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ABSTRACT

High elevation, mountainous regions have a high concentration of mining activities and
resulting acid mine drainage (AMD) that is typically acidic and often contains elevated
concentrations of metals. The impacts of AMD on denitrifying microbial communities is not well
understood, despite these organisms’ central role in the nitrogen cycle, contribution to greenhouse
gas production, and potential to provide ecosystem services through the mitigation of nitrogen
pollution. This study examined denitrifying microbes across four regions within the Iron Springs
Mining District (13 sites over four time-points) located in Southwest Colorado at high elevation
that receive AMD or naturally-occurring acid rock drainage (ARD). Denitrification functional
gene sequences (nirS and nirK coding for nitrite reductase) had a high number of observed OTUs
(260 for nirS and 253 for nirK) and were observed at sites with pH as low as 3.2, dissolved oxygen
as low as 1.0 mg/L, and metals >10 mg/L (including aluminum, iron, manganese, and zinc). A
majority of the nirK and nirS OTUs (>60%) were present in only one sampling region.
Approximately 8% of the nirK and nirS OTUs had a more cosmopolitan distribution with presence
in three or more regions. Phylogenetically related OTUs were found across sites with very different
chemistry. The total nirS community structure was correlated to iron, conductivity, sodium, and
calcium, which may suggest that these factors play an important role in shaping the nirS
community. Overall, these findings improve upon our understanding of the potential for
denitrification within an ecosystem impacted by AMD and provide a foundation for future research

to understand the rates and physiology of these denitrifying organisms.
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CHAPTER 1

BACKGROUND
Denitrifying microbes perform an important ecosystem service in the conversion of nitrate
to nitrogen gas (Eq. 1) (Seitzenger et al., 2006). Denitrifiers can help to limit eutrophication and
play an integral in the nitrogen cycle. At the global scale, denitrification controls most of the fixed
nitrogen in the world’s oceans, which in turn regulates primary production and dissolved COz in
the oceans and atmosphere (Altabet et al., 2002). The process of denitrification also affects global

climate through the production of nitrous oxide (N2O); an important greenhouse gas.

Eg. 1: NOz - NO2 = NO = N20 2 N2

Denitrification involves four enzymatically-catalyzed steps (Fig. 1): nitrate reduction,
nitrite reduction, nitric oxide reduction, and nitrous oxide reduction (Philippot et al. 2002). These
four steps are catalyzed by separated enzymes (Nar, Nir, Nor, and Nos). Although denitrification
is classified as a type of anaerobic respiration (typically coupled to the oxidation of organic matter
in the absence of oxygen), denitrifying bacteria have been shown to reduce nitrate to nitrogen gases
under low oxygen conditions, typically less than ~0.2 mg O per liter (Seitzinger et al., 2006).
Thus, denitrification occurs under conditions when O2 supply as a respiratory electron acceptor is

limited.
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Figure 1. Sequential reductive pathway of denitrification showing the location of enzymes relative
to the cytoplasmic membrane. Nar, nitrate reductase; Nir, nitrite reductase; Nor, nitric oxide
reductase; Nos, nitrous oxide reductase (Wallenstein et al., 2006).

The nitrite reduction step of denitrification is unique among other forms of nitrate
metabolism (Shapleigh, 2006). Nitrite reductase is an especially important enzyme in the
denitrification process because it catalyzes the first committed step to a gaseous product through
the reduction of nitrite to nitric oxide (Zumft, 1997). This protein occurs in two separate and
evolutionarily unrelated forms: NirK (containing copper) and NirS (containing iron).
Characterizing communities of denitrifying microorganisms is most often accomplished through
analysis of the nirS and nirK denitrification functional genes as opposed to 16S rRNA genes
because denitrifiers are found within a wide range of phylogenetically unrelated groups from over
50 genera (Zumft, 1997). Nitrite reductase genes have been studied in a plethora of environments,
not including those that have been affected by acid mine drainage (AMD), despite this being a
widespread pollutant.

AMD is a well-documented type of freshwater pollutant. The waters that drain from active
and abandoned mines are typically acidic and often contain elevated concentrations of metals. The

acidic and metal-rich fluids that characterize AMD are generated by the chemical weathering of

rocks that contain metal sulfides, such as pyrite (FeS), arsenopyrite (FeAsS), chalcopyrite



(CuFeSy), sphalerite (ZnS), and marcasite (FeS2) (Baker and Banfield, 2003). The generation of
AMD begins with the oxidation of ferrous iron by oxygen (Eqg. 1). Ferric iron is then reduced by a
sulfide such as pyrite (Eqg. 2). The overall reaction results in dissolved ferrous iron, sulfate, and
hydrogen ions (Eqg. 3). The oxidation of sulfide mineral may initially be abiotic but the rate of the
reaction is increased by the presence of prokaryotes through the regeneration of ferric iron via
ferrous iron oxidation (Johnson and Hallberg, 2005) (Eq. 4).
M Fe?* + 350, + 14H* = 14Fe® + TH,0
@ FeSo+ 14Fe®" + 8H,0 = 15Fe?" + 2504* + 16H*
®) FeSz + 3.50; + H20 = Fe?* + 2S04> + 2H*
@ 4Fe® + Oz + 4H" — 4Fe® +2H,0

Pyrite-rich earth is often mined for other metals such as gold (Au), silver (Ag), copper
(Cu), zinc (Zn), and lead (Pb), which are released during the oxidation of metal sulfide (Baker and
Banfield, 2005). Iron, in either ferrous or ferric forms is the dominant metal present in AMD
(Johnson and Hallberg, 2005). Metals within AMD systems have widespread, nonspecific
biological toxicities and their effects on ecosystems are poorly understood. Metals and metalloids
can be divided into two categories: essential metals required in some unicellular metabolisms (e.qg.,
Co, Cu, Mn, and Zn) and toxic metals with no known essential functions (e.g. As, Cd, Hg, Pb, and
U). The negative effects of these metals include cell membrane disruption, disabled DNA
replication, stunted growth in plants, and neurological impairment, cancer, and organ failure in
animals (Roane and Lantz, 2016). Acidity (pH <6) often increases the quantity of dissolved metals
in solution, while adsorption and precipitation reactions increase with pH >7. Organic matter also
influences solubility by binding to metals and thus reducing the solubility.

Mining within the study area analyzed here, the Iron Springs Mining District, began in the

mid 1870’s. Mainly silver ore was packed over the Ophir Pass to a smelter at Silverton.



Development of the town of Ophir, CO (in the Southwestern corner of the state, approximately 5.5
miles South of Telluride) proceeded at a steady pace until 1890 when the railroad reached the town
and electricity was made widely available through the construction of a local power plant.
Residents quickly flocked to Ophir in search of the silver and low-grade gold that was abundant
in the veins straddling either side of the town and Howard Fork River. Records of the amount of
ore removed are very rare. The only formal report is for 1883, when 18 mines within the district
produced 96,500 oz of silver and 760,000 Ibs of lead (Luedke, 1996). By 1920, the heavy assault
on the mines left them devoid of valuable ore except for that existing deep into the vein systems,
yet extracting this ore was outside the expertise of the local miners. By 1947, most of the mines
and mills had fallen into disrepair (Neubert et al., 2002). Documentation does not exist for most
of the mines and mills within the Iron Springs Mining District (Luedke, 1996).

