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Soil Microbiome Dynamics During
Pyritic Mine Tailing Phytostabilization:
Understanding Microbial
Bioindicators of Soil Acidification

John D. Hottenstein, Julie W. Neilson, Juliana Gil-Loaiza, Robert A. Root, Scott A. White,
Jon Chorover and Raina M. Maier*

Department of Soil, Water and Environmental Science, The University of Arizona, Tucson, AZ, United States

Challenges to the reclamation of pyritic mine tailings arise from in situ acid generation that
severely constrains the growth of natural revegetation. While acid mine drainage (AMD)
microbial communities are well-studied under highly acidic conditions, fewer studies
document the dynamics of microbial communities that generate acid from pyritic material
under less acidic conditions that can allow establishment and support of plant growth.
This research characterizes the taxonomic composition dynamics of microbial communities
present during a 6-year compost-assisted phytostabilization field study in extremely acidic
pyritic mine tailings. A complementary microcosm experiment was performed to identify
successional community populations that enable the acidification process across a pH
gradient. Taxonomic profiles of the microbial populations in both the field study and
microcosms reveal shifts in microbial communities that play pivotal roles in facilitating
acidification during the transition between moderately and highly acidic conditions. The
potential co-occurrence of organoheterotrophic and lithoautotrophic energy metabolisms
during acid generation suggests the importance of both groups in facilitating acidification.
Taken together, this research suggests that key microbial populations associated with pH
transitions could be used as bioindicators for either sustained future plant growth or for
acid generation conditions that inhibit further plant growth.

Keywords: phytostabilization, mine tailings, acid mine drainage, plant growth-promoting bacteria, iron-oxidizing
bacteria, sulfur-oxidizing bacteria, iron-reducing bacteria, mine tailing acidification

INTRODUCTION

Metal mining has left a lasting legacy of environmental degradation across the globe where
a primary concern is the long-term generation of acid mine drainage (AMD) from residual
mine wastes that contain large quantities of metal sulfide ores, such as pyrite (Schippers et al.,
2000; Lu and Wang, 2012). Acidic mine tailings and AMD microbial communities have been
well-characterized as being dominated by acidophilic microbial communities that catalyze iron
and sulfur oxidation, thereby accelerating the dissolution of pyrite and the continual generation
of acidity (Baker and Banfield, 2003; Schippers et al., 2010; Chen et al., 2016). However, the
microbiology of moderately acidic mine tailings, such as those undergoing revegetation, has
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been less well-characterized. The kinetics of abiotic reactions
involved in pyrite oxidation at circumneutral pH under aerobic
conditions initially suggests that biotic activity plays a minimal
role in acid generation before environmental conditions become
acidic ((Bill) Evangelou and Zhang, 1995). However,
microenvironments between soil aggregates create niches of
varying oxygen availability and pH, where microbial activity
may play a significant role in acid generation. Furthermore,
experimental results suggest that biological activity can play
an intricate role in increasing the rate of pyrite oxidation at
circumneutral and moderately acidic pH conditions (Singer
and Stumm, 1970; Moses and Herman, 1991; Ranjard and
Richaume, 2001; Meruane and Vargas, 2003; Balci et al., 2007;
Druschel et al., 2008; Luther et al.,, 2011).

Compost-assisted ~ phytostabilization ~is  the active
establishment of vegetation in mine tailings after the addition
of a compost soil amendment to create conditions conducive
to plant growth, but challenges remain to prove its long-term
efficacy (Mendez and Maier, 2008; Conesa et al., 2012). Sustained
vegetative growth requires the establishment of a functioning
soil substrate and the incorporation of soil amendments into
pyritic mine wastes is an attempt to initiate the rapid
development of these functional characteristics from
undeveloped parent material (Zanuzzi et al., 2009; Li and
Huang, 2015). Studies of mine tailings undergoing both natural
and anthropogenic revegetation have attempted to capture the
transition of both physical and biological properties from raw
mine tailings to reclaimed soil substrates capable of supporting
plant growth (Ye et al.,, 2000; Li et al., 2015, 2016a). Among
lithotrophic populations in unamended mine tailings, there
appears to be a transition of dominant populations across a
pH gradient (Chen et al., 2013). This transition may be similar
to what is experienced during phytostabilization when acidity
in mine tailings is often neutralized by a soil amendment to
promote vegetation growth. Chen et al. (2014) found that
during the moderate pH stage (3-5) of pyrite oxidation, genera
with an average relative abundance above 5% included
Tumebacillus, Alicyclobacillus, Bacillus, Acidithiobacillus, and
Leptospirillum. Dominant genera in the acidic stage (pH < 3)
were Ferroplasma, Sulfobacillus, and Leptospirillum. Intriguingly,
several of the genera that were found to naturally colonize
pyritic material were capable of both organoheterotrophic as
well as lithoautotrophic metabolism. Plant growth itself has
shown potential to suppress microbial populations thought
to be involved in iron and sulfur oxidation and thus prevent
acid generation. A study recently quantified Acidithiobacillus
and Leptospirillum, common iron and sulfur oxidizing bacteria
found in AMD, using quantitative PCR and determined that
vegetative growth during mine tailing revegetation lowered
the abundance of these key iron and sulfur oxidizing bacteria
(Li et al., 2016b). Valentin-Vargas et al. (2014) and Valentin-
Vargas et al. (2018) showed that plant growth in a revegetation
mesocosm experiment acted to delay acidification and was
associated with a robust presence of plant-growth-promoting
heterotrophs and suppression of lithoautotrophic iron and
sulfur oxidizers. Across these studies, it appears that plants
have the ability to suppress certain populations of lithotrophic

microbes and thereby decrease the rate of acid generation
making conditions more conducive to plant growth.

The study presented here contrasts with these previous
studies by taxonomically evaluating the microbial dynamics
initiated when a plant-growth-supporting microbial community
from a compost inoculum is incorporated into a mine tailings
environment dominated by acidophiles. The goal is to evaluate
a compost-assisted phytostabilization strategy for highly acidic
pyritic mine tailings by characterizing the microbial community
succession during a 6-year field study following a single
application of compost. There are two objectives addressed by
this research. The first is to characterize the changes in the
bacterial and archaeal microbiome over a 6-year period following
a single application of compost to highly acidic pyritic mine
tailings in the field. The second is to use a controlled microcosm
enrichment study to identify the subset of microbial populations
that enable the development and maintenance of acidic conditions
when reduced iron and sulfur are present. The combined
analysis of microbiome development during a 6-year field study
and in a controlled microcosm experiment has elucidated
bioindicators that mark transitions between plant-growth-
supporting and highly acidic environmental conditions. This
research will improve the understanding of bacterial and archaeal
microbiome development during phytostabilization and identifies
potential bioindicators of the acidification process to improve
management of mine tailings reclamation efforts.

