were purified as
described by Sharp et al. (2012). Products were
sequenced at the Genome Quebec and McGill
University Innovation Centre, Montreal, Quebec
with a Genome Sequencer FLX Instrument, using a
GS FLX TitaniumSeries Kit XLR70 (Roche Diagnos-
tics Corporation, Laval, QC, Canada). Sixty barcoded
samples were multiplexed on a half-chip, yielding
on average 10,500 reads per sample. Samples with
<3000 reads were deleted. Sequence-read data sets
were processed using QIIME (Caporaso et al., 2010)
to remove low-quality sequences, dereplicate, clus-
ter operational taxonomic units (OTUs) at 97%
identity and classify OTUs via BLAST (Basic Local
Alignment Search Tool) against the Greengenes
database (DeSantis et al., 2006). The low-quality
score threshold was set at 25, the average quality
was usually 35. Singleton reads were ignored
because of the high probability of chimera forma-
tion. Pyrotag data sets have been submitted to the
Sequence Read Archive under accession number
SRP013946.

pmoA genes for pyrosequencing were amplified as
described previously (Knief et al., 2003). The pmoA
primers 189f and 682r were modified via the
inclusion of Roche Titanium chemistry adaptors
and a 10-nt barcode on primer 189f. After pyrotag
sequencing analysis of the amplicons, pmoA
sequences were quality filtered and clustered at
97% identity using PyroTagger (Kunin and
Hugenholtz, 2010), and representative OTU
sequences were identified via BLAST.

Representative OTU sequences were aligned to a
local copy of the 16S rRNA SILVA database or to an
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aligned database of public-domain pmoA sequences
using ARB (Ludwig et al., 2004). Sequences were
manually inspected for chimeric segments and
homopolymer errors. For constructing 16S rRNA
gene phylogenies, a skeleton tree of nearly complete
sequences (>1400nt) was first constructed and the
shorter pyrotag sequences (400—440nt) subse-
quently added using the parsimony-add function
of ARB. BLAST identifications from QIIME were
corrected where necessary based on this phyloge-
netic procedure.

pmoA microarray analysis

pmoA microarray analysis was performed on two
samples of Pond B from October and November of
2010 and one sample of Pond A from October, 2010.
Amplification of pmoA genes was performed via a
two-step PCR. The first-stage PCR amplification used
primer set 189f/661r or 189f/682r (McDonald et al.,
2008). Thermocycling conditions were: 95°C for
5min; followed by 15 cycles of 95°C for 1min,
56°C for 1min and 72°C for 1min; and a final
extension at 72°C for 10min. Each PCR reaction
mixture (50ul) contained 1 x FailSafe PCR PreMix
F (Epicentre Biotechnologies, Madison, WI, USA),
1.5pmol of each primer and 1U of Tag DNA
Polymerase (Fermentas, Pittsburgh, PA, USA). To
each PCR reaction from the first stage, 15 pmol of
each primer 189f and T7-661r or T7-682r and an
additional 1 U of Tag DNA Polymerase (Fermentas)
was added for a second-stage PCR amplification of
25 cycles at 58°C annealing temperature. PCR
products were purified with a QIAquick PCR
Purification Kit (Qiagen, Toronto, ON, Canada) and
analyzed on a pmoA microarray as described by
Stralis-Pavese et al. (2011).

SIP and SIP metagenomics

Seven separate SIP incubations were made, using
tailings water sampled from Ponds A and B on
August 15, 2010. Tailings water was processed as in
the methane oxidation rate experiments, except that
bottles were injected with 10% v/v "*CO, and 1%
BCH, (99 atom%, Sigma-Aldrich, Oakville, ON,
Canada). After 6-10d cells were collected by
centrifugation for 5min at 25900 xg. DNA was
extracted and stored at — 20 °C. DNA was separated
by isopycnic centrifugation in CsCl and fractionated
exactly as described by Sharp et al. (2012). Selected
heavy and light DNA fractions were used for pyrotag
analysis as described above. DNA extracted directly
from the same tailings water samples was used as a
control to determine the expected position of
unlabeled DNA in CsCl gradients.