This research was undertaken to assess the overall community structure of nitrite reductase
genes in an AMD environment and to look for relationships between community structure and
environmental variables. Both nirK and nirS groups had high numbers of observed OTUs (253 for
nirk and 260 for nirS) that were phylogenetically diverse. The nirS community had a significant
relationship to iron, sodium, calcium, and conductivity. Both nirK and nirS communities showed
potential adaptability to very acidic conditions. Future work should continue to investigate the
relationship between nitrite reductase genes and environmental variables at smaller spatial scales.
For instance, within the New Dominion region, how might the CSIB community differ from other
sites? Future work should also assess rates of denitrification in this environment. Potential Nir
adaptability to high iron concentrations should be addressed in an incubation study. Ultimately,
this research has applicability to industry; denitrifiers that are adapted to harsh conditions may be

utilized to treat specialized industrial waste.



CHAPTER 2

INTRODUCTION

Nitrogen is an essential element required by all life on Earth, mainly for the synthesis of
amino acids and nucleotides. Nitrogen availability is controlled by the balance between the
microbiologically-driven processes of nitrogen fixation (atmospheric N2 = NH4"), nitrification
(NH4" = NOs3Y), and anammox/denitrification that recycles fixed nitrogen back into atmospheric
N2 (Canfield et al., 2010). Denitrification involves four enzymatically-catalyzed steps: nitrate
reduction by Nar proteins, nitrite reduction by Nir proteins, nitric oxide reduction by Nor proteins,
and nitrous oxide reduction by Nos proteins (Philippot et al., 2002). The nitrite reduction step of
denitrification catalyzes the first committed step to a gaseous product through the reduction of
nitrite to nitric oxide (Zumft, 1997). The Nir protein occurs in two separate and evolutionarily
unrelated forms: NirK (utilizing copper) and NirS (utilizing iron).

Due to their abundance and ubiquity across natural environments, denitrifiers have proven
to be one of the most successful physiological groups of microorganisms (Shapleigh, 2013).
Despite this, little is known about denitrification in systems impacted by acid mine drainage
(AMD), which is characterized by acidic and metal-rich fluids generated by the weathering of
rocks that contain metal sulfides. Sediment denitrification in several AMD-impacted streams in
Colorado (pH 2.6-6.0) was readily induced in the presence of nitrate (Baesman et al., 2006).
However, it is unknown whether this is a general phenomenon in other AMD-impacted systems,
whether the denitrifier community may be influenced by specific environmental conditions that
characterize AMD systems, or if different denitrifying organisms (e.g., nirK- and nirS-type

denitrifiers) respond differently within this harsh environment.



While the impacts of AMD on denitrification are largely unknown, other research has
evaluated how specific factors associated with AMD influence denitrifier communities. For
example, acidic pH has repeatedly been shown to be a limiting factor in both diversity and rates
of denitrification (Mendez-Garcia et al., 2015; Wallenstein et al., 2006; Simek et al., 2002; Wiljer
and Delwiche, 1954). Nonetheless, denitrifier communities within environments that are
historically acidic may be well-adapted to these conditions and maintain activity at low pH (Parkin
et al., 1985; Di Capua et al., 2017). Previous studies have also shown that heavy metals are an
important factor in shaping denitrifier community composition in soils contaminated with heavy
metals (Kandeler et al., 1996; Holtan-Hartwig et al., 2002; Cao et al., 2008). As the concentration
of heavy metals increases, the diversity of denitrifiers and rates of denitrification generally
decrease (Sobolev and Begonia, 2008; Liu et al., 2016).

In the present study, we used high-throughput sequencing to examine the diversity and
changes in relative abundance of nitrite reductase genes in AMD-impacted sediments in the
Colorado Rocky Mountains. AMD poses a significant environmental threat in Colorado due to the
ubiquity of abandoned mines (~23,000), many of which continuously emit AMD into freshwater
systems (Colorado Geological Survey, 1998). The objectives of this study were to assess the
overall community structure of nirK and nirS gene sequences and to determine if community
structure corresponded to environmental variables. Approximately 8% of the nirK and nirS OTUs
had a cosmopolitan distribution across sites with wide ranging pH and metal concentrations,
possibly suggesting that these organisms are tolerant of variable conditions. Iron and conductivity
appeared to play a role in shaping the overall nirS community composition. Ultimately, gaining a
better understanding of how denitrifying microbes respond to adverse environmental conditions
may improve our ability to maximize their conversion of nitrate to nitrogen gas—an important

ecosystem service.



CHAPTER 3

MATERIALS AND METHODS
Site Description and Sample Collection

The Iron Springs Mining District located in Ophir, Colorado consists of several abandoned
mines. From 1877-1960, the Iron Springs Mining District was predominantly mined for metals
such as silver, gold and lead, and to some extent for iron and tungsten (Nash, 2002). AMD from
these mines continues to drain directly into the Howard Fork River. The mining district was
divided into four regions for sampling based on the proximity of individual sample sites within
each region and their unique environmental conditions: Caribbeau, New Dominion, Iron Bog, and
Howard Fork River.

Sampling, measurement of environmental parameters, DNA extraction, and amplicon
sequencing were performed as described previously (Ramanathan, 2016; Sackett, 2015).
Composite sediment samples (approximately two inches deep) were collected from 13 sampling
sites during June and August 2013 and from 11 sampling sites during June and September 2014 at
Iron Springs. Samples were stored on dry ice in the field until permanent storage at -20°C in the
laboratory freezer. For total recoverable metal analysis (TRW), 500 mL of surface water sample
was collected, acidified to pH <2 with concentrated nitric acid and stored at 4°C. For dissolved
metal analysis (DM), 500 mL of surface water sample was collected, filtered with a cellulose nitrite
membrane filter (Thermo Scientific, Waltham, MA), acidified to pH <2 with concentrated nitric
acid and stored at 4°C.