MATERIALS AND METHODS
Revegetation Field Study

This study focuses on the temporal progression of 12
phytostabilization plots in the Iron King Mine and Humboldt
Smelter Superfund (IKMHSS) field study located in the town
of Dewey-Humboldt, AZ, USA. Briefly, this previously described
(Hayes et al., 2014; Root et al., 2015) field study was initiated
in 2010 to investigate whether compost-assisted phytostabilization
could be applied to highly acidic barren pyritic mine tailings
to initiate sustained plant growth (Gil-Loaiza et al, 2016;
Hammond et al, in preparation). The research presented here
utilizes a subset of field trial plots consisting of 10, 15, and
20% (w/w) compost amendment-seeded treatments replicated
in quadruplicate. Soil sampling took place annually in May/June
(2010-2014, 2016) by collecting 1 m deep cores from each
treatment plot in triplicate. Cores were stored on ice until
processing in the lab (24-48 h after collection), which involved
cutting the cores and archiving samples for different analyses.
This investigation utilized only the surficial soil layer (0-20 cm)
from one of the triplicate soil cores collected from the center
of the plot. Archived samples for DNA extraction were stored
at —80°C. Archived sample aliquots for chemical measurements
of pH, electrical conductivity (EC), and total carbon (TC)
were prepared by freeze-drying to remove moisture. pH and
EC measurements were conducted according to EPA method
9045D by creating a 1:1 dry sample weight to milliQ water
paste, centrifuging solids, and decanting the supernatant, which
was measured for pH and EC using calibrated probes
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(US EPA, 2004; Hammond et al.,, in preparation). Total carbon
was measured on ground samples using elemental combustion
(Costech 4010 CHNS-O, Costech Analytical Technologies Inc.,
Valencia, CA, USA). Total carbon was assumed to be a proxy
for organic carbon, as previously reported values for IKMHSS
samples had low inorganic carbon content primarily due to
acidic conditions preventing the accumulation of carbonates
(Gil-Loaiza et al., 2016). Canopy cover surveys were conducted
annually in September/October to correspond with the end
of the growing season by a quadrant and transect method
(Gil-Loaiza et al., 2016).

Microcosm Enrichment Cultures

Enrichment of microbial communities involved in acidification
through iron and sulfur oxidation was conducted in artificial
soil microcosms (Supplementary Figure S1) to simulate the
broad range of microniches that exist between soil aggregates
(Ellis, 2004). Reduced forms of iron (ferrous sulfate) and sulfur
(tetrathionate) were supplied to enrich for microbial communities
involved in: (1) iron oxidation (FeO), (2) sulfur oxidation (SO),
or (3) concurrent iron and sulfur oxidation (FeSO). Oxidation
of reduced sulfur and iron compounds are both directly capable
of generating acidity. The reduced sulfur (tetrathionate) can
be fully oxidized to sulfate creating free hydrogen ions through
a variety of sulfur intermediates. Depending on environmental
conditions, including biotic oxidation/reduction activity,
intermediate sulfur compounds can also be reduced to form
elemental sulfur. The ferrous iron can produce acidity through
oxidation to ferric oxyhydroxide.

Two microcosm experiments were performed. The first
examined differences in the acidification rate between abiotic
and biotic enrichment cultures. Unbuffered moderately acidic
pH conditions, with an initial target pH between 4 and 5,
were established and pH was not manipulated over the length
of the experiment. A second experiment with two pH conditions,
buffered moderately acidic and unbuffered highly acidic, was
performed to determine if microbial communities enriched
from the respective media would be different. The buffered
moderately acidic pH condition had an initial target pH of
4-5 and acidity generated during the experiment was neutralized
through weekly additions of calcium carbonate. The unbuffered
highly acidic pH condition had an initial target pH of 2-3
and the pH was not manipulated after the start of the experiment.
The microcosm experiments were sampled every 2 weeks to
measure pH and extract DNA for microbial analysis. Buffered
moderately acidic cultures had pH measured weekly. Detailed
protocols for the creation of the artificial soil matrix and
supplied medium, as well as microcosm sampling are described in
the Supplementary Material.

DNA Extraction, Sequencing and
Sequence Processing

Field and microcosm sample DNA was extracted from a 0.5 g
subsample with the FastDNA SPIN Kit for Soil (MP Biomedicals,
Solon OH, USA) with modifications made to the standard
FastDNA SPIN KIT for Soil manufacturer’s protocol described
previously (Valentin-Vargas et al., 2014). Due to high concentrations

of heavy metals in the field samples, all field samples were
pre-washed in a 1:1 (w/v) mixture of sample to filter sterilized
(0.22 um) EDTA solution (1 mol L™ EDTA, 100 mmol L™
disodium phosphate, 100 mmol L™ Tris-HCL; titrated to pH
8.2) immediately prior to DNA extraction (Li et al, 2016a).
During DNA extraction, blanks that contained no tailings sample
were extracted alongside each batch of samples for quality control
and subsequently sequenced.

Purified DNA was sent to the University of Arizona Genetics
Core (Tucson, AZ, USA) for sequencing on the Illumina MiSeq
platform (Illumina, CA, USA; Caporaso et al, 2012). DNA
paired-end sequencing was performed on the bacterial and
archaeal 16 s rRNA gene V4 hypervariable region achieving
a final sequence length of 250 base pairs. The protocol for
sequencing procedures is described by Caporaso et al. (2012)
with modifications by Laubitz et al. (2016). Samples were
sequenced as part of three separate runs: (1) field samples,
(2) microcosm samples and the inoculum for the buffered
moderately acidic microcosms, and (3) the inoculum for the
highly acidic microcosms. A total of 10,500,840 raw sequences
from all samples were generated with a median length of 253
base pairs across 149 field and microcosm samples, as well
as 21 extraction blanks.