Five microliters of a selected ‘heavy’ SIP fraction
was amplified via whole-genome amplification
using the REPLI-g UltraFast Mini Kit (Qiagen),
yielding 4.7 ug DNA. The Phi29 DNA polymerase
was thermally inactivated, and the product



sequenced without additional purification. Paired-
end DNA libraries were sequenced for 150 cycles
using an Illumina HiSeq2000 (Illumina, Inc.,
San Diego, CA, USA) at Genome Quebec. Raw
Nlumina reads were passed through an in-house
quality control program to filter out known Illumina
artifacts, specifically reads that: (i) contained spike-in
PhiX sequence; (ii) were shorter than 50bp after
clipping off the partial primer, adapters and the
low-quality range at the ends; or (iii) were of
low complexity. Duplicated read pairs were identi-
fied and consolidated into a single consensus read
pair (Hess et al, 2011). Reads that passed the
quality control stage were assembled using SOAPde-
novo (V1.05, BGI, Shenzhen, China). As no optimal
k-mer length exists for any de novo metagenome
assembly, the multiple k-mer method was used to
obtain the final assembly (Surget-Groba and
Montoya-Burgos, 2010). We performed eight assem-
blies using different values of k-mer size (59, 63, 67,
71, 75, 79, 83 and 87). The different assembles
were merged pair-wise using Newbler (V2.6, Roche)
and AMOS minimus2 (Sommer et al., 2007) to get
the final assembly.

A database of genes involved in methane and
methanol oxidation, including formaldehyde oxida-
tion (tetrahydrofolate and tetrahydromethanopterin
pathways), formaldehyde fixation (Serine cycle,
RuMP cycle) and alleviation of stress caused by
ammonia cooxidation by MMO was assembled from
both Alphaproteobacteria and Gammaproteobac-
teria methanotrophs (Ward et al., 2004; Chisto-
serdova et al., 2009; Vuilleumier et al., 2009; Stein
and Klotz, 2011). The metagenome assembly was
searched for these genes via local BLAST. Where
possible, the BLAST query was taken from the
genome of Methylococcus capsulatus, as this is
the closest relative with a fully sequenced genome to
the predominant methanotroph detected in the
surface tailings water.

Results

Potential methane oxidation

Methane oxidation in surface tailings water from
Ponds A and B began without a lag phase, indicating
that the methanotrophs were active when sampled
(Supplementary Figure S1). The initial methane
oxidation rates were linear and ranged from 75—
152nmol CH, ml~"'d " (Table 1). Rates were quite
consistent over the different sampling times.

Community analyses via 16S rRNA gene pyrotag
sequencing

Bacterial communities identified based on 16S
rRNA gene pyrotag sequencing are summarized in
Supplementary Table S2. The surface of the bitumen
samples was populated by OTUs similar to known
aerobes, particularly gammaproteobacterial metha-
notrophs. By contrast, surface waters of the tailings
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ponds included presumed obligate aerobes (for
example, members of the genera Methylocaldum,
Xanthobacter, Flavobacterium), obligate anaerobes
(for example, of the genera Methanoregula, Metha-
nosarcina, or the order Clostridiales) and facultative
anaerobes (for example, in the family Comamona-
daceae) as predominant groups. The majority of
bacteria detected were Proteobacteria, although one
predominant OTU in Pond A was a member of the
phylum Acidobacteria. Although this acidobacter-
ium was identified by the Greengenes BLAST as
related to the phototroph genus Chloracidobacter-
ium, it is more similar (93%) to some organoheter-
otrophic strains like Ellin6075 (Joseph et al., 2003).
Most predominant OTUs in the tailings ponds
surface water belonged to the Betaproteobacteria,
particularly to the families Comamonadaceae and
Rhodocyclaceae. Most of the OTUs identified to the
genus level belonged to genera known to contain
hydrocarbon degraders, for example, Acinetobacter,
Geobacter, Rhodoferax, Methylibium, Hydrogeno-
phaga, Pseudomonas, Xanthobacter and Acidovorax,
as well as some methanogens and methanotrophs
(Prince et al., 2010).

Methanotrophs identified via 16S rRNA gene pyrotag
sequencing

Most known methanotrophs fall into deeply rooted
monophyletic clades with no closely related non-
methanotrophic neighbors, and therefore 16S rRNA
gene sequence phylogeny can reliably predict
methanotrophic function. An aerobic methanotroph
belonging to the Methylococcus/Methylocaldum
cluster of Gammaproteobacteria (OTU 12103) was
among the predominantly detected OTUs in Pond A,
making up on average 1.5% of all reads (Figure 1;
Supplementary Table S2C). This OTU was in fact
the predominant methanotroph detected in all sur-
face tailings waters and all sampling times (Table 1).
A few other methanotrophs were detected at lower
relative abundance (Table 1; Figure 1), including
members of the genera Methylomonas, Crenothrix/
Methylosoma and Methylobacter. The genera Methy-
lococcus and Methylomicrobium were detected only
in Pond B. The methanotrophic communities in the
bitumen and fen samples were distinct from those in
the surface tailings waters, indicating that the
unique chemistry of the tailings water selected for
a particular community. Methylocaldum strains
were not detected in the bitumen samples from
Saline Creek. Instead the major methanotrophs
belonged to the Crenothrix/Methylosoma cluster
(Supplementary Table S2A, Figure 1). Some of the
OTU'’s in this group were found only in the bitumen
samples. In the tailings-affected fen, only Methylo-
bacter spp. were detected. Few alphaproteobacterial
methanotrophs were detected in any sample. Of
252917 total reads, there were 2 reads of a
Methylocystis sp. and 13 reads of potential metha-
notrophs in the family Beijerinckiaceae.
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Methylocystaceae
AJ414656, Y18947, Y18945, AM283543, DQ364433