Environmental Parameters
Temperature, pH, conductivity, and dissolved oxygen were measured at the sediment

surface using a Thermo Scientific Orion 5-Star Multiparameter Meter Kit (Thermo Fisher



Scientific, Inc., Waltham, MA) and an In-Situ Multiparameter meter. Total recoverable and
dissolved metal concentration analysis of the Iron Springs water samples were done at the EPA
Region 8 lab (Golden, CO) using Inductively-coupled Plasma Mass Spectrometry (ICP-MS)
following EPA method 200.8, and Inductively-coupled Plasma Optical Emission Spectrometry
(ICP-OES) following EPA method 200.7. The analytes measured for the total recoverable metal
concentrations (TRW) and dissolved metal concentrations (DM) included aluminum (Al),
antimony (Sb), arsenic (As), barium (Ba), cadmium (Cd), calcium (Ca), copper (Cu), iron (Fe),
lead (Pb), magnesium (Mg), manganese (Mn), nickel (Ni), selenium (Se), silver (Ag), sodium
(Na), strontium (Sr), thallium (TI), vanadium (V) and zinc (Zn).
DNA Extraction and Amplicon Sequencing

The MO-BIO PowerMax Soil DNA Isolation Kit (MO BIO Laboratories, Inc., Carlsbad,
CA) was used to isolate total DNA from subsamples (~10 grams) of mechanically homogenized
saturated composite sediment from each sample site. DNA extracts were quantified using the Qubit
dsDNA HS Assay Kit with the Qubit 2.0 Fluorometer (Life Technologies Corporation, Carlsbad,
CA). High quality samples (n=38) based on gel electrophoresis, DNA quantification, and PCR
amplification were selected for further analyses (excluded samples were CaribOlJunl4,
FenNDO03Junl13, and all samples from sites Opp03, NDGP, and NDCS02). DNA extracts from
each sample were sent to the University of Illinois Roy J. Carver Biotechnology Center, Urbana,
Illinois for amplicon sequencing on the Illumina MiSeq sequencing platform. Library preparation
was completed with the Fluidigm 48.48 Access Array IFC platform (Fluidigm Corporation, South
San Francisco, CA) to amplify the nirK and nirS genes using the PCR primer sets
nirk876/nirk1040 (Henry et al., 2004) and nirSCd3aF/nirSR3cd (Kandeler et al., 2006; Throback

et al., 2004), respectively.



Table 2.1: List of PCR primers used for amplicon sequencing, including primer sequence and
expected region and size of amplification.

Gene Forward Primer Reverse Fragment Reference
Primer Size
. : nirSR3cd (5'- (Kandeler et al.,
Denitrification | \M'SCU3aF (5~ | g asTTCGG 2006; Throbéck,
: AACGYSAAGG 425 bp :
nirS ARACSGG) RTGSGTCT Enwall, Jarvis, &
TSAYGAA) Hallin, 2004)
: nirk1040 (5'-
e nirk876 (5'-
Denitrification | A ryiacaave | SCCTCCAT | qa5 1y | (Henry et al., 2004)
nirk AYGGCGA) CAGRTTRT
GGTT)

Samples were diluted to a final concentration of 2 ng/uL.. A mastermix was prepared with
Roche (Basel, Switzerland) High Fidelity Fast Start Kit and 20x Access Array loading reagent
according to Fluidigm protocols. Into each well of a PCR plate, 1 pL of each sample was mixed
with 1 pL of Fluidigm Illumina linkers and unique barcodes mix, 0.5 pL of 10X FastStart Reaction
Buffer without MgClz, 0.9 pL of 25 mM MgCly, 0.25 pL of DMSO, 0.1 pL of 10 mM PCR grade
nucleotide mix, 0.05 pL of 5 U/uL FastStart High Fidelity enzyme blend, 0.25 pL of 20X Access
Array Loading Reagent, and 0.95 pL of water. In a separate plate, 20X primer solutions were
prepared by adding 2 puL of each forward and reverse primer (synthesized by IDT Corp, Coralville,
IA), 5 puL of 20X Access Array Loading Reagent, and 91 pL of water.

Once the sample mixture was complete, 4 uLL was loaded into the sample inlets and 4 pL
of the primer solution was loaded into the primer inlets of a primed Fluidigm 48.48 Access Array
IFC. The IFC was then placed in a Fluidigm AX controller for microfluidic mixing of each primer
and sample combination before being loaded into the Fluidigm Biomark HD PCR machine.
Amplicons were generated using the following Access Array cycling program without imaging:
50°C for 2 minutes, 70°C for 20 minutes, 95°C for 10 minutes, 10 cycles of (95°C for 15 seconds,

60°C for 30 seconds, and 72°C for 1 minute), 2 cycles of (95°C for 15 seconds, 80°C for 30



seconds, 60°C for 30 seconds, and 72°C for 1 minute), 8 cycles of (95°C for 15 seconds, 60°C for
30 seconds, and 72°C for 1 minute), 2 cycles of (95°C for 15 seconds, 80°C for 30 seconds, 60°C
for 30 seconds, and 72°C for 1 minute), 8 cycles of (95°C for 15 seconds, 60°C for 30 seconds,
and 72°C for 1 minute) and 5 cycles of (95°C for 15 seconds, 80°C for 30 seconds, 60°C for 30
seconds, and 72°C for 1 minute).

After amplification, 2 pL of Fluidigm Harvest Buffer was added to each sample inlet, and
the IFC loaded onto the AX controller to harvest all PCR products from each sample (e.g., all
primer amplifications pooled together for each sample). The PCR products were quantified using
Qubit and stored at -20°C. The samples were run on a Fragment Analyzer (Advanced Analytics,
Ames, IA) to confirm the expected sizes of amplicons. All of the 48 samples (containing all primer
amplifications pooled together) were then pooled together in equal DNA concentrations into one
tube. The pooled product was size selected on a 2% E-gel (Life Technologies, Waltham, MA),
then recovered based on expected fragment size with a Qiagen (Hilden, Germany) gel extraction
kit. Cleaned, size-selected products were run on an Agilent Bioanalyzer to confirm the expected
profile and determine the average product size.

The size-selected pool was gPCR quantitated and loaded onto one MiSeq flowcell using a
MiSeq 600-cycle sequencing kit, version 3 for 300 bp paired-end sequencing using a MiSeq FGx
system in RUO mode. After sequencing, read data was translated into FASTQ files using the
Illumina bcl2fastg 1.8.4 software with an ASCII offset of 33. PhiX DNA reads (used as a spike-
in control) were removed by alignment to the PhiX genome. The Roy J. Carver Biotechnology
Center used in-house scripts for sorting the reads (with two mismatches allowed in the 5 primer
sequences) and demultiplexing (with one mismatch allowed in the index sequence attached in

library prep).

10



Sequence Analyses

UPARSE (Edgar, 2013) was used to analyze the amplicon sequence data. Primers from
forward and reverse reads were sorted and demultiplexed. The paired-ends were joined and quality
filtered at Phred quality score of 20. The last 20 bp were removed from both ends. Sequences with
minimum merge length < 80 bp were discarded. Sequencing reads were clustered into operational
taxonomic units (OTUs) at 97% nucleotide sequence identity. Representative sequences from each
OTU were compared to the NCBI database using BLAST to ensure sequence specificity and only
nirK and nirS sequences were retained for further analyses.

Diversity analyses were conducted using QIIME (Quantitative Insights into Microbial
Ecology) (Caporaso et al., 2010). Rarefaction was performed at multiple depths between one and
the rarified depth (set to the median number of sequences for each gene). For nirK, samples
containing fewer than 13,000 total sequences were excluded from analysis based on rarefaction
curves (Figure S1). For nirS, samples containing fewer than 1,000 total sequences were excluded
from analysis based on rarefaction curves (Figure S1). The number of observed OTUs and Chaol
richness estimates for each gene were determined using alpha diversity analyses in QIIME.