Sequences were processed in QIIME version 1.9.1 (Caporaso
et al, 2010). Samples were quality filtered and overlapping
ends were joined with a minimum overlap of 20 base pairs.
Operational taxonomic units (OTU) were assigned with a 97%
similarity threshold using QIIME’s UCLUST-based open-reference
OTU picking. Chimeras were filtered out and taxonomy was
assigned using the RDP classifier with an 80% confidence
threshold using the Greengenes database (Version 13.8, McDonald
et al, 2012). It was observed that the Greengenes database
incorrectly classified the archaea genera Ferroplasma and
Thermogymnomonas in the family Picrophilaceae. Therefore,
OTUs classified by the Greengenes database at the genera level
to Ferroplasma were manually assigned to the family
Ferroplasmaceae and the genera Thermogymnomonas was not
assigned a family in accordance with nomenclature standards
(Itoh et al., 2007; Golyshina, 2011).

After taxonomic classification, any OTU that was present
in the extraction blank was removed from all samples in the
extraction set for the associated blank. After sequence and
extraction blank filtering a total of 8,297,091 quality sequences
remained for an average of 55,685 reads per sample. Any
sample that had less than 10,000 reads was removed (12 from
the microcosm sample set, 2 from the field study). Samples
were then rarefied to 10,000 reads each and subsequent alpha
and beta diversity analysis as well as taxonomy summary
information was conducted on the rarefied subset using the
QIIME software package. Beta diversity analysis was limited
to the weighted UniFrac metric (Lozupone and Knight, 2005).

X-ray Diffraction

A subset of the collected field samples consisting of the 2010,
2012, and 2014 sample years were analyzed by X-ray diffraction
(XRD) to quantify the acid generating potential. The crystalline
fraction of the surface tailings was determined by Rietveld
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refinement of Synchrotron transmission powder X-ray
diffraction (ST-XRD) as described previously (Hayes et al,
2014; Gil-Loaiza et al., 2016). XRD Laue patterns were collected
at Stanford Synchrotron Radiation Lightsource (SSRL) on
beamline 11-3 operating at a fixed wavelength of 0.9764 A
in transmission mode using a CCD detector (3,072 x 3,072
pixels). Laue ring images were calibrated with LaB6 and
converted to 20 diffractograms using beamline software.
Wavelength conversion from synchrotron to Cu Ka, peak
identification, and quantitative analysis of crystalline phases
was determined by Rietveld refinement using X'Pert HighScore
Plus (PANalytical, version 2.2.3).

The pyrite fraction (% pyt) in the tailings was used to
calculate the acid generating potential (AGP), where AGP = %
pyt x 16.7; as kg acid equivalents per metric ton tailings
expressed as mass equivalents of CaCO; neutralizing capacity
of 2 moles CaCO; (MW = 2 x 100.087) to 1 mole of FeS,
(MW = 119.975) to kg CaCO; equivalent per ton of material
(Parker and Robertson, 1999).

Statistical Analysis

Statistics were calculated using the JMP 12.0 software package.
Statistical significance was determined at p < 0.01. Field samples
were clustered by Unweighted Pair Group Method with
Arithmetic Mean (UPGMA) using the weighted UniFrac beta
diversity metric based on the microbial community composition
and visualized with TreeGraph 2 (Stover and Miiller, 2010).
Comparison between means of field geochemical properties
was evaluated with ANOVA and Tukeys HSD post hoc test
for means comparison. Comparison between pH values of
inoculated and sterile enrichment cultures was conducted
through a one-sided student ¢-test. PCoA graphs of enrichment
culture and field study samples were generated from the weighted
UniFrac distance metric. Statistical significance of sample groups
in the enrichment culture and field samples were conducted
using ANOSIM with 999 permutations in the QIIME software
package. Composited enrichment culture treatments for
taxonomic analysis were calculated by determining the median
value of OTU reads across the treatment and pH condition
replicates and time points. The median values were renormalized
with the relative abundance from the median composited values
summing to 1. Statistics of the linear regressions between the
relative abundance of subset populations in the field microbial
communities and pH levels in the field were computed
using ANOVA.

RESULTS

Development of Field Microbiome and
Geochemical Characteristics

The microbiome, as characterized by bacterial and archaeal
populations, in IKMHSS field samples showed a marked
transition over the 6-year timeframe examined (2010-2016).
The field samples were sorted according to similarity through
UPGMA clustering and differentiated into five significant
(ANOSIM, p < 0.01, R = 0.65) Groups (Supplementary Figure S2).

These Groups generally followed a temporal pattern across the
length of the study (Figure 1, right side). For example, all
Group 1 samples were collected in 2010 while Group 5 samples
were collected in 2013 (22%), 2014 (33%), and 2016 (44%).

The relationship between community structure and selected
environmental parameters in each Group was examined using
the averaged biogeochemical properties from samples in that
Group (Figure 2). The pH in samples from Group 1 averaged
4.19 (Figure 2A), presumably a result of the compost addition
to the tailings, which had an initial pH between 2 and 3. The
pH remained above 3 across Groups 2 and 3 before declining
in Groups 4 and 5 to a pH below 3. Alpha diversity and
plant cover followed a similar trend with increased or similar
values among Groups 2 and 3 over Group 1, before declining
in value across Groups 4 and 5 (Figures 2B,C). The average
acid generating potential (AGP) was highest in samples making
up Group 1, with AGP trending downward moving from Group
2 to 5 (Figure 2D). Total soil carbon in samples from Group 1
averaged 166.5 mg g, significantly higher than every other
group (Figure 2E). The consistent residual total carbon values
across Groups 2-5, while significantly lower than Group 1,
are all higher than the unamended mine tailings, which were
below detection limits as reported by (Gil-Loaiza et al., 2016).
Finally, electrical conductivity, a proxy measurement of soil
salinity, did not differ significantly across any of the denoted
groups (Figure 2F).

An examination of the most abundant microbial families
in the field study reveals three distinct categories. These
categories comprise families associated with AMD (Figure 1,
under the blue bar), families strongly selected against in
Group 4 and 5 (Figure 1 under the orange bar), and families
without a contrasting distribution across the groupings
(Figure 1, under the black bar). Ten families were associated
with the AMD category and the relative abundance of these
families shifted dynamically in different ways in response
to the decrease in pH associated with Groups 1-5 (Figure 1
under the blue bar and Figure 2A). For example,
Xanthomonadaceae was found in samples across Groups 1-3
and 11 of the samples that form Group 4, but was only
present in one sample in Group 5. Acidithiobacillaceae had
the highest relative abundance in Groups 2-4, with a lower
relative abundance in the most acidic Group 5. Ferroplasmaceae
had the highest consistent relative abundance in Group 3.
Finally, Thermogymnomonas and Leptospirillaceae had the
highest relative abundance in Groups 4 and 5, while not
consistently present in Groups 1-3. Three other
AMD-associated families, Alicyclobacillaceae, Acetobacteraceae,
and Sulfobacillaceae, were consistently present across the
samples in Groups 2-5 and generally increased in relative
abundance with more acidic conditions.

