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Due to the environmental persistence, bioaccumulation, and toxicity of metals released

by mining activities, mitigation methods are crucial to minimize impacts on aquatic

environments. Bioremediation is one mitigation strategy used to reduce the potential

for metal accumulation and toxicity in aquatic organisms. At a potential mine site in

Yukon, Canada, elevated copper (Cu) concentrations and low pH are found in a water

course near a naturally mineralized area; however, Cu concentrations and acidity are

greatly reduced downstream. Physicochemical processes do not appear to explain

this natural remediation and it is suggested that unique microbial communities may be

responsible through Cu immobilization. To investigate the role of microbes in sequestering

or transforming Cu in the water, biofilm samples were collected from five sites along

a natural copper gradient: upstream of Cu introduction, on a Cu-rich tributary, 30m

downstream of Cu introduction, where Cu levels were reduced, and 2 and 7 km

further downstream, where Cu concentrations were low. Taxonomic profiles of microbial

communities (microbiomes) were compiled using DNA sequencing of 16S rRNA gene

amplicons. Clear relationships between total Cu concentrations, pH and themicrobiomes

were evident. In the most Cu-affected samples, communities were dominated by

bacteria from the Gallionellaceae family. Metagenomic sequencing profiled the genes

present in microbiomes from the most Cu-contaminated sampling location and the area

immediately upstream and showed that microbes in this area are well adapted to tolerate

heavy metals. This study provides fundamental knowledge of microbial communities at

a potential mine site and characterizes the genes likely involved in providing tolerance

to an acidic and metals-rich environment. These results inform hypotheses for future

experiments to support the development of bioremediation approaches that incorporate

the use of native microorganisms at mining sites.
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INTRODUCTION

Mining is an important natural resource extraction method
that typically requires mitigation strategies to reduce or
eliminate resulting adverse environmental impacts. If impacts
to aquatic environments are predicted during the design and
assessment phases of mine development, water treatment is often
considered. However, current water treatment strategies and
the management of resulting sludges can be extremely costly
and time consuming (Perales-Vela et al., 2006). Bioremediation,
an alternative to conventional physicochemical treatment
processes, uses biological organisms to metabolize, alter, or
capture contaminants of concern in an engineered project
or at a contaminated site. Bioremediation examples include:
toluene-degrading bacteria in a Massachusetts, United States
of America (USA) watershed (Tay et al., 2001); mercury-
accumulating periphyton in Boreal Canadian Shield Lakes
(Desrosiers et al., 2011); and naphthenic acid-removing bacteria
in oil sands processing water, Alberta, Canada (Islam et al.,
2015). Bioremediation may be the preferred option for reducing
contaminant concentrations in circumstances where access is
difficult, habitat will be destroyed, species at risk will be disrupted,
or the area is simply too large to be feasibly physically remediated.
Hence, bioremediation, along with geochemical processes, can
contribute to the attenuation of environmental impacts and may
be an innovative option to solve some contamination issues.

In Northern Canada (Yukon Territory), a copper-gold-silver-
molybdenum mine has been proposed near Casino Creek by
the CasinoMining Corporation (CMC)1. Baseline environmental
assessments of the aquatic environment have shown that the
background concentrations of metals in some areas are elevated
above Canadian Council of Ministers of the Environment
(CCME) water quality guideline values for the protection of
aquatic life2, which are concentrations used by the Yukon
Government to protect the environment. More specifically,
preliminary studies found that copper (Cu) concentrations were
naturally elevated in some parts of Casino Creek but reduced
immediately downstream. Physical and chemical evaluations
(e.g., hydrogeological modeling of dilution and calculations of
solubility limits for common minerals [e.g., tenorite (CuO)])
offered no indication as to the cause of reductions in Cu
concentrations, suggesting that this may be a case of natural Cu
bioremediation.

Metals bioremediation is performed by many types of
organisms, including bacteria, fungi, and algae (Tay et al., 1998;
Desrosiers et al., 2011; Arini et al., 2012). Across a wide range
of environments, including aquatic ecosystems, these organisms
naturally organize into biofilm communities (Malik, 2004) in
which cells adhere to each other on a surface and produce
a matrix of extracellular polymeric substance (EPS). Some
biofilms can withstand high concentrations of metals (Orell
et al., 2010 and references therein) and acidic conditions (Baker
and Banfield, 2003; Arini et al., 2012), which make them a
useful tool in developing new biotechnologies for mining-related

1http://www.casinomining.com/project/proposed_mine/.
2http://www.ccme.ca/en/resources/canadian_environmental_quality_guidelines/

index.html.

areas of research. The science of strategically using biofilms is
continuously developing (ITRC, 2008), including their use for
bioremediation purposes.

Biofilms are complex and difficult to cultivate artificially,
and new tools to study microbiomes in situ have enabled
the profiling of biofilm community structures based on their
DNA sequences (Besemer et al., 2012), greatly enhancing the
knowledge base regarding their natural compositions. The
objective of this study was to use new approaches to characterize
native microorganisms from a proposedmine site and investigate
their potential involvement in Cu bioremediation. This study
used microbiome profiling and metagenomic techniques to
investigate biofilms collected from an artificial substrate placed
in situ at five sites in the Casino Creek watershed to describe how
the microbiome varies concurrently with Cu concentrations and
acidic conditions. Microbial taxonomic profiles were compiled
using amplicon sequencing of the 16S rRNA genes present in
extracted DNA and community profiles were compared between
sites. Genes from select samples were profiled using shotgun
methods for metagenomic DNA sequencing to characterize
the entire microbial community and identify metal-associated
genes that could possibly explain elevated Cu-tolerance and the
hypothesized ability to reduce Cu concentrations in the water
column. The results of this study may be useful to inform
future development of bioremediation strategies using native
microbes to mitigate potential increases in environmental metals
concentrations from mining operations. This is one of the first
studies to investigate the microbial community structure and
gene content of microorganisms from a naturally mineralized
area prior to the initiation of mining operations and therefore
represents an example of microbial investigations that can
support natural resource extraction processes.