OTU 28 (2)
CP001016 Beiferinckia indica

CP001280 Methylocella silvestris
AJ555244 Methylocella tundrae
OTU 10941 (2)
FN433469 Methylocapsa aurea
OTU 1181 (2)
AJ278726 Methylocapsa acidiphila
OTU 20600 (3)
OTU 10030 (2)
AJ581837 Methylohalobius crimeensis
AJ563935 Methylococcus capsulatus
X72770 Methylococeus capsulatus

OTU 12103 (1151)
S|P metagenome 79
OTU 4491 (14)
U89300 Methylocaldum szegediense
U89298 Methylocaldum gracile
U89297 Methylocaldum tepidum
U67929 Methylosphaera hansonii
SIP metagenome 80
AF304196 Methylomonas methanica
X72776 Methylomonas aurantiaca
X72778 Methylomonas fodinarum
OTU 7565 (51)
OTU 14708 (59)
OTU 3863 (57)
AJ131369 Methylomonas scandinavica
DQ984190 Clonothrix fusca
OTU 18964 (23)
OTU 9895 (12)
AF304195 Methylobacter luteus
OTU 3620 (15)
AF304197 Methylobacter marinus
100~ AF177296 Methylosarcina fibrata
SIP metagenome 83
AF177297 Methylosarcina quisquiliarum
X72767 Methylomicrobium agile
EU144025 Methylomicrobium album
X72775 Methylomicrobium pelagicum

Beijerinckiaceae

Methylococcus/Methylocaldum

Methylomonas

Methylobacter

913

0.10

99y SIP metagenome 63
OTU 16215 (9)

Methylomicrobium/
Methylosarcina
AF307138 Methylomicrobium buryatense
AJ132384 Methylomicrobium kenyense

EF495157 Methylomicrobium alcaliphilum

D89279 Methylomicrobium japanense
99 AF152597 Methylobacter psychrophilus
AJ414655 Methylobacter tundripaludum

SIP metagenome 87

SIP metagenome 88
DQ295889 Crenothrix polyspora

L7 T\ 8372 and 4 others (1025)

OTU 20642 (147)

Crenothrix/Methylosoma
OTU 19527 (13)
DQ119050 Methylosoma difficile

OTU 11223 and 5 others (427)

Figure 1 Phylogenetic tree based on 16S rRNA gene sequences of methanotrophic Proteobacteria. To create the most reliable phylogeny,
a skeleton tree was constructed from nearly complete reference sequences (>1400bp) via Neighbor-joining with a Jukes-Cantor
correction and 10000 bootstraps. Shorter pyrotag sequences and sequences from the SIP-metagenome assembly (in bold) were then
added to the skeleton tree using the parsimony-add function of ARB. For comparison, the total number of reads of each OTU in all
samples is given in parentheses (entire data set was 252917 reads), and the key Methylocaldum sp. OTU is in a box. Some major groups
of methanotrophs are indicated at the right. The scale bar represents 0.1 change per nucleotide position. Bootstrap values >70% are

indicated for key nodes.

The predominance of methanotrophs in the
pyrotag libraries was not correlated to the methane
oxidation rates (Table 1), suggesting that these read
ratios reflect primarily population levels of other
bacteria: that is, fluctuating populations of other
bacteria will cause the ratio of methanotroph reads
to change even if the methanotroph population is
constant. The difference could also reflect differing
ratios of active to inactive bacteria within the
methanotroph community.

Although most groups identified in Table 1 fall
within known clusters of obligate methanotrophs,
two groups were difficult to assign. The first
comprised sequences affiliated to the Beijerinckia-
ceae family, which contains obligate methanotrophs
like Methylocapsa acidiphila, facultative methano-
trophs like Methylocella silvestris and non-metha-
notrophs like Beijerinckia indica (Dedysh and
Dunfield, 2010). All are closely related (<4% 16S
rRNA divergence). The role of such OTUs in

methane oxidation is therefore unknown, although
they made up a small proportion of the methano-
troph reads and are probably of minor importance.
The second problematic OTU was identified by
QIIME as belonging to the family Methylococcaceae
but was equally similar to the Thiococcus/Thio-
capsa group of Chromatiaceae. Several different
phylogenetic constructions failed to strongly sup-
port the affiliation of this cluster with either group
(data not shown). This OTU was nearly as abundant
as the Methylocaldum OTU (on average 72% as
many reads). However, it did not enrich in SIP
experiments and no unknown pmoA sequences
were found that would be expected to belong to
this group. The group probably does not consist of
methanotrophs.