The second category of families in the field study was
comprised of 10 taxonomic families present in Groups 1-3
that were strongly selected against in the low-pH associated
Groups 4 and 5 (Figure 1, under orange bar.). Of these 10
families, six families (Unassigned Alphaproteobacteria,
Hyphomicrobiaceae, Alteromonadaceae, Unclassified Myxococcales,
Unassigned Myxococcales, Piscirickettsiaceae) classify within the
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FIGURE 1 | Heat map of microbial families identified in the field study samples. Columns represent family level taxonomy, where families with less than 1% of total
relative abundance were removed. Rows represent field samples that have been sorted according to the UPGMA cluster tree generated at the OTU level. The tree is
presented in the left column and differentiated into five significantly different Groups (ANOSIM, p < 0.01, R = 0.65). Nodes with a support value less than 0.5 were
collapsed. Relative abundance values have been log transformed and any class that had zero sequence reads has been manually set to —4.0. Darker colors
represent more abundant families and whiter colors are less abundant families. The right hand column denotes the distribution of when samples in each of the five
Groups were collected. The percentages represent the samples that were collected in each year for a given Group; the number of samples (n) present in a year for
the Group is given in parenthesis below. The bolded colored lines between the top of the heatmap and family names break the taxonomic families into three
sections; the blue line denotes families that are associated with acid mine drainage, orange line denotes families that are strongly selected against in Groups 4 and

5, and the black line denotes other families.

Proteobacteria phylum. Two families (Microbacteriaceae and
Nocardiopsaceae) classify within the Actinobacteria phylum.
Interestingly, there are four samples in the more acidic Group
4 that maintained the presence of the 10 families that were
selected against in the other samples among Group 4 and 5,
but also had high relative abundance of Thermogymnomonas
and Leptospirillaceae.

The third category consisted of five families that did not
show such pronounced variation in distributions across the
different Groups (Figure 1 under the black bar).

Controlled Microcosm Enrichment

Culture Experiments

Two microcosm experiments were performed to identify the
subset of microbial populations that enable the development
and maintenance of acidic conditions in the presence of reduced
iron, reduced sulfur, or a combination of both. The first microcosm
experiment was performed in an unbuffered moderately acidic
system to determine the relative contribution of abiotic and

biotic activity to the development of highly acidic conditions.
The initial pH of each treatment FeO, FeSO and SO ranged
from 4 to 5. Inoculated treatments acidified to pH < 3.0 after
2, 4, and 4 weeks, respectively (Figures 3A-C). In contrast,
sterile FeO and FeSO treatments showed only a slight decrease
in pH that was significantly less than in the inoculated treatments
(Figures 3A,B). The sterile SO enrichment culture pH increased
to 5.5 after 8 weeks (Figure 3C). These results indicate that
biological activity plays an important role in increasing acid
generation rates under moderately acidic conditions (pH 3-5).

The second microcosm experiment was performed with the
same treatments to compare a moderately acidic (pH 3-5)
system that was buffered to maintain pH with an unbuffered
highly acidic (pH 2-3) system. The purpose of this experiment
was to determine if changes in the relative abundance of AMD
associated families are driven by pH. The buffered moderately
acidic system had an initial pH between 4 and 5 and received
weekly additions of calcium carbonate to buffer the pH and
prevent acidification (Supplementary Figures 3A-C, arrows).
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In contrast, the unbuffered highly acidic system maintained a
pH between 2 and 3 for the duration of the experiment. Alpha
diversity measurements in these two systems reveals that each
enrichment treatment (FeO, FeSO, SO) had significantly
(p < 0.01) lower alpha diversity than the inoculum (Figure 4A)
in both the buffered moderately acidic and unbuffered highly
acidic systems. These results suggest that each treatment (FeO,
FeSO, SO) and pH condition selected for a subset of the
inoculum microbial community-recall that the inoculum is
from the field site.

Gross community composition similarities across the
microcosm enrichment experiment were determined through
an ordination analysis based on the weighted UniFrac distance
metric visualized on a PCoA plot (Figure 4B). The arrangement

of the samples within the ordination plot shows a statistically
significant (ANOSIM, p < 0.01, R = 0.49) separation of the
buffered moderately acidic and unbuffered highly acidic microbial
communities. To examine this further, we identified the taxa
that were present with a relative abundance greater than 5%
in any microcosm (Table 1). This analysis revealed key taxonomic
distinctions between the microbial communities in the buffered
moderately acidic and unbuffered highly acidic pH conditions
that support the assertion that distinct microbial communities
developed. In the buffered moderately acidic pH microcosms,
four families (Alicyclobacillaceae, Bacillaceae, Acetobacteraceae,
and Xanthomonadaceae) were all present at greater than 5%
relative abundance in at least two of the three treatments (FeO,
FeSO, SO). In contrast, the highly acidic pH microcosms had
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abundance in the FeSO treatment in both the buffered moderately
acidic and the unbuffered highly acidic microcosm systems
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FIGURE 4 | (A) Alpha diversity in the FeO, FeSO, and SO microcosm
treatments (both the unbuffered highly acidic treatment and the buffered
moderately acidic systems) and in the inoculum used for all microcosms.
Alpha diversity values were averaged across all replicates and time points.
Bars with different letters signify significant differences (p < 0.01) between
mean values. Error bars indicate one standard deviation. (B) PCoA plot of
microbial communities from both microcosm systems including all replicates
and time points and from the inoculum. Coordinates were determined by
UniFrac weighted distance metric. Sample groups are denoted as the
inoculum community (X), the buffered moderately acidic system samples are
represented by open symbols [FeO (O), FeSO (4), SO ([J)] and the unbuffered
highly acidic system samples are represented by solid symbols [FeO (@),

FeSO (A), SO (m)].

(21.3 and 15.9%, respectively) but was found in low abundance
or not at all in the other two treatments (FeO, SO).

Validating Biotic Drivers of Acidification in
the IKMHSS Field Microbiome

To explore whether the microcosm experiments accurately
mimics environmental conditions in the field study, the
cumulative relative abundance of OTUs identified in both the
microcosm experiments and in the field samples were correlated
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TABLE 1 | Microbial families with a relative abundance greater than 5% in any enrichment culture treatment.