MATERIALS AND METHODS

Sampling Locations
Five locations for biofilm sampling were selected in the Casino
Mine watershed, Yukon, Canada (Figure 1; Table 1). Site A
is located furthest upstream on Casino Creek, just prior to
the introduction of Cu to the system (via the Proctor Gulch
tributary). Site B is on the copper-rich tributary in Proctor Gulch,
immediately upstream of the confluence with Casino Creek,
and has the highest Cu concentrations with visible dark orange
staining on rocks. Site C is on the Casino Creek mainstem,
30m downstream of Site A, and Cu concentrations were slightly
elevated and some orange staining on rocks was visible. Site D is
∼2 km downstream of Site C and is located in the proposed mine
tailings pond area. Site E is furthest downstream,∼5 km south of
Site D, and sits at the toe of the proposed tailings pond.

Casino Creek Biofilm Sample Collection
Biofilm samplers were deployed in triplicate at each sampling
location on the same day. Samplers consisted of PVC pipes, 20 cm
in length and 5 cm in diameter (approximate volume 400ml),
containing 5mm glass beads inside a nylon bag as the substrate
for biofilm colonization (Besemer et al., 2012). Plastic netting was
placed over the ends of the PVC pipes to exclude large debris
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FIGURE 1 | Sampling site locations. (A) Map of biofilm sampling locations (Sites A–E) along Casino Creek, Yukon, Canada. (B) Picture of triplicate biofilm samplers

deployed at Site B.

TABLE 1 | Sampling site descriptions and conditions.

Site

name

Site ID Location

description

Substrate Water

temperature

(◦C)

Dissolved

oxygen

saturation (%)

Specific

conductivity

(µS/cm2)

pH Total

copper

(mg/L)

Dissolved

copper

(mg/L)

Notes

A W101 Casino Creek,

upstream of Proctor

Gulch

Boulder 1.5 87.7 327 6.19 0.12 0.10

B W12 Proctor Gulch Embedded

substrate

0.6 88.8 1018 3.75 1.02 0.96 dark orange

staining on rocks

C W102 Casino Creek,

downstream of

Proctor Gulch

Boulder/Cobble 1.3 87.8 511 4.19 0.37 0.35 orange staining

on rocks

D W8 Casino Creek in

proposed tailings

Cobble/Boulder 1.3 95.2 244 7.19 0.07 0.02

E W11 Casino Creek at toe

of proposed Tailing

dam

Cobble/Boulder 1.7 93.5 246 7.26 0.03 0.01

Sites B and C have higher acidity and concentrations of copper.

while allowing for water flow through the sampler. Samplers were
tethered and submerged at depths of 0.3–0.4m. Median water
hardness measured during baseline environmental assessments
in Casino Creek was 111mg/L CaCO3.

The biofilm samplers were left in situ for 18 d during late
summer/early fall. On the final day, water quality parameters
(dissolved oxygen, pH, conductivity) and substrate information
were noted (Table 1) and samplers were retrieved and placed
in sterile plastic bags with site water and kept cool on ice
until processed. To harvest the biofilms (colonized organisms),
glass beads were removed from the nylon bag into a glass
beaker containing 0.5 volumes of corresponding site water
and sonicated ∼10min. To collect and concentrate the biofilm
organisms, the water was filtered through a Super200 0.22µm
filter (Pall Corporation, VWR, Mississauga, ON, Canada). This
process was repeated using the remaining 0.5 volume of
corresponding site water. Filters containing the organisms were
stored in 15ml tubes and kept frozen during shipping (via

air from Whitehorse, Yukon to Burnaby, BC) until transfer
to−80◦C.

Whole, dry filters were cut using sterilized scissors into
10–15mm wide strips. Filter segments were placed into a
Powerlyzer R© glass bead tube containing 0.75ml bead solution
and DNA was extracted using the Powerlyzer R© PowerSoil R©

DNA isolation kit (Mo Bio Laboratories Inc., Carlsbad, CA, USA)
following the manufacturer’s instructions. The elution step was
performed twice for a total final volume of 0.12ml of DNA. The
DNA samples were stored at −20◦C. DNA concentrations were
evaluated using a NanoDrop 2000 spectrophotometer (Thermo
Scientific, Wilmington, DE, USA). A sample was considered
acceptable if it had a DNA concentration >5 ng/µl.

Amplicon Library Preparation and
Sequencing
DNA concentrations were adjusted to 5 ng/µl. Each Polymerase
Chain Reaction (PCR) contained: 5 ng of biofilm DNA, 13µL of
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molecular biology grade water, 10µL of 5 Prime Hot Master Mix
(5 Prime, Gaithersburg, MD, USA), and 0.5µL of each forward
and reverse primer (10µM final concentration) as described in
Caporaso et al. (2011). PCR was performed in triplicate on a
TGradient Thermocycler (Biometra, Horsham, PA, USA) with
the following program: 94◦C for 3min; 35 cycles of 94◦C for
45 s, 50◦C for 60 s, and 72◦C for 90 s; and finally an extension
at 72◦C for 10min. Primers that amplify the V4, V5 region of
the 16S rRNA gene were obtained from Klindworth et al. (2012),
forward S-D-Bact-0564-a-S-15: 5′-AYT GGG YDT AAA GNG-
3′ (520F) and reverse S-D-Bact-0785-b-A-18: 5′-TAC NVG GGT
ATC TAA TCC-3′ (802R). A 2% agarose gel was run on each
PCR sample to confirm amplification occurred. PCR cleanup of
the 16S amplified samples was performed as described in the
16S Metagenomic Sequencing Library Preparation instructions
(Illumina, San Diego, CA, USA).