Phylogenetic Analyses

Representative nucleotide sequences of the observed OTUs were aligned in Geneious
v8.1.8 (Kearse et al., 2012) using the FFT-NS-2 algorithm within MAFFT v7.017 (Katoh et al.,
2002) and manually checked and trimmed. The alignment length for nirK was 123 bp and nirS
was 417 bp. Maximum likelihood trees were constructed for representative sequences of observed
OTUs using FastTree v2.1.5 package (Price et al., 2010) in Geneious v8.1.8, with Jukes-Cantor
Correction and 1,000 resamples without branch length reoptimization. Trees were visualized using

the Interactive Tree of Life (iTOL) (Letunic and Bork, 2016). The normalized average relative

11



abundance was plotted for each OTU: OTU relative abundance averaged by region, then divided
by the sum of the averages for all regions.
Statistical Analyses

Hierarchical Clustering (HCL) was performed on normalized physicochemical parameters
(with each parameter summing to one in order to compare scale across variable units) and on the
relative abundance values for each OTU within each sample site. The clustering method used a
centered Pearson correlation distance matrix and average linkage clustering (using Multi-
experiment Viewer, MeV 4.8; www.tm4.org/mev/) (Saeed et al., 2003). For clustering analysis
only, 0.000001 was added to counts of zero to avoid software adjustments of zero values. HCL
for chemistry only included parameters measured in at least 50% of the samples.

Correlations between community composition and environmental parameters were
analyzed by canonical correspondence analysis (CCA) using the program Canoco, version 5 (Ter
Braak, 1985). CCA was used to determine if the denitrifier community structure was more strongly
correlated to specific environmental variables than expected by chance. Relative abundance of
sequences for each OTU (defined at 97%) was used as the species input and environmental
parameters were used as possible explanatory variables. Environmental parameters were included
in the analysis if they were measured (above detection limits) in 15 or more samples. All dissolved
metals (DM) were excluded from the analysis as these values were covarying with total
recoverable metals (TRW). For nirK and nirS, environmental parameters from surface sediments
included in the analyses were: pH, temperature (°C), conductivity (uS/cm) and dissolved oxygen
(mg/L). For nirK, total recoverable metals (TRW in surface water; pg/L) included in the CCA
analyses were Ca, Fe, Mg, Mn, Na, Sr, and Zn. For nirS, total recoverable metals (TRW in surface

water; pg/L) included in the CCA analyses were Al, Ca, Cu, Fe, Pb, Mg, Mn, Na, Sr, and Zn.
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Significant environmental parameters (p-values < 0.05) after Bonferroni correction were selected
via forward selection and included in analysis.

Spearman correlations between environmental parameters and the relative abundance of
individual OTUs were performed in QIIME (observation_metadata_correlation.py) with
Bonferroni corrected p-values < 0.05. Environmental parameters included in the analysis were the
same as those used for CCA, with the addition of dissolved metals (DM in surface water; pug/L):

Ca, Mg, Mn, Na, Sr, and Zn for nirK; Fe, Mg, Mn, Na, Sr, and Zn for nirS.
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CHAPTER 4

RESULTS
Environmental Parameters

The sampling area was divided into four separate regions (Caribbeau, New Dominion, Iron
Bog, and Howard Fork) based on chemistry and mining history (Figure 2). Sites within Caribbeau
and New Dominion were actively mined for approximately 75 years and still emit visible AMD
today. The CSIB site was an EPA-remediated site that was receiving AMD from a different source
than the other New Dominion sites and had unique environmental characteristics. Sites within Iron
Bog are receiving acid rock drainage, a chemical equivalent to AMD, generated through natural
groundwater. The Howard Fork samples were taken directly from the Howard Fork river (upstream
of the other AMD regions). This site is not located near a mine but likely receives intermittent

AMD runoff from small mines further up the drainage basin.

Iron Springs Mining District, Colorado

Howard Fork River
NDMD02 FenlB02

FenNDO1 FenlBO1

Carib03 Ophir, CO CSIB
Carib02 FenlB03

Gl FenNDO3

Figure 2. Map of sampling regions and individual sites within the Iron Springs Mining District
located in Southwest Colorado. Base image modified from Google Maps
(https://www.google.com/maps/).
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Each region contains its own, unique physical and chemical characteristics, which is likely
a repercussion of the complex geology within the Iron Springs Mining District that varies among
the four regions. Across all individual samples, pH ranged from 3.2-8.3, temperature ranged from
6.6°C-22.4°C, dissolved oxygen levels ranged from 1.0-10.0 mg/L, and conductivity ranged from
296-1608 uS/cm. Sediment pH averaged 7.3 within Caribbeau, 5.5 within New Dominion, 4.8
within Iron Bog, and 7.0 for Howard Fork. The pH within New Dominion varied across sites and
time points (pH 3.2-8.1). Temperature averaged 8.4°C at Caribbeau, 13.3°C at New Dominion,
13.7°C at Iron Bog, and 9.9°C at Howard Fork. Dissolved oxygen was highest at Caribbeau
(average of 8.4 mg/L) and lowest at Iron Bog (average of 5.12 mg/L). Conductivity was highest at
New Dominion (average of 1238.4 uS/cm) and lowest at Howard Fork (315.5 uS/cm). A
comparison of the sum of dissolved metals to conductivity at each site resulted in a Pearson
correlation coefficient of 0.83 and an R? value of 0.68 (Figure S5). The most abundant metals in
the surface water (total recoverable metals) were aluminum, iron, manganese, and zinc (>10
mg/L). Strontium, barium, copper, cadmium, lead, and nickel were found in lower amounts. Other
metals commonly found in AMD, such as arsenic, were below detectable limits at most sites and
time points. Hierarchical clustering (HCL) of chemistry data revealed clusters according to
sampling regions and sites within, indicating that each region, as a whole, has distinct chemical

characteristics (Figure 3).
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Conductivity
TRW Calcium
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TRW Sodium
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DM Zinc
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Temperature
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Figure 3. Hierarchical clustering map of environmental chemistry data using analytes present in
at least 50% of samples. Analyte values were normalized to a sum of 1. Scale bar indicates the
proportion of the normalized sum. Chemistry data clusters according to sampling region, as
indicated by colored labels.
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Table 3.1: Chemistry data from surface water for sample sites across June and

September 2013 in the Iron Springs Mining District

Sample Cond. Temp.