Buffered moderately acidic treatments

Unbuffered highly acidic treatments

Family Most abundant genus (%) FeO (%) FeSO (%) SO (%) FeO (%) FeSO (%) SO (%)
Alicyclobacillaceae Alicyclobacillus (48%) 6.9 51.2 5.6 4.8 1.1 0.0
Acetobacteraceae Acidiphilium (68%) 9.7 1.5 8.1 12.9 0.0 0.0
Xanthomonadaceae Unassigned (85%) 6.3 7.6 2.6 0.0 0.0 0.0
Bacillaceae Unassigned (78%) 6.5 5.7 7.2 2.2 0.1 0.9
Ferroplasmaceae Ferroplasma (100%) 0.0 0.0 0.0 0.3 8.7 84.0
Firmicutes' Sulfobacillus (99%) 0.1 0.1 0.4 10.8 53.2 1.8
Leptospirillaceae Leptospirillum (100%) 0.0 0.0 0.0 29.9 14.6 3.9
Acidithiobacillaceae Acidithiobacillus (100%) 0.9 21.3 0.0 0.9 15.9 0.0
Comamonadaceae Thiomonas (91%) 3.6 0.5 58.9 0.0 0.0 0.0
Unclassified Methylophilales Unclassified (100%) 40.5 0.0 0.1 0.0 0.0 0.0
Acidimicrobiaceae Unclassified (100%) 0.0 0.0 0.0 16.5 0.0 0.0
Cumulative Relative Abundance 74.5 87.9 82.9 78.3 93.8 90.6

Relative abundance in each treatment was determined by taking the median value of each OTU across all treatment replicates and time points. OTUs classified at the family level
were then summarized and relative abundance values were renormalized. The most abundant genus in each family across all microcosm condiitions and treatments is presented in
the second column with the percentage of total reads within the family it makes up shown in parentheses. Shaded cells represent a treatment where that family had a relative

abundance greater than 5%.'Firmicutues represents the phylum in this case.

with field sample pH. For this analysis, all OTUs from the
microcosm experiment, with a minimum of five sequence reads
across the composited enrichment culture treatments, were
defined as an acid-associated OTU (Supplementary Table S1).
This resulted in the identification of 398 acid-associated OTUs
of which 351 (88.2%) were found in the IKMHSS field samples.
Results show a significant (p < 0.01) and strong (R* = 0.52)
linear relationship between the cumulative relative abundance
of acid-associated OTUs and field pH (Figure 5A). To understand
this result in context, two bacteria well-associated with iron
and sulfur oxidation in acid mine drainage, Leptospirillaceae
and Acidithiobacillaceae (Baker and Banfield, 2003), were
chosen and similarly correlated with pH. The cumulative relative
abundance of OTUs classified in these families
(Acidithiobacillaceae: 269 OTUs, Leptospirillaceae: 142 OTUs)
have a significant (p < 0.01) but weak (R* = 0.10) correlation
to field pH (Figure 5B). Taken together, these results suggest
that the microcosm experiment did indeed sufficiently mimic the
soil environment. Also, these respective correlations suggest
that acidic conditions are generated and maintained by a diverse
community (Figure 5A) that shifts in response to acidity and
not just two major players highly associated with low pH
(Figure 5B).

This observation was further confirmed by quantifying the
percentage of acid-associated OTUs found in the field samples
that were associated with the different microcosm pH conditions.
For field samples with pH > 3.5, an average of 84% of the
acid-associated OTU reads were OTUs present in buffered
moderately acidic microcosms. A smaller average fraction (66%)
of the acid-associated OTU reads were identified from OTUs
present in the unbuffered highly acidic microcosms (Figure 5C,
Supplementary Figure S4). Vice versa, when the pH in the
field samples dropped below 3.5, acid-associated OTU reads
identified in the field samples were on average 87% in common
with the OTUs present in the unbuffered highly acidic
microcosms, increasing to an average of 93% in field samples
with a pH below 2.5. In contrast, only an average of 49% of

the acid-associated OTU reads in field samples with pH < 3.5
were from OTUs identified in buffered moderately
acidic microcosms.

DISCUSSION

This study explored microbiome dynamics in a compost-assisted
phytostabilization field study for 6 years following a single
application of compost at the beginning of the field trial.
Results show a temporal shift over the 6 years from a diverse
community capable of supporting plant growth to a community
dominated by AMD-associated acidophiles. Results from the
complementary microcosm experiments were used to bridge
the gap between community taxonomy and function in the
field study by empirically associating microbial communities
with the functional ability to facilitate the generation or
maintenance of acidic conditions. However, evaluation of
individual population contributions to acid generation activity
becomes nuanced due to poor resolution in assigning definitive
taxonomy through amplicon sequencing and the fact that some
relevant taxa are associated with both organoheterotrophic and
lithoautotrophic metabolisms.

A survey of literature characterizing cultured isolates from
families that were abundant in the microcosm experiment
(Table 1) suggests that both organoheterotrophic and
lithoautotrophic energy metabolisms are present in microbial
communities that facilitate acid generation. While lithotrophic
activity that catalyzes the oxidation of reduced iron and sulfur
is most strongly associated with AMD microbial communities,
carbon mineralization through organoheterotrophic activity
indirectly promotes environmental conditions conducive to
lithotrophic activity and this activity is recognized to play an
important role in AMD microbial communities (Baker and
Banfield, 2003). Key bacteria and archaea, known to be related
to acid generation, are discussed in the following sections in
the context of populations identified in this study.
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FIGURE 5 | (A) Linear regression between the cumulative relative
abundance of all acid-associated OTUs (Supplementary Table S1), and the
pH of the field sample. (B) Linear regression between the cumulative relative
abundance of all OTUs classified within the families Leptospirillaceae or
Acidithiobacillaceae and the pH in the field sample. (C) Rolling nine sample
average of ranked pH data denoting the rolling average fraction of acid-
associated OTU reads, in field samples that were identified as OTUs present
in either the buffered moderately acidic or unbuffered highly acidic systems,

as a function of the field sample pH.

Bacterial Populations Facilitating
Acidification-Putative Lithoautotrophs
Well-characterized obligate lithoautotrophs that directly facilitate
the formation of acid in AMD environments were present in
both the field and microcosm communities. One example is
Acidithiobacillus ferroxidans, an aerobic chemolithoautotroph
capable of both iron and sulfur oxidation (Ohmura et al., 2002;
Valdés et al.,, 2008). This species has been shown to increase
the rate of ferrous iron oxidation below pH 4.5 relative to
abiotic conditions, reaching a maximum rate at pH 3 (Meruane
and Vargas, 2003). In the present study, all reads corresponding
to the family Acidithiobacillaceae were associated with 13 OTUs
that were classified to the Acidithiobacillus genus level.