Indices were incorporated into the 16S amplified samples
as per the Illumina 16S Metagenomic Sequencing Library
Preparation instructions. Each index reaction used 10µL of
DNA, 5µL of Index primer 1 (N701–N705), 5µL of index
primer 2 (S502–S504 or S517), 25µL of 5 Prime Hot Master
Mix, and 10µL of molecular biology grade water. PCR was
performed to anneal indices to the 16S rRNA amplicon with
the following conditions: 95◦C for 3min; eight cycles of 95◦C
for 30 s, 55◦C for 30 s, and 72◦C for 30 s; a final extension
at 72◦C for 5min. Several control samples were included
at this stage: (1) a MilliQ water-only negative control, (2)
a MilliQ water and DNase negative control, (3) a filter-
only negative control, and (4) a spiked positive control.
Negative controls showed undetectable (<0.4 ng/µL) amounts
of DNA prior to amplification. The spiked positive control
contained an in-house laboratorymixture of DNA extracted from
cultures of: Bacillus amyloliquefaciens (FZB4Z), Escherichia coli
(K12), Pseudomonas aeruginosa (PAO1), Pseudomonas putida
(KTZ440), and Rhodobacter capsulatus (SB1003).

A second PCR cleanup of the indexed 16S amplified
samples occurred as described in the Illumina 16S Metagenomic
Sequencing Library Preparation instructions. Prior to input
on the Illumina MiSeq cartridge, DNA concentrations were
assessed using a Qubit R© 2.0 Fluorometer (Life Technologies,
Grand Island, NY, USA), and DNA quality and size (to confirm
390 bp products) were assessed using a DNA 1000 chip on a
Bioanalyzer 2100 instrument (Agilent Technologies, Santa Clara,
CA, USA). DNA libraries were normalized to 4 nM with 10mM
Tris, pH 8.5. All samples and controls were pooled and run
on the Illumina MiSeq Sequencer, following the Illumina 16S
Metagenomic Sequencing Library Preparation instructions. All
raw sequences are deposited in the NCBI Sequence Read Archive
under BioProject ID: PRJNA297682.

Metagenomic Library Preparation and
Sequencing
Two samples were selected for further analysis using shotgun
sequencing: one from Site B, where the Cu concentration is
highest, and one from Site A, upstream of Cu introduction
(Table 1). The same in-house produced positive control as
described above was also processed with these samples.

Prior to input on the Illumina MiSeq cartridge, DNA
concentrations were assessed using a Qubit R© 2.0 Fluorometer
(Life Technologies) to check for appropriate concentration
(0.2 ng/µL) and cluster density for the Illumina instrument.
Tagmentation was performed according to the Nextera XT
DNA Sample Preparation Kit (Illumina, San Diego, CA, USA)
instructions. The amount of DNA for each sample varied slightly
but was at least 1 ng. Indices were incorporated into the samples
for metagenomic sequencing as per the Illumina Nextera XT
DNA Sample Preparation Kit instructions. Each index reaction
contained 25µL DNA, 5µL of Index primer 1 (N701 or N702),
5µL of index primer 2 (S502 or S504), and 15µL of NPMmaster
mix. To anneal index primers to tagmented DNA, PCR was
performed as follows: 72◦C for 3min; 95◦C for 30 s; 12 cycles
of 95◦C for 10 s, 55◦C for 30 s, and 72◦C for 30 s; a final extension
at 72◦C for 5min.

PCR cleanup was performed for the metagenomic libraries
following the procedure from the Illumina Nextera XT DNA
Sample Preparation Guide. For the metagenomic libraries, DNA
quality and size (to verify the appropriate range of 100–1000 bp)
were assessed using a DNA 1000 chip on a Bioanalyzer 2100
instrument (Agilent Technologies). DNA concentrations were
assessed using a Qubit R© 2.0 Fluoromoter (Life Technologies).
Each library was diluted to 4 nM with 10mM Tris, pH 8.5, and
pooled with 0.1X volume of positive control before being run
on the Illumina MiSeq Sequencer, following Illumina Nextera
XT DNA Sample Preparation Guide. All raw sequences are
deposited in the NCBI Sequence Read Archive under BioProject
ID: PRJNA297682.

Amplicon Data Analysis
Amplicon sequence reads were preprocessed according to best
practices (Schirmer et al., 2015). Low confidence bases were
trimmed by Phred score using Trimmomatic (Bolger et al.,
2014), with a sliding window of length 3 and a minimum Phred
score of 20. Error correction was performed using BayesHammer
(Nikolenko et al., 2013), followed by merging of overlapping
paired reads using PEAR (Zhang et al., 2014), both with default
settings. Reads containing ambiguous bases and reads that
were >5% longer or shorter than expected were discarded. All
samples were rarefied to 100,000 reads before using QIIME v
1.9 (Caporaso et al., 2010a) to perform open-reference OTU
picking. Reads were clustered using uclust (Edgar, 2010) at
97% identity against the Greengenes v13_8 16S rRNA database
(DeSantis et al., 2006). Reads that did not match to a reference
sequence were clustered de novo at 97% identity. Where possible,
OTUs were taxonomically annotated using uclust (Edgar, 2010)
against Greengenes reference sequences (DeSantis et al., 2006).
OTUs with <3 reads were removed to avoid noise. A PyNAST
(Caporaso et al., 2010b) alignment of OTUs was used to build
a phylogenetic tree using FastTree (Price et al., 2009). OTU
diversity and abundances were analyzed in R 3.0 using PhyloSeq
(McMurdie and Holmes, 2013) and Vegan (Oksanen et al., 2002).