Region Sample Name Sample Date pH (uS/em) °C) DO (mg/L)
Ca&?ﬁga“ Carib01Jun13 6.25.13 7.3 1095 7.9 8.8
Ca&ti’gza“ Carib01Aug13 8.06.13 71 829 78 77
Ca&?ﬁga“ Carib02Jun13 6.25.13 7.2 1034 8.4 8
Ca&?ﬁ:""“ Carib02Aug13 8.06.13 7.8 830 8 85
Ca&?ﬁga“ Carib03Jun13 6.25.13 6.6 1068 13.1 7.9
Caribbeau Carib03Augl3 8.06.13 7 814 7.9 10

Mine
Iron Bog/Fen FenlBO1Jun13 6.25.13 4.5 945 134 14
Iron Bog/Fen FenlBO1Augl13 8.05.13 4.8 745 104 11
Iron Bog/Fen Fen1B02Jun13 6.25.13 41 827 18.5 6.4
Iron Bog/Fen FenlB02Aug13 8.05.13 4.3 533 19.8 35
Iron Bog/Fen Fen1B03Jun13 6.25.13 6.1 700 17.4 6.3
Iron Bog/Fen FenlB03Aug13 8.05.13 6.4 479 14.6 7.5
New
Dominion FenNDO01Jun13 6.25.13 7.3 1380 11 8.1
Mine
New
Dominion FenNDO1Aug13 8.05.13 6.2 1051 133 6
Mine
New
Dominion FenNDO3Aug13 8.05.13 6.5 1040 18.7 5.9
Mine
New
Dominion NDMDO02Jun13 6.25.13 6.8 1424 9.5 8.1
Mine
New
Dominion NDMDO02Aug13 8.06.13 7.4 1072 8.7 8.9
Mine
New
Dominion CSIBJun13 6.25.13 3.2 1529 14.9 51
Mine
New
Dominion CSIBAug13 8.05.13 4.2 947 21.2 6.6
Mine
Howard Fork HF04Jun13 6.25.13 5.7 335 8.9 7.8
River
HOV‘;fir\ferFork HF04Aug13 8.05.13 8.3 296 109 7.9
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Table 3.2: Chemistry data from surface water for sample sites across June and

September 2014 in the Iron Springs Mining District

Sample

Cond.

Temp.

Region Sample Name Sample Date pH (uS/em) C) DO (mg/L)
Ca&?ﬁsa“ Carib01Sept14 9.30.2014 | 7.3 765 8 8.5
Camgsa“ Carib02June14 6242014 | 7.3 1230 7.1 85
Ca;;ﬁs:a“ Carib02Sept14 9.30.2014 7.8 763 7.9 8.7
Ca&?ﬁga“ Carib03June14 6242014 | 7.2 828.3 9.3 8.0
C‘"’msg""” Carib03Sept14 9.30.2014 | 80 562 8.4 8.5

Iron Bog/Fen FenlBO1Juneld 6.24.2014 35 1149 139 7.1
Iron Bog/Fen FenlB01Sept14 9.30.2014 4.3 616 13.7 6.9
Iron Bog/Fen FenlB02Junel4 6.24.2014 35 808.1 15.3 5.7
Iron Bog/Fen FenlB03Junel4 6.24.2014 55 591.8 9.9 8.1
Iron Bog/Fen FenlB03Septl4 9.30.2014 5.4 450 8.7 55
New
Dominion FenNDO1Junel4 6.24.2014 5.7 1608 13.9 9.2
Mine
New
Dominion FenNDO01Sept14 9.30.2014 7.3 1575 8.4 5.4
Mine
New
Dominion FenNDO03Junel4 6.24.2014 7.0 980 133 6.9
Mine
New
Dominion NDMDO02Junel4 6.24.2014 6.5 1602 7.7 8.2
Mine
New
Dominion NDMDO02Sept14 9.30.2014 8.1 1017 8.5 8.5
Mine
New
Dominion CSIBJunel4 6.24.2014 3.2 1242 9.9 7.0
Mine
New
Dominion CSIBSept14 9.30.2014 3.8 890 10.6 8.4
Mine
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Community Composition and Phylogeny of nirK Gene Sequences

nirk gene sequences were recovered from 9 out of 11 different sample sites spanning all
four regions (25 individual samples in total). Amplicon sequencing resulted in a total of 940,279
paired-end reads for nirK across all samples, with 13,291 to 90,423 nirK reads per sample. From
all sites combined, we recovered a total of 253 unique nirK OTUs defined at a 97% identity cut-
off. Between 7-51 nirkK OTUs were observed in each individual sample (Figure S2). Samples from
the Caribbeau region contained the highest number of OTUs (30-51 OTUs), whereas the lowest
number of OTUs was observed in the Iron Bog samples (7-22 OTUs). Chaol richness estimates
ranged from 13-74 OTUs for each sample (Figure S2). The difference between the number of
observed OTUs and the estimated total number of OTUs (Chaol estimate) ranged from 0-10 across
all sites except sites Carib02Sep14, Carib03Junl13, and Carib03Jun14, and Carib02Aug13 that had
a difference of 10.5-28. This indicates that the majority of the nirK genes were sequenced in each
sample (with the exception of the four Caribbeau sites).

Phylogenetic analysis of nirk OTUs revealed large evolutionary distance among sequences
from sites in close proximity within the Iron Springs Mining District (Figure 4). Thirteen OTUs
from the Caribbeau region were phylogenetically similar to each other and clustered according to
sampling region. Otherwise, most OTUs from the same region were phylogenetically disparate.
For instance, OTUs predominantly found at Howard Fork (blue) or Iron Bog (purple) were
distributed across the tree without site- or region-specific clustering. Phylogenetically similar
OTUs were found at sites with very different chemistry (e.g., nirK_OTU_78 and nirK_OTU_408
with 89%ID were found at Howard Fork and Iron Bog with drastically different iron

concentrations of 381 and 5960 pg/L, respectively).
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Figure 4. Maximum likelihood tree for nirK gene sequences across all regions within the Iron
Springs Mining District using FastTree v2.1.5 package (Price et al., 2010) in Geneious v8.1.8, with
Jukes-Cantor Correction and 1,000 resamples without branch length reoptimization. Bootstrap
values above 75.0% indicated by green circle. The relative abundance of OTUs across regions (as
indicated by colored bars) shows large evolutionary distance among sequences within close
proximity.
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Iron Springs nirK sequences were related (76%-100% nucleotide identity) to nirK
sequences from other environments, including agricultural soils, freshwater environments, and
soils impacted by heavy metals (based on BLAST searches to the NCBI database). nirK_OTU_255
was identical to an OTU found in agricultural plots in Japan (NCBI accession DQ783709).
nirk_OTU_231 was identical to an OTU found within an oligotrophic, alpine lake microbial mat
in the Central Pyrenees, Spain (NCBI accession KF816401). Thirteen OTUs found within the
Caribbeau and New Dominion regions were closely related (>90% nucleotide identity) to silver-
tolerant OTUs from topsoil (pH of 7.8) in Alunda, Uppsala, Sweden (Throbéack et al., 2007).

A majority of the nirkK OTUs were found in one site or region: 101 OTUs (40% of all nirK
OTUs) were found at a single site and 153 OTUs (60%) were found in just one region. Among
these, 62 OTUs (24%) were only found in the Caribbeau region, 68 OTUs (27%) were only found
in the New Dominion region, 15 OTUs (6%) were only found in the Iron Bog region, and 8 OTUs
(3%) were only found in the Howard Fork region. Nearly 30% of the OTUs were shared between
two regions: A smaller percentage of OTUs (11%; 29 OTUs) were found in three different regions.
Caribbeau and New Dominion regions shared the most OTUs (75), while Iron Bog and Howard
Fork shared the fewest (5). Only one OTU was found in all four regions: nirK_OTU_29, which
had a nearest BLAST hit (88% identity) to a sequence found in agricultural soil.