A second example is Leptospirillum, a well-characterized
acidophilic chemolithoautotroph that is highly sensitive to
organic carbon and only capable of ferrous iron oxidation
(Hallmann et al., 1992; Sand et al., 1992). Recent research has
characterized the species Leptospirillum ferrodiazotrophum and
its ability to fix nitrogen as an important component of AMD
microbial communities (Parro and Moreno-Paz, 2003; Tyson
et al, 2005). All reads corresponding to the family
Leptospirillaceae were associated with seven OTUs that were
classified as Leptospirillum.

Both of these acidophilic families (Acidithiobacillaceae and
Leptospirillaceae) were found at all times throughout the
field study (Groups 1-5) and increased in abundance over
time. However, as noted earlier, the relative abundance of
these families alone was not a good predictor of pH in the
field trial.

Bacterial Populations Facilitating
Acidification-Putative Organoheterotrophs
Abundant OTUs from this study that have been linked
to organoheterotrophic activity and acidification included
four families, the Acetobacteraceae, Alicyclobacillaceae,
Xanthomonadaceae, — and  Sulfobacillaceae. ~ For  the
Acetobacteraceae, 66% of reads from the microcosm experiments
and 51% of the reads from the field study corresponded to
OTUs classified to the genus Acidiphilium. Acidiphilium is well-
characterized as an organoheterotroph in acidic AMD microbial
communities (Wichlacz et al., 1986; Chen et al., 2016). Its
ability to mineralize organic carbon may play a role in removing
products inhibitory to lithotrophic microbial populations
(Marchand and Silverstein, 2002; Liu et al., 2011).

In the family Alicyclobacillaceae, a reported isolate,
Alicyclobacillus H1B4, has been shown to be an obligate
heterotroph that also has the capacity to oxidize iron (but not
sulfur) (Joe et al, 2007). A second reported isolate,
A. ferrooxydans, is also heterotrophic, but can oxidize both
ferrous iron and reduced sulfur compounds (Jiang et al., 2008).
In the present study, a total of 62 and 58% of the
Alicyclobacillaceae reads in the microcosm experiments and
field trial respectively, corresponded to Alicyclobacillus OTUs.
A subset of the Alicyclobacillus reads (78% for the microcosm
experiment) and (26% for the field trial) corresponded further
to A. ferrooxydans OTUs.
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Similarly, genera within the Xanthomonadaceae (found in
the buffered moderately acidic FeO and FeSO treatments) have
been found in AMD. One species in this family, Dyella
thiooxydans (not found in this study), has been shown to
oxidize sulfur while utilizing several carbon substrates (Lu
et al, 2010; Anandham et al., 2011; Gonzalez-Toril et al.,
2011; Chen et al, 2014). A second species that has been
found associated with acidic environments is Metallibacterium
scheffleri strain DKE6, a facultatively anaerobic iron reducer
(Ziegler et al., 2013). In this study, a majority of OTUs classified
within the Xanthomonadaceae family were not classified to a
specific genus.

Finally, a species in the phylum Firmicutes, Sulfobacillus
acidophilus, has been shown to oxidize both iron and sulfur
with the capacity to switch between autotrophic and heterotrophic
growth (Norris et al, 1996; Karavaiko et al., 2006; Watling
et al., 2008). In this study, 13 Firmicutes OTUs were identified
as Sulfobacillus and these OTUs were primarily found under
more acidic conditions; in the highly acidic microcosms and
in Groups 4 and 5 of the field study.

Archaeal Populations Facilitating
Acidification

The archaea related to acidification in the microcosm and field
study samples were comprised of Ferroplasma and
Thermogymnomonas, both of which are associated with highly
acidic AMD conditions (Reysenbach and Brileya, 2014).
Comparing the potential functional niche of these two genera,
Ferroplasma acidiphilum has been described as an obligate
lithoautotroph (Golyshina et al., 2000). A more recent study
has described F acidarmanus as capable of coupling organic
carbon oxidation with ferric iron as an alternate electron
acceptor under anaerobic conditions (Dopson et al, 2004,
2007). Another study characterized two strains within the
Ferroplasma that did not grow without a minimal presence
of yeast extract and that were also capable of tetrathionate
oxidation (Okibe et al, 2003). In contrast, the species
Thermogymnomonas acidicola has been described as an aerobic
chemoheterotroph (Itoh et al., 2007).

There was a distinct shift in the distribution of
Ferroplasmaceae and Thermogymnomonas in the field study.
The former was in higher abundance in Group 3 representing
higher pH (3-4), while Thermogymnomonas was in higher
abundance in Groups 4 and 5 at lower pH (2-3) in the
field study (Figure 1). This is intriguing since neither genus
was present to any great extent in the moderately acidic
microcosms but both were present in the highly acidic
microcosm (pH 2-3) with Ferroplasma dominating. In the
highly acidic microcosm, Ferroplasma represented 97% of
the Picrophilaceae reads and Thermogymnomonas represented
only 3% of reads.

There are similar contrasts in the literature about Ferroplasma.
It has previously been reported to be abundant in highly acidic
AMD microbial communities (Chen et al., 2014). However,
Korehi et al. (2014) found that Ferroplasma was present during
early stages (pH > 5) of natural pyrite oxidation. These results
suggest that the behavior of these two archaea may be driven

by a combination of pH and other biogeochemical characteristics
that has yet to be fully elucidated.

Microbiome Dynamics in the Field Study
Broadly, results from the IKMHSS field study show an increase
in relative abundance of organisms capable of lithotrophic
energy metabolisms as the site acidified. The microcosm
experiments demonstrate further that it is a co-establishment
of potential organoheterotrophic and lithoautotrophic
populations that facilitates acidification. The results confirm
previous reports of organoheterotrophic organisms in the
microbial communities found in highly acidic AMD and
early stage moderately acidic pyrite oxidation (Hao et al,
2010; Korehi et al., 2014). These organoheterotrophic and
mixotrophic populations may fill a similar niche to that of
Acetobacteraceae in mineralizing organic compounds that
inhibit lithoautotrophic activity (Marchand and Silverstein,
2002; Liu et al., 2011).