In the positive control, 40,095 reads were assigned to
1087 OTUs, with 99.7% of reads assigned to OTUs from the
four expected families. The most abundant OTU assigned to
the incorrect family contained 0.015% of the sample’s reads
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and was assigned to the most abundant family from the
experimental samples (Gallionellaceae). This indicates that OTUs
with extremely low abundance may be due to a small amount
of sample cross-contamination. In the experimental samples,
299,356 reads were assigned to 6767 OTUs. After OTUs with
abundances lower than 0.015% were discarded, 251,783 reads
were assigned to 1579 OTUs. To compare across samples, all
samples were sub-sampled to the lowest per-sample read count
(2432 reads), such that 36,480 reads were assigned to 1128 OTUs
across all samples.

Alpha(α)-diversity was measured using Shannon-Weiner
index and β-diversity was measured using weighted Unifrac
distances. Correlations between OTU abundances and Cu
concentration were measured by first discarding low-variance
OTUs (variance in proportional abundance across samples <1E-
7). The remaining OTUs were tested for correlation using
Pearson correlation and p-values were adjusted for false discovery
rate using Benjamini-Hochberg method. Statistical significance
was determined when q-values were <0.05.

Metagenomic Data Analysis
Metagenome reads were trimmed to remove low confidence
bases using Trimmomatic (Bolger et al., 2014), with a sliding
window of length 5 and a minimum Phred score of 20.
Sequencing adapters were removed using cutadapt (Martin,
2011), overlapping paired-end reads were merged using PEAR
(Zhang et al., 2014), and reads shorter than 100 bp were
discarded. After this processing, 3 and 10 million reads remained
in samples from Sites A and B, respectively. Reads were then
compared against BacMet, a database of metal-associated genes
using BlastX with a 60% identity threshold (Pal et al., 2014).
Assembly of reads from Site B was performed using SPAdes
with default parameters (Bankevich et al., 2012). Experimental
samples were subsampled down to 1.8 million reads to be
compared against nr (downloaded January 22, 2015) using
RAPSearch2 (Zhao et al., 2012). Protein alignments with an
e < 0.01 and length greater than 30 amino acids were analyzed
using MEGAN version 5.10 (Huson et al., 2011) to determine the
taxa and gene families present. MEGAN was run using default
parameters to assign reads using the March 2015 taxonomic
reference file and the SEED database (Overbeek et al., 2005)
mapping file (most recent version: January 2014).

RESULTS

Cu-Rich Samples Were Dominated by
Gallionellaceae
Total Cu concentrations at sampling sites ranged from 0.03
to 1.02mg/L (Table 1) and were highly correlated with specific
conductivity and pH (Pearson’s Rho: 1.0 and 0.91, respectively),
and not correlated with temperature (data not shown) or
percent saturation of dissolved oxygen (Table 2). Taxonomic
compositions of sampled microbiomes (the community of
microorganisms) were predicted from DNA sequences of the
16S rRNA gene. Overall, Proteobacteria was the most abundant
phylum across samples, with the remainder of the communities

TABLE 2 | Correlations among metadata variables.

Cu Cond. pH DO %sat.

Total copper concentration (mg/L) (Cu) 1

Specific conductivity µS/cm (Cond.) 1* 1

pH −0.91* −0.92* 1

Dissolved oxygen % saturation (DO %sat.) −0.49 −0.53 0.77 1

Total copper (mg/L) and dissolved copper (mg/L; data not shown) values are correlated

at Pearson’s Rho = 1. Conductivity (µS/cm; data not shown) and Specific Conductivity

(µS/cm2 ) values are correlated at Pearson’s Rho = 1. Abbreviations used: Cu, total

copper concentration (mg/L); Cond., specific conductivity (µS/cm); DO %sat., dissolved

oxygen % saturation. Asterisks (*) indicate statistically significant Pearson correlations (p<

0.05). Color corresponds to strength of correlation, from strongly positive (blue) to strongly

negative (pink).

being composed of Bacteroidetes in Sites D and E and a
combination of phyla in Site A [Figure 2; class and order data are
presented in Figures S1A,B]. Sites B and C were dominated by
Proteobacteria, except for a small amount ofCyanobacteria in Site
B, which was classified down to the order level as Stramenopiles.
The dominant taxonomic family (87–93%) present in the Cu-
exposed microbiomes at Sites B and C was Gallionellaceae
(Figure 2). Across all other samples, 0.2–23% of reads were
assigned to Gallionellaceae. Site A was the least characterized at
the family level, with the majority of the community belonging
to an unknown family, while the most abundant family at Sites D
and E was Comamonadaceae (Figure 2).

Of all the reads assigned to the 593Gallionellaceae operational
taxonomic units (OTUs), 99.99% were assigned to 591 OTUs
in the Gallionella genus. While the high number of Gallionella
OTUs indicates that there was some species diversity present in
these samples, most of these were present in very low abundance
and could also have been due to noise from sequencing errors.
One of the Gallionella OTUs was by far the most abundant,
comprising 81% of all Gallionella-assigned reads: OTU 830064
(Figure 3). This OTU was most abundant in Cu-rich Sites B and
C, where it accounted for 76–83% of reads, but it was also seen at
low levels in all other samples (0.2–4%). In contrast, the reads
assigned to Gallionella in Site A were mostly from a different
OTU: OTU 4342654, which was the second most abundant
Gallionella OTU overall. This OTU was also present across all
other sampling sites but in very low abundance (0.02–0.1%).

To identify OTUs with abundances correlated with Cu
concentration, OTUs with low variance in abundance across Sites
A–E were first discarded, leaving 227 OTUs to be tested. Six of
these OTUs were significantly correlated with Cu concentration
and had at least 1% abundance in any sample: four belong to the
Gallionella genus, one was unclassifiable, although similar to a
sequence found in an arctic stream (Larouche et al., 2012), and
one was from the order Stramenopiles (Table 3).