Many putatively methylotrophic species were
present in the surface tailings water, such as
Betaproteobacteria of the genus Methyloversatilis
and family Methylophilaceae, as well as
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Table 2 Comparison of methanotroph genera detected in three samples based on three methods

Methanotroph ~ Methylocaldum/ Methylomonas Methylobacter/ Methylosinus Methylocystis

reads Methylococcus Methylosoma/
other type 1A

Pond B 07/10/10 16S pyrotag 76 85.4 1.6 8.0 0 0
Pond B 07/10/10 pmoA pyrotag 2523 98.0 0.24 1.6 0.078 0.039
Pond B 07/10/10 microarray + + + + ++ ++ +
Pond A 07/10/10 16S pyrotag 496 94.4 1.9 4.6 0 0
Pond A 07/10/10 pmoA pyrotag 5279 99.8 0.038 0 0.11 0
Pond A 07/10/10 microarray + + + + ++ - -
Pond A 23/11/10 16S pyrotag 488 65.5 23.0 8.4 0 0
Pond A 23/11/10 microarray + + + + ++ + -

The ‘Methanotroph reads’ column refers to the number of methanotrophs in the total pyrotag sequence data sets (that is, only 16S rRNA gene
sequences belonging to methanotroph clusters or only pmoA rather than amoA genes). Numbers under the genera columns refer to percentage of
the reads belonging to each genus. For microarray data, + represents a weak positive signal and + + a strong positive signal (Supplementary

Figure S2).

Alphaproteobacteria of the genera Xanthobacter,
Hyphomicrobium and Methylobacterium
(Supplementary Tables S2B and C). These could
feed partially on byproducts of methane oxidation,
particularly methanol or formaldehyde.

Methanotrophic community analyses via pmoA
pyrotag sequencing and microarray analyses

Two samples of Pond B and one of Pond A were used
for additional analyses of methanotroph commu-
nities via pmoA pyrotag sequencing and pmoA
microarray analysis. Table 2 summarizes the metha-
notrophs detected by all the three methods. Many
genera of Gammaproteobacteria methanotro-
phs (Methylobacter/Methylomicrobium/Crenothrix/
Methylosoma/ Clonothrix/Methylosarcina/Methylo-
vulum—together sometimes called the type 1A
group) are closely related, and it is difficult to map
pmoA to 16S rRNA gene sequences among these
genera. pmoA sequences that fell into this group
were therefore combined. A single pmoA sequence
comprised up to 98% of all pmoA pyrotag sequen-
cing reads. This sequence was related to the
Methylococcus/Methylocaldum cluster phylogeneti-
cally (Figure 2) but was <90% identical to pmoA
genes of cultured species. Given its predominance,
this pmoA sequence likely belongs to OTU 12103
identified as a Methylocaldum sp. via 16S rRNA
sequencing (Figure 1). Microarray analysis was
performed with two pmoA primer sets 189f/682r
and 189f/661r (Supplementary Figure S2). The
analysis verified the predominance of Methylocal-
dum (probes Mcl 404, Mcl 408) and/or Group 501 (a
cluster related to Methylocaldum/Methylococcus,
probes 501-375, 501-286). This positive detection
may represent cross-hybridization of these probes
with our Methylocaldum-like bacterium, as this
sequence showed few mismatches to these probes
(2 and 1, respectively). The genera Methylomonas
(Mm275) and Methylobacter (Mb380, Mb271,
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Mb_SL#3-300) were detected strongly in all
samples with the 189f/661r primer set but were less
represented when using the 189f/682r primer pair.
Strong signals for the genus Methylosinus (Msi423,
Msi294, Msi232) and weak signals for Methylocystis
(Mcy522, McyM309) were detected in Pond B only.

The three analyses agreed well, identifying the
most abundant species as a Methylocaldum sp.,
followed by Methylomonas spp., and other Gamma-
proteobacteria. The largest discrepancy was in the
pmoA pyrotag sequencing results, which appeared
to under-represent some Gammaproteobacteria and
over-represent Alphaproteobacteria compared with
the other two methods. This was probably due to the
682r primer used for pmoA pyrosequencing, which
is known to bias against Gammaproteobacteria
(McDonald et al., 2008).