Hierarchical clustering (HCL) analysis of the relative abundance of each nirkK OTU across
samples revealed that the Howard Fork, Iron Bog, and Caribbeau Mine samples clustered
independently from each other (Figure 5). The New Dominion samples clustered closely with Iron
Bog and Caribbeau Mine samples. HCL clustering revealed 16 distinct groups of nirK OTUs that
had significant changes in the relative abundance between sites/regions, defined as OTUs with an

average relative abundance at least four times higher than the average relative abundance across
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all sites. A majority of the groups were specific to one region: four Caribbeau Mine groups
comprised of 67 total OTUs; one Iron Bog group comprised of three OTUs; seven New Dominion
groups comprised of 62 total OTUs; and one Howard Fork group comprised of 24 OTUs. Groups
14-16 represent OTUs that were found in two regions (Iron Bog and New Dominion or Caribbeau
Mine and New Dominion). OTUs within each group displayed great sequence diversity with low

percent identities (75% on average) and high phylogenetic distances.
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Figure 5. nirK hierarchical clustering map using Pearson correlation of relative abundance of
individual OTUs. Scale bar represents relative abundance from 0.00 to greater than 0.25. OTU
groups (in boxes color coded by region) were defined as those where the average relative
abundance of OTUs within each group was at least four times the average relative abundance
across all sites. Groups color coded black contained OTUs present across multiple regions.
nirkK_OTU_29 (present across all regions) indicated by arrow.
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Community Composition and Phylogeny of nirS Gene Sequences

nirS sequences were recovered from all four regions and all 11 sample sites, totaling 26
individual samples. Amplicon sequencing resulted in a total of 277,979 paired-end reads for nirS
across all samples. The number of nirS reads per sample ranged from 1,033 to 59,838. From all
sites combined, we recovered a total of 260 unique nirS OTUs defined at a 97% identity cut-off.
Both the lowest and highest number of OTUs was observed in the Caribbeau region (5-80 OTUs)
and Chaol richness estimates ranged from 5-87 OTUs for each sample (Figure S2). The difference
between the number of observed OTUs and the estimated total number of OTUs (Chaol estimate)
ranged from 0-7, indicating that the majority of nirS genes were sequenced in each sample.

Similar to nirK, phylogenetic analysis of nirS sequences within the Iron Springs Mining
District revealed large evolutionary distance among sequences from sites in close proximity
(Figure 6). Sequences that were similar in their distribution across the study area were
phylogenetically disparate. For example, Howard Fork, which contained the highest percentage of
endemic species, showed little phylogenetic clustering. Phylogenetically similar OTUs were found
at sites with very different chemistry (e.g., nirS_OTU_104 and nirS_OTU 373 with 92%
similarity found at Howard Fork and Caribbeau sites with very different iron concentrations; 381

and 4930 ug/L, respectively).
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Figure 6. Maximum likelihood tree for nirS gene sequences across all regions within the Iron
Springs Mining District using FastTree v2.1.5 package (Price et al., 2010) in Geneious v8.1.8,
with Jukes-Cantor Correction and 1,000 resamples without branch length reoptimization.
Bootstrap values above 75.0% indicated by blue circle. The relative abundance of OTUs across
regions (as indicated by colored bars) shows large evolutionary distance among sequences within
close proximity.
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Iron Springs nirS sequences were related (78%-100% identity) to nirS sequences from
other environments, including agricultural soils, fen soils, and freshwater environments (based on
BLAST searches to the NCBI database) nirS_OTU_95 was closely related (98% identity) to an
OTU found within pH-neutral fen soils in Denmark (Palmer and Horn, 2015). nirS_OTU_205 was
closely related (90% identity) to an OTU found in mercury-contaminated soil (NCBI accession
JF261040). The Howard Fork region contained 13 OTUs that were closely related (>85% identity)
to OTUs found in freshwater environments (NCBI accession AM419565, JN179246, GU393102,
KT444058, GU322137, DQ337856, GU393043, AM419582, HG800325, AB937597, EF615473,
JF966853, AM419564).

A majority of the nirS OTUs were found at a single site (111 OTUs; 43% of all nirS OTUs)
or in a single region (166 OTUs; 64%). Among those, 62 OTUs (24%) were only found in
Caribbeau, 68 (26%) were only found in New Dominion, 24 (9%) were only found in Iron Bog,
and 10 (4%) were only found in Howard Fork. Approximately one-third of the OTUs were shared
among more than one region, with Caribbeau and New Dominion sharing the most OTUs (59) and
Howard Fork/Caribbeau and Howard Fork/New Dominion sharing the fewest OTUs (13). Five
OTUs were found across all four regions (nirS_OTU 4, nirS_OTU 5, nirS_OTU 58,
nirS_OTU_30, nirS_OTU_45). These five OTUs were genetically dissimilar from each other
(68.6% average identity), but were similar (85-97% identity) to database sequences from
freshwater river sediment (nirS_OTU_4), agricultural soil (nirS_OTU_5 and nirS_OTU_45),
glacier foreland soil (nirS_OTU_58), and the biofilm of a freshwater lake (nirS_OTU_30).
nirS_OTU_2 was found at 3 regions and made up >10% of sequences at nine individual sites,
including 94% at Carib01Aug13 and 75% at Carib01Junl3.

Hierarchical clustering (HCL) analysis of the relative abundance of each nirS OTU across

samples revealed that the most of the Caribbeau Mine samples clustered independently from each
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other (Figure 7). Four of the New Dominion samples clustered independently from all other
samples. Howard Fork samples clustered together, but also with an Iron Bog sample. HCL
clustering revealed 10 distinct groups of nirS OTUs that had significant changes in the relative
abundance between sites/regions (defined as OTUs with an average relative abundance at least 10
times higher than the average relative abundance across all sites). All of the groups were specific
to one region: one Caribbeau group comprised of six OTUs; five New Dominion groups comprised
of 74 total OTUs; two Iron Bog groups comprised of 104 total OTUs; two Howard Fork groups
comprised of 22 total OTUs. OTUs within each group displayed great sequence diversity with low

percent identities (70% on average) and high phylogenetic distances.
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Figure 7. nirS hierarchical clustering map using Pearson correlation of relative abundance of
individual OTUs. Scale bar represents relative abundance from 0.00 to greater than 0.25. OTU
groups (in boxes color coded by region) were defined as those where the average relative
abundance of OTUs within each group was at least ten times the average relative abundance across
all sites. OTUs spread across all regions and OTU of interest nirS_OTU_2 are indicated by arrows.
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Relationship Between Environmental Parameters and Gene Sequences

Sediment pH was not correlated to nirK or nirS richness, overall community structure, or
relative abundance of individual OTUs. There was a slightly positive trend between the number of
observed nirk OTUs and pH, though the relationship was not significant (R?=0.26; Figure S3).
There was no trend observed between the number of observed nirS OTUs and sediment pH
(R?=0.04; Figure S3). Spearman rank correlations did not show a significant relationship between
pH and the relative abundance of individual nirK or nirS OTUs. Canonical correspondence
analysis (CCA) did not reveal a significant relationship between pH and the overall nirK or nirS
community structure.