While 16S data indicates that one OTU belonging to the
genus Gallionella dominates Site B, metagenomic sequencing
results from Site B indicate that the DNA present is most closely
related to sequences from multiple genera in the Gallionellaceae
family (Figure 4). Reads assigned in this family at the species
level are split between three genera: Gallionella, with 62.5% of
reads, Sideroxydans, with 34% of reads, and Ferriphaselus, with
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FIGURE 2 | Overview of taxonomic composition of each sample by

phylum and family. Bar plots represent the proportion of reads assigned to

the taxonomic composition of each sample by phylum (top) and by family

(bottom), grouped by sampling site (n = 3 per site). Colors do not correspond

between figures. Low abundance taxa (<1% at the phylum level and 3% at the

family level) were collapsed to improve readability. Square brackets indicate

proposed taxonomy based on Greengenes phylogenetic analysis. Phylum level

plot shows that Site A was distinct from other low-copper sites and that

cyanobacteria were present in Site B. Family level analysis shows dominance

of Gallionellaceae at Sites B and C. The higher number of OTUs that could not

be assigned to a family at Site A indicates that those bacteria were more

distantly related to known bacteria than those present in the other sites.

3.5% of reads. De novo assembly of the metagenome from Site
B resulted in an N50 of 835. Although this is low, many long
contigs were constructed: 4 longer than 100 kbp and 558 longer
than 10 kbp. Further sequencing that targets genome completion
may be required to improve this assembly.

Bacterial Communities Recover in
Phylogenetic Diversity But not
Composition After Cu is Depleted
Within-sample bacterial diversity was measured on OTU counts
using the Shannon–Wiener index, which takes into account
richness and abundance. Biofilm samples from Sites B and C
(high total Cu concentrations: 1.02 and 0.37 mg/L, respectively),
had the lowest diversity, while biofilm samples from Sites A,
D, and E (low total Cu concentrations: 0.12, 0.03, and 0.07
mg/L, respectively), had higher diversity (Figure 5A). Between-
sample bacterial diversity was calculated using weighted-UniFrac
distances to measure diversity between samples. This method
is phylogenetically sensitive, such that it measures the distance
between samples based both on the abundance and relatedness
of shared and unshared OTUs. The pair-wise distance matrix
is represented in Figure 5B using principle coordinates analysis
(PCoA). Samples clustered closer together had more similar

FIGURE 3 | Abundance of Gallionella OTUs across samples. Bar plots

represent the number of reads assigned to all OTUs classified as Gallionella.

Each color represents a different OTU. The two most abundant Gallionella

OTUs (purple and orange) represented 87% of all reads assigned to any

Gallionella OTU. Purple, OTU 830064; orange, OTU 4342654 (Greengenes

IDs).

microbiomes. Samples from the Cu-affected Sites B and C
clustered together, as did samples from the two downstream Sites
D and E where Cu had been depleted, while the samples from
the site before Cu was introduced (Site A) were distinct from
both groups (Sites B and C, or D and E). This suggested that
while diversity levels recovered after Cu concentrations returned
to baseline values, the composition of the community did not
return to a pre-Cu exposure state. However, other factors that
were not evaluated in detail in this study (e.g., stream topography
or substrate type) may account for the microbiome differences
between sampling locations A and D or E.

Eukaryotic Community Also Differs
Between Sites with Low and High Cu
Concentrations
The taxonomic analysis of metagenomic sequences showed that
bacteria were the main component of the biofilms examined
and that Sites A and B differed in their eukaryotic and archaeal
compositions (Figure 4; list of taxa abundances in Table S1).
In Site A, 52% of reads were classified taxonomically. Reads
may not have been classified due to low sequence complexity
or high evolutionary distance from reference genomes. Of those
reads that were classified, 99% were classified as bacterial,
1% as eukaryotic, and 0.5% as archaeal. The eukaryotes were
mostlyOpisthokonta (0.6%), includingMetazoa (0.3%) and Fungi
(0.2%). The archaea were mostly Euryarchaeota (0.2%), with
few reads classified down to the class level; the most abundant
classes wereMethanomicrobia (0.08%) andHalobacteria (0.04%).
Viruses were detected at very low abundance (0.07%), as expected
due to the pore-size of the filters used. In Site B, 61% of reads
were classified taxonomically, of which 96% were bacterial, 4%
were eukaryotic, and very few were archaeal (0.06%). The most
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TABLE 3 | OTUs positively correlated with copper concentration are from Gallionellaceae and Stramenopiles.

OTU name Pearson’s

Rho

Abundance % q-Value Phylum Class Order Family Genus

830064 0.81 82.7 3.70E-03 Proteobacteria Betaproteobacteria Gallionellales Gallionellaceae Gallionella

808810 0.93 6.1 1.30E-05 Cyanobacteria Chloroplast Stramenopiles

NCR.508055 0.96 1.3 1.40E-06 Unassigned. 88% identical to two uncultured bacterium clones from an arctic stream:

EpiUMB50 (GenBank: FJ849304.1) and EpiUMB1 (GenBank: FJ849261.1)

NCR.467936 0.89 1.1 1.90E-04 Proteobacteria Betaproteobacteria Gallionellales Gallionellaceae Gallionella

587098 0.69 1 3.80E-02 Proteobacteria Betaproteobacteria Gallionellales Gallionellaceae Gallionella

259765 0.93 1 1.40E-05 Proteobacteria Betaproteobacteria Gallionellales Gallionellaceae Gallionella

List of OTUs with abundance levels significantly correlated with copper concentration according to Pearson’s correlation with Benjamini-Hochberg false discovery rate correction

(significant: q ≤ 0.05) and with at least 1% abundance. OTUs are sorted by abundance, measured as the maximum percent of reads that belong to this OTU within any sample. OTU

names are Greengenes database identifiers unless beginning with NCR, which are novel OTU clusters. All OTUs, except NCR.508055, from Kingdom: Bacteria.