SIP

Five SIP incubations with Ponds A and B sampled
on August 15, 2010 showed similar results. These
are summarized in Supplementary Table S3, and an
example SIP experiment is shown in Figure 3 (1%
CH,, Pond B, 10 d). Compared with DNA extracted
directly from tailings water, the '*CH,-incubated
sample showed a long tail of heavy DNA (Figure 3).
Based on 16S rRNA pyrotag sequencing, the propor-
tion of methanotrophs was much higher in the
heavy DNA compared with the light DNA or to the
raw tailings water DNA (Figure 3). Methylocaldum
spp. and Methylomonas spp. were the predominant
*3C-labeled OTUs, followed by Methylobacter and
Methylomicrobium (Supplementary Table S3). A
large amount of Methylophilales was also labeled,
probably as a result of cross-feeding via methanol. In
two additional SIP incubations an amoeba (98%
sequence identity to Protacanthamoeba bohemica)
was strongly detected in heavy DNA (up to 40% of
all reads), indicating that it was grazing on biomass
ultimately derived from methanotrophy, most likely
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Alphaproteobacteria PmoA
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Methylomicrobium buryatense AF307139
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Methylomonas methanica U31653

Methylomonas sp. LW15, AF150795
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Tailings cluster, PCR sequences + SIP metagenome |

Figure 2 Phylogenetic tree based on partial-derived PmoA sequences of Proteobacteria (165 amino acids). The tree was constructed via
Neighbor-joining with 10 000 bootstraps. Sequences detected in surface tailings water via PCR analysis or in the metagenomic assembly
from the heavy DNA fraction of a SIP experiment are indicated in bold. Major known clusters of PmoA and AmoA are indicated at the
right. The scale bar represents 0.1 change per position. Bootstrap values >80% are indicated. The predominant Methylocaldum sp. OTU
is in a box. The PxmA group represents a second copy of a PmoA-like sequence of unknown function recently found in the genomes of
some Gammaproteobacteria methanotrophs. The tree was rooted against a set of eight AmoA sequences from Betaproteobacteria.

directly on methanotrophic bacteria. Grazing by
amoebae has previously been observed in soils with
elevated methanotroph populations (Murase and
Frenzel, 2008). These two heavily grazed SIP
experiments were not included in Supplementary
Table S3, as the methanotroph species ratios may
have been affected by selective grazing.

SIP metagenomics

A metagenome analysis was performed on the heavy
SIP fraction indicated in Figure 3. Illumina sequen-
cing yielded 382 million read pairs amounting to
38.2 Gbp. De novo assembly of the quality-controlled
metagenomic reads produced 34Mb in contigs
>200bp, with an N50 of 632bp. Only 2.6 Mb were
on contigs >5kB length. Because the assembly was
poor, analysis was limited to detecting particular
genes. Conclusions about the species possessing
these genes and possible gene linkages were not
possible.

The metagenome verified the main methanotroph
species present via a non-PCR method. 16S rRNA
genes detected in the metagenome assembly
included members of the key genera Methylocaldum
and Methylomonas, as well as Methylomicrobium
and Methylosoma/Crenothrix (Figure 1). A nearly
complete pmoCAB operon was assembled that was
related to a Methylocaldum sp. (Supplementary
Table S4; Figure 2). This operon showed the same
gene arrangement as most methanotrophs (pmoCAB)
and an overall identity of 88% to the operon of
Methylococcus capsulatus and 87% to the operon of
Methylocaldum szegediense. In addition, partial

pmoA gene sequences from a Methylomonas sp.
and a Methylomicrobium sp. were found. Two
deeply branching pmoA-like genes detected in
the metagenome were not detected via PCR
(Figure 2).

Although pmoCAB and 16S rRNA genes were
found in the metagenome for the key methano-
trophs, no genes (mmoXYBZD) encoding sMMO
were found using a BLAST threshold of e °. Diverse
genes encoding formaldehyde utilization pathways
were detected, including hps encoding the key
enzyme hexulose phosphate synthase of the Ribu-
lose monophosphate pathway for formaldehyde
assimilation, and mtdB encoding methylene-
H,MPT dehydrogenase for formaldehyde oxidation.
Nitrogen metabolism genes common to methano-
trophs were detected, including haoA encoding
hydroxylamine oxidoreductase, and norB encoding
nitric oxide reductase (Stein and Klotz, 2011).
Most matched closely to Gammaproteobacteria
methanotrophs, although some of the norB
assemblies matched closely to genes from methylo-
trophic Betaproteobacteria. Overall, most methylo-
trophy genes, when analyzed via BLAST against
the non-redundant protein database, matched
most closely to genome sequences of Methylomonas
methanica and Methylococcus capsulatus, or less
frequently to Methylobacter spp. and Methylomicro-
bium spp. The same Gammaproteobacteria
methanotrophs were therefore identified in the
shotgun metagenome data that were identified via
PCR-based pmoA and 16S rRNA gene analyses.
Additionally, some methylotrophy genes were
probably  derived  from  betaproteobacterial
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Figure 3 DNA density gradients and methanotroph commu-
nities based on 16S rRNA pyrotag sequencing for a SIP incubation
using Pond B surface tailings water. Incubation was under 1% v/v
'¥CH, for 10d. The density profile and methanotrophic commu-
nity of fresh tailings water is given for comparison. The density
profiles were normalized by setting the fraction with the highest
concentration to 1. For the SIP, the community from ‘heavy’ DNA
of 1.75gml~" is compared with that of ‘light’ DNA from
1.72gml . Only methanotrophic groups and abundant methylo-
trophs in the family Methylophilaceae are shown in the pie
charts. White pie sections represent all other bacteria.