Spearman correlations revealed that the relative abundance of nirK_OTU_14 was
significantly negatively correlated to temperature (rho =-0.71) and nirS_OTU_2 was significantly
positively correlated to dissolved manganese (rho = 0.86) and total recoverable copper (rho=0.87).

CCA showed the nirk community was correlated to DM Strontium (Figure 8) and showed
that the nirS community was correlated to conductivity, total recoverable calcium, total
recoverable iron, and total recoverable sodium (Figure 9). When the nirS relative abundance HCL
groups (Figure 7) were highlighted on the CCA diagram, it suggested that the OTUs that formed
HCL groups were driving much of the overall community structure (Figure 9). For instance, the
Howard Fork HCL groups 9 and 10 were distinctly clustered on the CCA plot, based in part on the
low conductivity and iron values at those sites. The New Dominion HCL groups all had relatively
high conductivity values (>980 uS/cm), but were separated by iron levels. When analyzing
individual regions on their own, the New Dominion nirS OTUs were significantly correlated to
total recoverable iron (Figure S4), further suggesting that these sites were driving the relationship

with iron seen in the analysis of the overall community structure (Figure 9).
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Figure 8. Canonical Correspondence Analysis (CCA) of relative gene abundance of nirK gene
sequences. DM (dissolved metal) strontium significantly (Bonferroni corrected p-value <0.05)
correlated to nirK distribution across the Iron Springs Mining District.
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Figure 9. Canonical Correspondence Analysis (CCA) of relative gene abundance of nirS gene
sequences (Panel A). Conductivity, TRW (total recoverable metals from surface water) Iron, TRW
Sodium, and TRW Calcium significantly (Bonferroni corrected p-value <0.05) correlated to nirS
distribution across the Iron Springs Mining District. Samples within each region are indicated by
a colored circle. Panel B contains OTUs found within individual HCL groups as shown in Figure
7. Panel C contains all OTUs that were not found within individual HCL groups shown in Figure
7.
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Seasonal Variations in Gene Sequences

Within both sampling years, 46% of nirK OTUs and 45% of nirS OTUs were present.
Within multiple sampling months, 50% of nirK OTUs and 49% of nirS OTUs were present.
Pearson and Spearman correlations did not reveal a significant relationship between seasonality
and the number of observed OTUs at each site for either nirK or nirS. Changes in the relative
abundance of individual OTUs across sites does not appear to be linked to seasonality as relative
abundance-based hierarchical clustering did not reveal nodes segregated by sampling month (e.g.,
Caribbeau samples taken in June, August, and September all clustered together for both nirK and
nirS). CCA did not show a significant relationship between sampling month and the relative

abundance of gene sequences for either group.
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CHAPTER 5

DISCUSSION

AMD is a widespread environmental hazard that can severely damage aquatic ecosystems.
Little is known about how nirK and nirS gene sequences are distributed within an AMD
environment. In this study, we determined the diversity, phylogeny, and distribution of nirK and
nirS gene sequences within four distinct regions in AMD-impacted sediments at the Iron Springs
Mining District in Southwestern Colorado. Although gene sequences are not a proxy for function,
analyses of the separate gene groups suggest that each have the potential for denitrification as a
high number of OTUs (253 for nirK and 260 for nirS) were observed across the entire sampling
area with varying relative abundance patterns. The presence of 117 nirK and 116 nirS OTUs shared
across two sampling years may suggest that many of the nir OTUs permanently reside in the
sediments, and are not merely washed in from the surrounding watershed.

Hierarchical clustering revealed that the relative abundance patterns of nirk and nirS OTUs
were often similar among sites within a sampling region but more dissimilar between regions (e.g.,
most Caribbeau samples clustered together on the nirK and nirS HCL plots, separate from other
regions). Previous studies also found similar patterns of site/region specificity for nirK and nirS
(Santoro et al., 2006; Smith and Ogram, 2008; Mosier and Francis, 2010). One nirK OTU and five
nirS OTUs displayed a cosmopolitan distribution across all four sampling regions, which may
represent either nirK/nirS-containing organisms tolerant of a range of pH and metal conditions or
organisms that have been transported between sites by dispersion.

Previous work has shown pH to be an important factor in controlling denitrifying
communities in the environment. Diversity and productivity generally decreases with acidic pH

(Baesman et al., 2006; Wallenstein et al., 2006; Saleh-Lakha, 2009). Evidence has shown the
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optimum pH range for complete reduction of nitrate to nitrogen gas is pH 6-8, below which the
proportion of intermediate products (nitric and nitrous oxides) increases (Knowles, 1982; Négele
and Conrad, 1990). However, some studies have shown denitrification to occur and even thrive at
an acidic pH. The optimum pH for denitrification rates in historically acidic soils was 3.90 (Parkin
et al., 1985). Denitrification rates were >99% of the optimum at a pH of 5.3-5.75 within synthetic
wastewater (Di Capua et al., 2017). These results indicate that denitrifier communities are able to
metabolize in acidic conditions, perhaps especially if they are found within a historically acidic
environment and have been able to adapt. In Iron Springs, pH ranged from 3.2-8.3 across all sample
sites, but did not correlate to the number of observed nir OTUs, the relative abundance of any
specific nir OTU, or the overall community structure or phylogeny of either gene group. Although
there is a general increase in the number of observed nirK OTUs as pH increases, substantial
variation exists around this trend. Because a decrease in pH will increase metal solubility, it is
likely that changes in pH have indirect effects on the denitrifier community. These results may
indicate that the community is well adapted to a low pH environment, but incubation studies are
needed to determine whether or not denitrification rates at these sites is impacted by pH.
Denitrification enzymes are located on or near the outer cell surfaces, which makes them
especially vulnerable to chemical disruption. Metals have been shown to affect denitrifier diversity
and inhibit denitrification in a way that differentially affects the steps in the reduction of nitrate to
nitrogen gas, with nitrite reductase being the most sensitive step within the denitrification pathway
(Bollag and Barabsz, 1979; Sakadevan, et al., 1999; Sobolev and Begonia, 2008, Liu et al., 2016).
However, other studies have shown diversity to increase with the addition of specific metals
(Throbéck et al., 2007; Sandaa et al., 2001). In the present study, metal concentrations (e.g., Al,
Cu, Fe, and Zn) in the Iron Springs region exceed the allowable concentrations as determined by

the Colorado Department of Public Health and Environment (CDPHE) Regulation 3;
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concentrations that have been shown to harm terrestrial and aquatic life (Colorado Water Quality
Control Commission, 2012). Nonetheless, nirK and nirS OTUs were observed at sites with very
high metal concentrations (>10 mg/L), which may indicate that these organisms are tolerant of
these harsh conditions. Iron, in particular, appeared to play a role in shaping the nirS community
structure (based on CCA results; Figure 9). Rates of denitrification in an AMD environment have
been shown to substantially decrease with the addition of ferric or ferrous iron above background,
likely due to chemical disruption of the cell wall (Baesman et al., 2007). Iron can also strongly
complex with organic matter and reduce the bioavailability of organic carbon to denitrifiers
(McKnight and Bencala, 1990). Iron concentrations differentially affected nirS communities
within the New Dominion region, indicating potential adaptability to high iron concentrations in
some OTUs (Figure S4).