FIGURE 4 | Phylogenetic tree of taxa at Site B predicted from shotgun sequencing analysis. Circle size represents the number of reads assigned to each

taxon, showing predominance of sequences classified as multiple genera in the Gallionellaceae family. Taxa only shown when at least 0.1% of reads are assigned.

abundant eukaryotic taxa identified in Site B were Opisthokonta
(1.7%), including Fungi (1%) andMetazoa (0.5%), and two types
of algae: Stramenopiles (0.5%) and Viridiplantae (0.4%). Viruses
were again detected at low abundance (0.2%), half of which were
Phycodnaviridae, which infect aquatic eukaryotic algae. These
results show that Sites A and B differed beyond their bacterial
communities, with archaea and Metazoa more abundant in Site
A, while Fungi, algae, and algal viruses were more abundant in
Site B.

Metal-Associated Genes and
Pathway-Level Differences Occur Between
Sites with High and Low Cu
Concentrations
More reads from the Cu-rich Site B than from Site A were
assigned to metal-associated genes, with 0.7 and 0.09% assigned,

respectively, (Table S3). Of the 22 metal-associated genes with at
least 10 reads per million assigned in either sample, all were more
abundant in Site B compared to Site A, with nine having at least
a 20-fold higher abundance (Table 4). Of the remaining 13 lower
abundance genes, 12 had at least a 2-fold higher abundance in
Site B compared to Site A (Table S3).

More reads from Site B were assigned to a SEED subsystem
functional group than from Site A, with 27 and 18% of
reads assigned, respectively (Table S2). This was likely due to
fewer closely-related reference genomes being available for the
upstream site. Table 5 lists the 8 SEED subgroups that were
abundant, with at least 0.1% reads assigned, and differential,
with at least a four-fold difference in abundance between Sites
A and B. Most of these subgroups were more abundant in Site
B than Site A, with a larger ratio than could be accounted
for by the difference in number of reads classified (1.5-fold
difference).
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FIGURE 5 | Bacterial diversity across sampling sites. (A) Within-sample

diversity (α-diversity) is measured with the Shannon-Wiener index. (B)

Between-sample diversity (β-diversity) is measured with weighted UniFrac

distances and represented with a principle coordinates analysis plot, in which

63.5 and 26.5% of the variability among samples is projected on Axis 1 and 2,

respectively; n = 3 for all sampling sites. These plots show when copper

concentrations were high (Sites B and C), α diversity was low, and bacterial

communities recover in α-diversity after copper concentrations decline, but

community composition does not return to the pre-copper state.

DISCUSSION

Microbial communities are being intensively studied for
their environmental applications, including bioremediation to
reduce undesirable contaminant concentrations that result from
anthropogenic activities. During the environmental assessment
of a proposed metals mine in Northern Canada, an unusual
feature of the area was discovered: aqueous Cu concentrations
that were high in one reach of a creek were quickly reduced
downstream with data suggesting that the causative factor was
biological. In this study, microbiome samples were collected
from several reaches of the creek, including those high
in metal concentrations and low in pH, for metagenomic
analysis in order to characterize their taxonomic and genetic
compositions. Microbial profiles at sampling locations with
high Cu concentrations were highly similar and dominated
by the Gallionellaceae bacterial family, suggesting that one
or more species of Gallionellaceae may be involved in the
observed reduction in aqueous Cu concentrations. The findings
of this study provides further evidence that Gallionella-like
species can thrive in environments that are acidic and high
in metal concentrations, as previously described by Fabisch
et al.(2013). This study contributes to the characterization of

native microorganisms that can potentially be cultivated for in
situ bioremediation.

Metagenomic sequencing of DNA from biofilm samples from
Sites A and B revealed that these communities were dominated
by bacteria, with >99 and >96% of taxonomically classified
reads assigned to bacteria, respectively; thus, eukaryotic and
archaeal proportions were minimal (Table S1). Fungi are known
to sequester or uptake metals by biosorption but since fungi
were proportionally quite low in the assigned reads from the
Site A and Site B biofilms (0.2 and 1%, respectively), their
contribution to Cu sequestration/transformation was assumed
to be low. The same assumption may be true for archaea and
algae found at Site B (0.06 and 0.9%, respectively). Thus, due to
the dominance of bacteria in the biofilms obtained, these results
suggest that the bacteria present at Site B and/or Site C (which
was not evaluated for its proportions of eukaryotes, archaea,
and bacteria) are the most likely candidates for the removal
of aqueous Cu from the water column, if bioremediation was
occurring. A low proportion of eukaryotes in an acidic, alkaline,
and/or metals-rich environment does not appear to be unusual,
although studies of these environments often focus on microbial
community structures and thus the eukaryotic proportion is
not evaluated or reported (Bier et al., 2014; Tsitko et al., 2014;
Liljeqvist et al., 2015). It is possible that the biofilm collection
period of 18 days may have affected the final composition of
the communities through succession limitations (i.e., limited
colonization of eukaryotes). Additionally, the materials and
structure of the biofilm sampling devices may also have had
an effect on colonization. However, similar apparatuses have
been used successfully elsewhere to study biofilm development in
freshwater lotic environments (Besemer et al., 2012), with similar
timing (21 day collection) and materials. Further investigation
of the riverbed biofilms at Sites B and C will be needed to
confirm the bacterial dominance and microbial contributions to
Cu sequestration/transformation.