methylotrophs growing via cross-feeding of metha-
nol. There is thus a good agreement of the
metagenome with the PCR results.

Discussion

The potential methane oxidation rates in surface
tailings waters of the two ponds were as high as
152nmol CH, ml~'d~". This is within the range of
rates seen in natural lake and ocean waters (for
example, Bastviken et al., 2002; Carini et al., 2005;
Kriiger et al., 2005; He et al., 2012), although soils
and sediments in similar climates can show much
higher rates, ranging from 0.17—-80 umol CH,g 'd "'
(Kravchenko, 2002; Wagner et al., 2005; Kip et al.,
2010; Graef et al., 2011; Lee et al., 2011; Barbier
et al., 2012; He et al., 2012). The aeration depth of
the ponds was estimated as 60cm for Pond B and
1.5m for Pond A (Supplementary Table S1). Metha-
notrophs have a high affinity for O,, with Ks values
of 2-10 um, and can even outcompete heterotrophs
for O, at very low concentrations (van Bodegom
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et al., 2001), so they are probably active where
any detectable O, is present. Based on a conserva-
tive estimate of a 50-cm active layer, 150nmol
CH,ml "d~" extrapolates over the entire Pond B
(10km?) to about 17 x 101 CH,d ~*, which is 17%
of the estimated CH, emission rate in this site
(Holowenko et al., 2000). This extrapolation is
obviously crude and intended as a framework
figure only. The key uncertainty is the depth of
aeration, which is likely variable in time and
space. The oxygen demand will vary with the input
of fresh tailings and the removal of recycled
surface water, as well as with natural factors like
temperature. More intense monitoring of the O,
budget would be valuable. Much of the methane
flux is via ebullition (Holowenko et al., 2000),
and this methane will be largely unavailable to
methanotrophs. However, the data demonstrate that
methanotrophs have the potential to reduce
methane efflux from these sites.

The predominance of methanotrophs within the
microbial community as a whole varied from
<0.01% to 5.8% of total reads. However, the species
composition of the methanotrophic community
changed very little, and a single OTU predominated
in all surface tailings water samples. This was a
gammaproteobacterium related to the genus Methy-
localdum, although based on its 16S rRNA sequence
distance to type strains (7.6—8.7% based on the
metagenome sequence spanning Escherichia coli
positions 758-1527) it should represent a new
genus. A variety of detection techniques verified
its predominance. Although these techniques were
not strictly quantitative, they were based on two
genes, multiple primer sets, and both pyrosequen-
cing and hybridization detection methods. It is
exceedingly unlikely that all of these techniques
would show the same bias to a single organism.
Activity-based SIP verified the importance of the
Methylocaldum sp. Other species are capable of
living in these waters, and members of the
genera Methylomonas, Methylobacter and Methylo-
microbium grew rapidly in SIP experiments
using surface tailings water. However, these
species seemed to be less abundant in situ
(Table 1, Figure 3). The constancy of the methano-
trophic community is remarkable given that the
sample set included ponds from different industrial
operations and two particular ponds sampled
periodically over 2 years.