The total nirS community composition was strongly correlated to conductivity or
conductivity-related ions (calcium and sodium; based on CCA analysis; Figure 9). Conductivity
may be an indication of the total dissolved metal concentration (Figure S5). Dissolved metals are
those that are bioavailable and thus more likely to have toxic effects on microbes. The denitrifying
microbes within Iron Springs may be resistant to dissolved metals as a result of long term genetic
modification, spread of resistance genes, or the replacement of metal-sensitive strains by strains
more tolerant of dissolved metals (Holtan-Hartwig et al., 2002). Interestingly, prior work with
these same samples showed that organisms involved in nitrification may have also been influenced
by conductivity (overall community structure and relative abundance of individual OTUs were
correlated to conductivity) (Ramanathan, 2016). Overall, these findings may implicate
conductivity, and possibly dissolved metal concentrations, as a driving factor in controlling

nitrogen cycling in these sediments.
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Other organisms not studied here may also contribute to denitrification in the Iron Springs
region. For instance, other nirK and nirS gene sequences that were not detected with the
conventional primer sets used here may be present (Wei et al., 2015). Additionally, fungal
denitrifiers have the potential to convert nitrate to nitrogen gas within acidic environments. Fungal
denitrification has occurred in groundwater with a pH of 3.67 (Jasrotia et al., 2014). Certain species
have shown evidence of denitrification in an AMD environment (at pH 1) and express transcripts
for aerobic respiration and denitrification in order to adapt to fluctuating conditions (Mosier et al.,
2016). The possibility for other denitrifiers that may contribute to nitrogen cycling in the Iron
Springs region warrants further inquiry.

Understanding how denitrification functional genes relate to the harsh conditions of an
AMD environment shows how this widespread pollutant may broadly affect the nitrogen cycle.
This understanding may also allow us to better utilize the ecosystem services provided by
denitrifiers: the conversion of nitrate to nitrogen gas and improvement of water quality. Nitrogen
pollution can cause a suite of problems ranging from eutrophication and extensive kills of aquatic
species to methemoglobinemia and birth defects in humans (Camargo and Alonso, 2006).
Denitrifier services are utilized in wastewater treatment facilities around the globe that seek to
reduce nitrogen pollution and some facilities have recently begun to isolate strains of denitrifiers
within critically polluted environments to treat special industrial wastes (Kim et al., 2014). The
denitrifiers within the Iron Springs Mining District, and perhaps other environments affected by
AMD, have the potential to serve a similar purpose and treat wastewater that is acidic and contains

high concentrations of metals.
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Conclusions

Denitrifying microbes provide an important ecosystem service in the conversion of nitrate
to nitrogen gas. Gaining a better understanding of how these microbes respond to adverse
environmental conditions, like those that exist in an AMD environment, may improve our
understanding of their adaptability and our own ability to utilize this service. This study has
demonstrated broad community composition patterns for two denitrification functional genes, nirK
and nirS, in an environment impacted by AMD. Neither gene group was significantly affected by
pH, possibly indicating that these organisms are well adapted to acidic conditions. Both gene
groups had high numbers of observed OTUs across all sampling sites (253 for nirK and 260 for
nirS) but were differentially affected by environmental conditions. nirK community composition
was correlated to strontium concentrations. nirS community composition was correlated to
conductivity, sodium, calcium, and iron concentrations, which resulted in distinct groups of OTUs
segregated by sampling region or individual samples. These findings improve upon our
understanding of the potential for denitrification within an ecosystem impacted by AMD and

provide a foundation for future research into the rates and physiology of denitrifying organisms.
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Figure S1: Rarefaction curves for nirK gene sequences across all samples (Panel A); samples
containing fewer than 13,000 reads were excluded from analysis. Rarefaction curves for nirS gene
sequences across all samples (Panel B); samples containing fewer than 1,000 reads were excluded
from analysis.
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Figure S2: Number of observed OTUs and Chaol richness estimates for nirK (Panel A) and nirS
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(Panel B) gene sequences across all sample sites.
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Figure S3: Comparison between the number of observed nirK OTUs (panel A) and the number
of observed nirS OTUs (panel B) to the sediment pH at each site. Samples within the four
regions are indicated by separate colors.

44




1.0

NDMDgJunB
jenND03Aug13

CSIBSep14
FenND03Jun14 NDMDO02Sep14
AenNDQJJun14
' enND01Jl€?1\‘3 TRWiron
EenNDO1Aug13 DMD02Aug13

Environmental Variables

4= TRW = total recoverable metals

@ (O FenNDO1Sep14 Samples
T 0
-0.4 10

Figure S4: Canonical Correspondence Analysis (CCA) of relative gene abundance of nirS gene
sequences for individual samples within the New Dominion region. TRW Iron significantly
correlated (Bonferroni corrected p-value <0.05) to the distribution of relative gene abundance.

45



(woysr) Auanonpuod

o O o o o
o O O O o o o o o
0 © ¥ N O O o©o o o
4 d4 «H «+H «+dH o © <
—~
IS
L
52 2
;nlu/WJ..(
=22
v >
BE B
ng
S ©
o< o
SO0 c
2 D O
o< o
O O O O O o o o o
S © © 6 © © © © o
o O O O o o o o o
o O O o o o o o o
n © mM & I © mw O W
< < o M N N oA oo

(7/61) s1eBa166y |RIBIN PaAjossIa

STUNCY04H
£TNVH04H
y1dasgogiusS
yTuncgogiusd
sTuncgogiusS
£1bnwgogiuaS
yTunczogiusd
gTunczogiusS
£1bnvzogiuaS
yTdasTOgIuUsS
yTuncTOgIusS
sTuncTogIusS
£16nyT0gIUsS
¥1dasg1SD
yTunCgIS)
£TuUNCgIS)
£16nvg1SD
yTUNCEOANURS
£T6NvE0aNueS
yTdaSTOANUaS
FTUNCTOANURS
€TUNCTOANU8S
£16NYTOANUaH
¥TdaSzoaWan
yTUNCZOAWAN
£TUNCZOAWAN
£16NvZ0aNaN
y1dasgoqued
yTunceoqLRD
£Tunfe0qLRD
£Tbnwe0qLeD
y1daszoqued
yTuNCZoqLRD
£TunCZoqLReD
£1bnwzoqued
y1dasT0q1ED
€TUNCTOqLED
¢1bnyT0gLED

Site

Figure S5. Comparison of conductivity to the sum of all dissolved metals at each site with a

Pearson correlation coefficient of 0.83 and an R? value of 0.68.
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