The bacterial communities present at Cu-affected Sites B
and C were dominated by one OTU belonging to the genus
Gallionella (Figure 3). However, the metagenomic sequencing
results from Site B showed reads assigned to Gallionella
capsiferriformans ES-2, Sideroxydans lithotrophicus ES-1, and
Ferriphaselus sp. R-1 (Figure 4). G. capsiferriformans ES-2 and
S. lithotrophicus ES-1 are the only complete genomes in the
Gallionellaceae family and were recently sequenced (Emerson
et al., 2013). The 16S genes for these two species are quite
different (93% sequence identity, which is well below the 97%
OTU threshold used in this study) but the genomes are fairly
similar, with 40% of genes homologous at 60% identity (Emerson
et al., 2013). This supports assigning the bacteria at Sites B
and C as belonging to the Gallionellaceae family, however, the
Gallionella-specific label may be incorrect. The contradiction
between the 16S rRNA results and the metagenomic sequencing
results was informative, suggesting that either the dominant
OTU observed from Site B does belong to Gallionella and that
G. capsiferriformans ES-2 has undergone considerable gene-loss
since Gallionella diverged from the other Gallionellaceae genera,
or that the 16S rRNA-driven genus classification is unreliable in
this clade, in which case this OTU may represent a new genus
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TABLE 4 | Metal-associated genes with higher predicted abundance in

metal-rich Site B over Site A.

Gene name BacMet annotation

Associated metal Description

chrB Chromium (Cr) Part of chrBACF operon from the

transposable element TnOtChr. Has a

regulatory role for expression of the ChrA

transporter.

dpsA Iron (Fe) dpsA responses to stress, iron-binding

protein; has role in iron ion homeostasis.

cznA Cadmium (Cd),

Zinc (Zn), Nickel (Ni)

Cadmium-zinc-nickel resistance protein

cznA.

pstA Arsenic (As) An integral membrane protein. Part of the

binding-protein-dependent transport system

for phosphate; probably responsible for the

translocation of the substrate across the

membrane.

chrA Chromium (Cr) Part of chrBACF operon from the

transposable element TnOtChr. It pumps

chromate out of the cell.

mgtA Cobalt (Co),

Magnesium (Mg)

Magnesium-transporting ATPase, P-type 1;

Mediates magnesium influx to the cytosol.

mexI Vanadium (V) RND Multidrug efflux transporter mexI; Part of

mexGHI-ompD efflux pump operon. The

efflux pump also involved in

N-acyl-homoserine lactones (AHLs)

homeostsis in Pseudomonas aeruginosa.

cusA / ybdE Copper (Cu), Silver

(Ag)

Part of a cation efflux system (CusA, CusB,

CusC, and CusF ) that mediates resistance to

copper and silver; located in cell inner

membrane; Belongs to the AcrB/AcrD/AcrF

family.

pstS Arsenic (As) A periplasmic phosphate binding protein;

Part of the ABC transporter complex

PstSACB involved in phosphate import.

Abundances were normalized by sequencing depth. Genes listed have at least 10 reads

per million assigned in Site B and a 20-fold increase at Site B over Site A. Gene chrB had

over 250-fold increase.

in Gallionellaceae that is related to both G. capsiferriformans
ES-2 and S. lithotrophicus ES-1. Future studies could focus
on identifying and isolating this member of Gallionellaceae, as
well as the distinctly different member of the Gallionellaceae
family found upstream at Site A (Figure 3). Comparisons of the
genomes of these two Gallionellaceae populations may provide
insights into microbial adaptations for extreme environments.
Furthermore, isolating and culturing the Gallionellaceae from
Site B would allow for exploration of bioremediative potential,
which could result in the development of a new product for
remediation activities.

From the data collected in this study, hypotheses can be
drawn about potential bioremediation mechanisms that may be
occurring. In general, bacteria can manage metals through active
entrapment (biosorption or sequestration) and/or metabolic
transformation into precipitates (Malik, 2004; Andreazza et al.,
2010; Ghosh and Saha, 2013), some of which bind to microbial
surfaces via adsorption (Gadd, 2010). Biosorption and metal
precipitation can even co-occur, making it difficult to determine
the contribution of each process to metal immobilization

TABLE 5 | SEED subgroups that differed in abundance between Sites A

and B.

SEED subgroup (level 2) Belongs to SEED

group (level 1)

More abundant

in Site

CRISPRs DNA Metabolism B

Type III, Type IV, Type VI, ESAT

secretion systems

Virulence B

Polyhydroxybutyrate metabolism Fatty Acids, Lipids,

and Isoprenoids

A

Denitrification Nitrogen Metabolism B

Bacterial hemoglobins Stress Response B

Glutathione-regulated

potassium-efflux system and

associated functions

Potassium

Metabolism

B

Restriction-Modification System DNA Metabolism B

Orphan regulatory proteins Regulation and Cell

Signaling

B

All SEED level 2 subgroups that had at least 0.1% abundance and at least a four-fold

change between Sites A and B, sorted by fold change. Numbers omitted due to lack of

statistical power.

(Glasauer et al., 2001). Microbial transformational processes
that alter the speciation of metals (e.g., from Fe2+ to Fe3+)
may achieve detoxification, enabling survival (Perales-Vela et al.,
2006; Orell et al., 2010). Such transformations can result in
the production of insoluble products, such as the orange-
colored iron (III) oxide precipitate. When iron oxide production
appears to be the dominant detoxification process occurring,
studies have shown that heavy metals can be co-precipitated by
bacteria, including Gallionellaceae (Cu, cadmium, nickel, and
zinc: Fabisch et al., 2013; manganese: Akob et al., 2014). The
presence of Gallionellaceae and orange staining at Sites B and C
indicate the possibility that copper could be co-precipitating with
iron oxides. While sediments and precipitates (i.e., crystalline
structures of minerals) were not examined for the presence of
other metal oxides in this study, this could be performed in the
future. In addition, riverbed biofilm samples could be evaluated
in future studies to determine if Cu co-locates with biofilm
mass.