This predominance of the Methylocaldum sp. was
limited to the surface tailings water. Communities
associated with a fen and natural bitumen outcrops
in the same geographical region were dominated by
strains related to the genera Methylobacter and
Crenothrix/Methylosoma, respectively. We did not
detect a pmoA sequence branching distantly to other
proteobacterial pmoAs that is proposed to belong to
Crenothrix polyspora (Stoecker et al., 2006), so the
latter OTU probably represents a phylotype similar
to a Methylosoma sp. Non-petroleum-influenced



ecosystems in the area were not analyzed in this
study, but there is already a large body of work
available on northern peatlands like those found
in the Fort McMurray area. Enumeration via
species-specific 16S rRNA-targeted fluorescent oli-
gonucleotide probes and cultivation-independent
recovery of pmoA and mmoX genes have together
demonstrated that the most important species in
peatland ecosystems are strains of Alphaproteobac-
teria in the genera Methylocystis, Methylocella and
Methylocapsa (Dedysh et al., 2001, 2003; Dunfield,
2009), as well as some Gammaproteobacteria related
to Methylomonas (Kip et al., 2011, 2012). The
Alphaproteobacteria have been isolated and shown
to be mild acidophiles and, in the case of the
genera Methylocella and Methylocapsa, adapted to
oligotrophic salt-poor waters (Dunfield, 2009;
Dunfield and Dedysh, 2010). These conditions are
obviously dramatically different from the alkaline,
slightly saline tailings water, where Alphaproteo-
bacteria methanotrophs were almost undetectable.
Alkaline and saline waters tend to be dominated by
Gammaproteobacteria methanotrophs, particularly
strains of Methylomicrobium (Trotsenko and
Khmelenina, 2002; Lin et al., 2004; Dunfield,
2009). Methane SIP of Lonar lake (pH 10; 0.9% salt)
identified a Methylomicrobium sp. as the predomi-
nant methanotroph (Antony et al., 2010). Gamma-
proteobacteria related to the genera Methylobacter
and Methylococcus/Methylocaldum and some
Alphaproteobacteria related to Methylocystis were
detected via SIP in pH 9.4 soil from a coal mine
(Han et al., 2009). A predominance of gammapro-
teobacterial methanotrophs in tailings water is
reasonable based on these studies, although it is
rare to find a community dominated by Methylocal-
dum spp.

The predominance of the Methylocaldum and
other Gammaproteobacteria methanotrophs may
therefore be influenced by the high pH and salinity
of the tailings water. Other factors known to
influence methanotrophic communities are tem-
perature and the availability of N, Cu and O,
(Dunfield, 2009; Dedysh and Dunfield, 2010;
Semrau et al., 2010). Some strains of the genera
Methylocaldum and Methylococcus grow optimally
at 40-60°C (Dunfield, 2009), so a potential explana-
tion for their predominance is that they survive in
high-temperature process water. The surface water
of the tailings ponds is constantly removed, heated
to 60°C and reused in the bitumen extraction
process before being returned into the pond systems.
Aerobic organisms in the surface water layer must
either grow rapidly enough to maintain their
populations against this constant water removal,
much like growth in a chemostat, or they must
survive the heating process. Nitrogen is not limited
in the ponds, in fact some nitrifying bacteria were
detected (Supplementary Figure S2). However,
the high ammonia/ammonium concentrations up
to 17mgl-"* should require that methanotrophic
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species have mechanisms to deal with the toxic
byproducts of ammonia oxidation by pMMO (Stein
and Klotz, 2011). Genes encoding for hydroxylamine
reductase and nitric oxide reductase were detected
in the metagenome. Most were closely related to
genes found in strains of the genera Methylomonas,
Methylotenera and Methylomicrobium. This does
not necessarily mean that these genes do not derive
from the Methylocaldum OTU, but this species may
be using other mechanisms for handling nitrogen
stress. O, is clearly a limiting factor in the surface
tailings water, and different O, concentrations have
been shown to control methanotroph community
compositions, although there are no consistent
trends in what species predominate under high
CH, and low O, conditions like those in the tailings
water. They can be different Alphaproteobacteria or
Gammaproteobacteria  species  (Amaral  and
Knowles, 1995; Henckel et al., 1999; Henckel
et al., 2000, van Bodegom et al., 2001; Horz et al.,
2002; Pester et al., 2004; Bussmann et al., 2006).
Methane and O, levels certainly affect methano-
troph communities, but the effect is probably site-
specific and difficult to generalize.

Probably because of whole-genome amplification
biases, the SIP-metagenome assembly was poor, but
it did supplement the PCR-based analysis of the SIP
experiment. A group of pmoA-like sequences
recently detected as part of a second pmo operon
in some methanotrophic Gammaproteobacteria
(Tavormina et al., 2011) was found only in the
metagenome (PxmA group in Figure 2). PCR biases
make these undetectable with standard pmoA
primer sets (Tavormina et al., 2008), but the use of
metagenomics allowed us to find them in the
tailings water. This constitutes the first detection
of these genes outside a marine system (Tavormina
et al., 2008). The function of these pmoA-like genes
is presently unknown.