Unique to this study are the insights it provides into how
the native acidophilic microbial community found in highly
acidic mine tailings environment becomes stressed by the
addition of an organic amendment (compost) and how this
community can eventually recover. Clearly, recovery of the
acidophilic community following compost addition requires
the participation of organoheterotrophs to mineralize organic
carbon to recreate oligotrophic microenvironments that
facilitate iron and sulfur oxidation. Such chemoheterotrophic
activity may also be important in directly catalyzing the
oxidation of pyrite. Hao et al. (2009) showed that co-cultures
of chemoheterotrophic and chemolithotrophic bacteria were
capable of compromising a phospholipid passivation layer
prepared on the surface of pyrite crystals, thereby increasing
the rate of pyrite dissolution over monocultures of a
lithotrophic bacteria.

We conclude that microorganisms that facilitate acid
generation in moderately acidic conditions are key to
determining the final outcome in a mine tailings system
undergoing compost-assisted phytostabilization. Shifts in the
microbial community over the course of this compost-assisted
phytostabilization study can be compared to other studies of
the progression in microbial communities associated with
pyrite oxidation across a pH gradient. Chen et al. (2014)
studied natural pyrite oxidation under greenhouse conditions
across circumneutral pH to acidic conditions and described a
similar set of microbial populations related to Alicyclobacillaceae,
Xanthomonadaceae and Acetobacteraceae in more moderately
acidic conditions. A second study examined several different
mine tailings that exhibited a range of pH (Chen et al.,, 2013).
A 16 s rRNA pyrosequencing analysis of two of the mine
tailings, one with higher levels of organic carbon and a pH
of 6.4 and the other with lower organic carbon and a pH
of 2.4, revealed the following. The site with circumneutral
pH conditions had high relative abundance of Thiobacillus,
Legionella, Gemmatimonas, and Sphingomonas, while the acidic
site had high relative abundance of Ferroplasma, Acidithiobacillus,
Leptospirillum, Sulfobacillus and Thermogymnomonas. These results
suggest the co-occurrence of Ferroplasma and Thermogymnomonas
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in highly acidic conditions and not the distinct shift between
the two populations seen in the IKHMSS field study.

While the present study focused on understanding constituent
populations of the microbiome that facilitate acidification during
phytostabilization, microbial families that support plant growth
are equally important to the success of plant establishment. The
below ground biomass of plants and the ability to exude organic
carbon into the amended soil stimulate organoheterotrophy and
suppress lithoautotrophic activity. This process is important to
success of above ground biomass production and the presence
of plant-growth associated microbial populations actively helps
support plant growth, especially in stressed environments (Glick,
2010; Ma et al, 2011). In the taxonomic analysis of the field
study microbiome, 8 of the 10 families that exhibited a large
decrease in relative abundance under acidifying conditions were
either Proteobacteria or Actinobacteria, taxonomic units strongly
associated with natural soils and improved plant growth (Glick,
1995; Spain et al., 2009). One of these families, Microbacteriaceae,
has related isolates that have been shown to increase the dry
weight and length of roots in Rapeseed (Brassica napus) grown
in lead and copper contaminated soils (Sheng et al., 2008; He
et al,, 2010). These results suggest that a complete understanding
of how best to facilitate phytostabilization will require improved
knowledge of how these potential plant-growth-promoting
taxonomic families facilitate sustained vegetation growth with
a parallel understanding of microbes facilitating acidification.
After all, it is the dynamics between these two communities
that will decide the success of a phytostabilization attempt.

Therefore, using shifts in energy metabolisms as an indicator
for sustained plant growth in reclaimed mine tailings is dependent
on the taxa accomplishing this shift in metabolism. Studies
of functional activity by transcriptional activity or functional
assays would improve the understanding of differences in active
energy metabolisms, as well as other functional processes,
between plant growth supporting and acid generating microbial
communities. Importantly, functional activity studies would
be able to elucidate the contribution of mixotrophic populations
in microbiome processes and determine how they actively
contribute to processes such as iron and sulfur oxidation or
carbon cycling across environmental conditions.

CONCLUSIONS

This research demonstrates that microbial activity plays a
significant role in acid generation at moderately acidic pH
levels where robust plants are still actively growing. The
development of microbiomes in mine tailings undergoing
phytostabilization at moderately acidic pH conditions appear
to be characterized by competing dynamics between acidophilic
organoheterotrophic and lithoautotrophic activity that develop
acidic conditions and a diverse microbiome that supports plant
growth. Taxonomic transitions between these two communities
may serve as potential bioindicators of future conditions that
either promote or inhibit plant growth. However, taxonomic
transitions need to be further validated using physiologically-
based studies to tease apart the functional activity between

these two competing communities. Efforts to understand the
transition between these acidifying and plant-supporting
communities would include a more accurate understanding of
diagnostic thresholds between a soil microbiome that supports
continued plant growth and a microbiome that facilitates the
generation of acidity. Combining insights of below ground
phytostabilized soil microbiome dynamics with current knowledge
of above ground plant growth may better assure sustained
long-term vegetation establishment for mine tailing reclamation.

DATA AVAILABILITY

The 16S rRNA gene datasets for this study can be found in
the NCBI Sequence Read Archive database under accession
number SRP194659.

AUTHOR CONTRIBUTIONS

JH conceived this study, performed microcosm studies and
microbial community analysis of microcosm and field samples,
statistically analyzed all data, and wrote the manuscript. JG-L
and SW were responsible for setting up and maintaining the
field study. RR analyzed acid-generating potential of mine
tailings samples. JN, JC, and RM contributed to experimental
design, data interpretation, and manuscript writing. JC and
RM conceived the larger IKHMSS study. All authors reviewed
the manuscript.

FUNDING

This work was supported by the National Institute of
Environmental and Health Sciences (NIEHS) Superfund Research
Program (SRP) grant P42 ES004940.

ACKNOWLEDGMENTS

We thank Steven Schuchardt, president of North American
Industries, for providing access to the IKMHSS site and help
with irrigation. We thank all volunteer students from University
of Arizona Environmental Microbiology, Environmental
Biochemistry, and Contaminant Transport Labs for their help
during field implementation and sampling trips. We acknowledge
use of the Stanford Synchrotron Radiation Lightsource, SLAC
National Accelerator Laboratory, which is supported by the
U.S. Department of Energy, Office of Science, Office of Basic
Energy Sciences under Contract No. DE-AC02-76SF00515.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/article/10.3389/fmicb.2019.01211/
full#supplementary-material

Frontiers in Microbiology | www.frontiersin.org

11

June 2019 | Volume 10 | Article 1211


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://www.frontiersin.org/article/10.3389/fmicb.2019.01211/full#supplementary-material
https://www.frontiersin.org/article/10.3389/fmicb.2019.01211/full#supplementary-material

Hottenstein et al.