The gene content of the biofilms collected from Site B
were examined to look for insights into possible mechanisms
that would explain the lowered aqueous Cu concentration
downstream. One of the most well-known natural precipitation
mechanisms for dissolved Cu is performed by sulfate-reducing
bacteria, which precipitate metals as highly insoluble sulfides.
For example, sulfate-reducing bacterial biofilms have been
shown to accumulate Cu on their surfaces as metal-sulfides
(White and Gadd, 2000). The most abundant family present
at Sites B and C, Gallionellaceae, has not been reported to
reduce sulfate. Of the typical, non-thermophilic sulfate-reducing
bacterial groups, such as the three families and eight genera
within Deltaproteobacteria and three genera within Clostridia
(Muyzer and Stams, 2008), none were present with at least 0.01%
abundance at the site with the highest Cu concentrations (Site
B). Downstream at Site C, where Cu concentrations were still
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elevated, Syntrophobacteraceae was the most abundant sulfate-
reducing bacterial clade with at most 0.3% abundance (note, such
a low abundance can be difficult to distinguish from sequencing
noise). Sulfate-reductionmight be occurring in this environment;
however, genetic evidence to indicate that this mechanism
functions at this site was not found in this study. Another
major mechanism by which bacteria can immobilize metals
is through intracellular binding with polyphosphate bodies, a
process that has been observed in cyanobacteria (Malik, 2004).
Although this has not been observed in Gallionellaceae, a high
abundance of two genes from the pstSACB operon (pstA and
pstS), an ATP binding cassette (ABC) phosphate transporter,
were found in the metals-rich Site B (Table 2). However, this
operon has also been associated with arsenate transport (Li
et al., 2013) and so these bacteria could be equipped with these
genes either to import phosphate, tolerate arsenate, or for some
other unknown reason. Further study includingmeasurements of
the metals concentrations collocated with biofilms and possibly
a characterization of the planktonic community will help to
elucidate the processes occurring. Additional sequencing of
the microbial community transcriptome (metatranscriptomics)
under controlled conditions could also give insight into
the specific immobilization or transformational mechanisms
involved.

Metagenome sequencing of the biofilm sample from Site B
gave insight into the metals-tolerance genes in these organisms.
The most abundant metal-associated gene identified in the Site
B biofilm was cusA/ybdB, which is involved in a cation efflux
system that mediates resistance to Cu and silver (Table 4).
The second most abundant metal-associated gene observed was
mdtC, which is involved in zinc efflux. Zinc was not identified
during the mine development process as a current or future
metal of environmental concern but it is present in the water
column at relatively low levels. Potentially, the high abundance
of this gene relates to its involvement as an efflux pump for more
than one cationic metal. Since genes were counted as present
with a 60% identity threshold, these results more generally
suggest that heavy-metal efflux ATPases were present in this
metagenome. One of the best characterized P-type ATPases
related to Cu resistance, copA (Orell et al., 2010), was detected
only at very low abundance in this sample, which was expected
due to the lack of annotated copA genes in the two available
sequenced Gallionellaceae genomes. The metal-associated gene
with the largest fold change between Site B and Site A was
chrB (Table 4), which belongs to the chrBACF operon and has
been shown to be involved in resistance to high concentrations
of chromium (Branco et al., 2008). ChrA, which also belongs
to this operon, also had a high fold change at Site B over
Site A (Table 4). It is possible that the abundance of these two
chr genes was not indicating chromium or chromate resistance,
but rather a resistance against harmful reactive oxygen species
that can be produced during the detoxification of other metals
(e.g., Cu[I]) because genes in the chrBACF operon have also
been shown to enable resistance to superoxide anions (Branco
et al., 2008). Genes from the chrBACF operon have not been
annotated in G. capsiferriformans or S. lithotrophicus but chrA
is present in Ferriphaselus sp. R-1, which is an incomplete

genome from the Gallionellaceae family. This further supports
our hypothesis that this study has identified a new genus within
Gallionellaceae, one that has a unique profile of metals tolerance
genes, enabling adaptation to this environment. Overall, the
metagenomic sequencing results identified numerous well-
known metal-related tolerance genes; thus, the Site B biofilm
was resistant to the heavy metal cations in the water and is
likely well situated to tolerate conditions in a mining operations
environment.

This study represents a first stage investigation at a future
mining site into the native microbial communities present in
a stream affected by acidic and high metals concentration
conditions. It is an important step in characterizing the
diversity of microbes adapted to extreme environments and
the naturally-evolved microbial potential for beneficial and
effective future uses, before mining activities begin and disturb
the natural environment. These findings provide important
baseline data regarding microbes present and the effect of
metals on the community composition, as well as supporting
future sampling and investigations of their potential utility in
bioremediation.

CONCLUSIONS

A native microbial community from a main watercourse in a
proposed mining operation in Yukon, Canada is dominated
by bacteria in the family Gallionellaceae. This microbiome
tolerates elevated heavy metals concentrations and may be
providing beneficial bioremedial actions by reducing aqueous
Cu concentrations, a metal of environmental concern. The
16S rRNA gene and metagenomic investigations in this study
have identified the taxonomic and functional profiles of key
microbial communities and may enable the assembly of one or
more genomes in the Gallionellaceae family from this unique
site. The shotgun sequencing of DNA from biofilm samples
provides insight into the mechanisms that may be providing
resistance to heavy metals, by the identification of genes that
encode for efflux pumps, cell wall components, and metabolic
processes for metals tolerance. This study provides important
baseline data that indicates a potential bacterial component in
a case of natural Cu depletion. It provides a pathway for future
studies to specifically investigate the biofilm community (or the
most abundant bacteria within) that may be responsible for
this transformation. Fundamentally, these analyses are useful for
investigations into the potential use of a novel native biofilm
to bioremediate contaminants and reduce adverse effects in
aquatic organisms. This study is one of the first investigations
to profile the taxa and genes in a stream microbiome
from the Yukon, Canada, an area rich in valuable metals,
and therefore provides support for investigations on novel
organisms useful to the mining industry and for environmental
protection.
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