The community also contained other genes typi-
cal of gammaproteobacterial methanotrophs
(Supplementary Table S4). However, genes encoding
sMMO were not found. Many methanotrophs
encode this enzyme in addition to pMMO. Although
the Illumina run would theoretically allow
100-1000 x coverage of a simple community
containing <10 genomes, biases connected to the
method and to the whole-genome amplification step
mean that some genes may have been missed.
Nevertheless, pmo and 16S rRNA genes were
detected for the major species in the metagenome
and therefore the most likely explanation for the
failure to detect any of the mmo operon genes is that
they were simply mnot present. Described
Methylocaldum species do not encode sMMO, but
some Methylococcus spp. and Methylomonas spp.
do, so the result is surprising. The lack of sMMO in
the surface tailings water community might have
biotechnological implications for co-oxidation of
pollutants by methanotrophs, as sMMO has a
broader substrate range than pMMO (Dalton, 2005;
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Semrau, 2011). One reason for the absence of
methanotrophs possessing sMMO may be that this
enzyme would rapidly generate toxic byproducts
from the oxidation of the diverse aromatic hydro-
carbons in the water and thereby damage the
methanotrophs. Semrau (2011) noted that, while
both pMMO-expressing and sMMO-expressing
methanotrophs degrade diverse pollutants, the
sMMO-expressing cells do so at a higher rate and
hence do not survive as well in complex contami-
nant mixtures. Another explanation for the predo-
minance of pMMO might be the large concentrations
of Cu in the tailings water, reported as up to
0.005mgl "' (Quagraine et al., 2005; Kelly et al.,
2010). sMMO is generally only expressed in low-Cu
conditions (Semrau et al., 2010), so an ecosystem
rich in Cu might render sMMO as a backup to
PMMO unnecessary and select for pMMO-only
methanotrophs.

Surface tailings water communities detected via
16S rRNA gene pyrotag sequencing were an unusual
mixture of obligate aerobes, obligate anaerobes and
facultative anaerobes. The chemical and biological
oxygen demands in the ponds are very high due to
the hydrocarbons and sulfides present, so obligate
aerobes like methanotrophs are only active in the
surface waters. Deeper anaerobic layers of the ponds
are dominated by methanogenic Euryarchaeota and
other obligate anaerobes such as Clostridia (Penner
and Foght, 2010; Ramos Padron et al., 2011). These
were also detected in surface waters, as were several
OTUs that should represent obligate aerobes. The
abundant members of the genus Flavobacterium,
phylum Acidobacteria and family Rhodospirillaceae
in the 16S rRNA gene pyrotag read sets (Supple-
mentary Tables 2B-D) were also abundant in the
light fractions of SIP experiments (usually >20% of
all reads, data not shown) after aerobic shaking for
6—10d, which verified that these OTUs represented
fully aerotolerant bacteria. However, by far the
predominant OTUs in surface tailings water were
Betaproteobacteria, particularly in the families
Comamonadaceae and Rhodocyclaceae, which are
likely to be facultative anaerobes. These families are
known to be diverse metabolically, containing
species capable of phototrophy, lithotrophy (S and
H,), organotrophy, aerobic respiration, fermentation,
Fe®" reduction and denitrification (Garrity et al.,
2001; Willems and Gillis, 2001). Many degrade
hydrocarbon pollutants (Prince et al., 2010). The
surface water is very low in O, and is subject to
constant forced circulation through the addition of
fresh tailings and drawoff of recycle water, allowing
mixing of aerobic and anaerobic communities. This
would explain the predominance of facultative
anaerobes like the Comamonadaceae, as a versatile,
primarily anaerobic metabolism would be favored in
such a system.

Our results provide a first glimpse of the metha-
notrophic potential of surface waters of oilsands
tailings ponds. Potential rates of methanotrophy are
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high and the methanotroph communities are pre-
dominated by a few Gammaproteobacteria that
appear to have pMMO but no sMMO, particularly
a Methylocaldum-like species. Environmental fac-
tors selecting for these species may be the alkaline
pH, high salinity, high ammonia, high Cu, low O,,
high concentrations of co-oxidisable substrates and
occasionally high temperatures. Study of the pre-
dominant  species after isolation  should
elucidate their adaptations. Given the accelerating
development of the oilsands resource, and
concurrent global concerns about its carbon foot-
print (Swart and Weaver, 2012), it is important to
understand the carbon cycle of this system (Rooney
et al., 2012). The most obvious limiting factor to
methanotrophy in situ is O, limitation. Because of
the large chemical and biological O, demands
of the water and the large pollutant loads, these
lakes are fundamentally different from natural
systems. Engineering a deeper, less turbid surface
water cap might allow better O, penetration
and foster the growth of the aerobic community,
including methanotrophs. This would be desirable
to increase degradation rates of harmful chemicals
and reduce the large methane emissions associated
with tailings ponds.
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