Soil Microbiome Dynamics During Phytostabilization

REFERENCES

Anandham, R., Kwon, S.-W,, Indira Gandhi, P, Kim, S.-J., Weon, H.-Y., Kim, Y.-S.,
et al. (2011). Dyella thiooxydans sp. nov., a facultatively chemolithotrophic,
thiosulfate-oxidizing bacterium isolated from rhizosphere soil of sunflower
(Helianthus annuus L.). Int. J. Syst. Evol. Microbiol. 61, 392-398. doi: 10.1099/
ijs.0.022012-0

Baker, B. ], and Banfield, J. E (2003). Microbial communities in acid mine
drainage. FEMS Microbiol. Ecol. 44, 139-152. doi: 10.1016/S0168-6496(03)00028-X

Balci, N., Shanks, W. C. III, Mayer, B., and Mandernack, K. W. (2007).
Oxygen and sulfur isotope systematics of sulfate produced by bacterial and
abiotic oxidation of pyrite. Geochim. Cosmochim. Acta 71, 3796-3811. doi:
10.1016/j.gca.2007.04.017

Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, E D,
Costello, E. K., et al. (2010). QIIME allows analysis of high-throughput
community sequencing data. Nat. Methods 7, 335-336. doi: 10.1038/nmeth.£.303

Caporaso, J. G., Lauber, C. L., Walters, W. A., Berg-Lyons, D., Huntley, ],
Fierer, N, et al. (2012). Ultra-high-throughput microbial community analysis
on the Illumina HiSeq and MiSeq platforms. ISME J. 6, 1621-1624. doi:
10.1038/ismej.2012.8

Chen, L., Huang, L., Méndez-Garcia, C., Kuang, J., Hua, Z., Liu, J,, et al. (2016).
Microbial communities, processes and functions in acid mine drainage
ecosystems. Curr. Opin. Biotechnol. 38, 150-158. doi: 10.1016/j.copbio.2016.01.013

Chen, Y, Li, J., Chen, L., Hua, Z., Huang, L., Liu, J., et al. (2014). Biogeochemical
processes governing natural pyrite oxidation and release of acid metalliferous
drainage. Environ. Sci. Technol. 48, 5537-5545. doi: 10.1021/es500154z

Chen, L, Li, J, Chen, Y, Huang, L, Hua, Z, Hu, M,, et al. (2013). Shifts in
microbial community composition and function in the acidification of a lead/
zinc mine tailings. Environ. Microbiol. 15, 2431-2444. doi: 10.1111/1462-2920.12114

Conesa, H., Evangelous, M., Robinson, B., and Schulin, R. (2012). A critical
view of current state of phytotechnologies to remediate soils: still a promising
tool? Sci. World J. 2012, 1-10. doi: 10.1100/2012/173829

Dopson, M., Baker-Austin, C., and Bond, P. (2007). Towards determining details
of anaerobic growth coupled to ferric iron reduction by the acidophilic
archaeon “Ferroplasma acidarmanus” Ferl. Extremophiles 11, 159-168. doi:
10.1007/500792-006-0029-y

Dopson, M., Baker-Austin, C., Hind, A., Bowman, J. P, and Bond, P. L. (2004).
Characterization of Ferroplasma isolates and Ferroplasma acidarmanus sp.
nov., extreme acidophiles from acid mine drainage and industrial bioleaching
environments. Appl. Environ. Microbiol. 70, 2079-2088. doi: 10.1128/
AEM.70.4.2079-2088.2004

Druschel, G. K., Emerson, D., Sutka, R., Suchecki, P,, and Luther, G. W. III
(2008). Low-oxygen and chemical kinetic constraints on the geochemical
niche of neutrophilic iron(II) oxidizing microorganisms. Geochim. Cosmochim.
Acta 72, 3358-3370. doi: 10.1016/j.gca.2008.04.035

Ellis, R. J. (2004). Artificial soil microcosms: a tool for studying microbial
autecology under controlled conditions. J. Microbiol. Methods 56, 287-290.
doi: 10.1016/j.mimet.2003.10.005

(Bill) Evangelou, V. P, and Zhang, Y. L. (1995). A review: pyrite oxidation
mechanisms and acid mine drainage prevention. Crit. Rev. Environ. Sci.
Technol. 25, 141-199. doi: 10.1080/10643389509388477

Gil-Loaiza, J., White, S. A., Root, R. A., Solis-Dominguez, F. A., Hammond, C. M.,
Chorover, J., et al. (2016). Phytostabilization of mine tailings using compost-
assisted direct planting: translating greenhouse results to the field. Sci. Total
Environ. 565, 451-461. doi: 10.1016/j.scitotenv.2016.04.168

Glick, B. R. (1995). The enhancement of plant growth by free-living bacteria.
Can. ]. Microbiol. 41, 109-117. doi: 10.1139/m95-015

Glick, B. R. (2010). Using soil bacteria to facilitate phytoremediation. Biotechnol.
Adv. 28, 367-374. doi: 10.1016/j.biotechadv.2010.02.001

Golyshina, O. V. (2011). Environmental, biogeographic, and biochemical patterns
of archaea of the family Ferroplasmaceae. Appl. Environ. Microbiol. 77,
5071-5078. doi: 10.1128/AEM.00726-11

Golyshina, O. V., Pivovarova, T. A., Karavaiko, G. I, Kondratéva, T. E,
Moore, E. R., Abraham, W. R,, et al. (2000). Ferroplasma acidiphilum gen.
nov., sp. nov., an acidophilic, autotrophic, ferrous-iron-oxidizing, cell-wall-
lacking, mesophilic member of the Ferroplasmaceae fam. nov., comprising
a distinct lineage of the Archaea. Int. J. Syst. Evol. Microbiol. 50, 997-1006.
doi: 10.1099/00207713-50-3-997

Gonzélez-Toril, E., Aguilera, A., Souza-Egipsy, V., Pamo, E. L., Espafia, J. S.,
and Amils, R. (2011). Geomicrobiology of La Zarza-Perrunal acid mine
effluent (Iberian Pyritic Belt, Spain). Appl. Environ. Microbiol. 77, 2685-2694.
doi: 10.1128/AEM.02459-10

Hallmann, R., Friedrich, A., Koops, H.-P,, Pommerening-Réser, A., Rohde, K.,
Zenneck, C., et al. (1992). Physiological characteristics of Thiobacillus
ferrooxidans and Leptospirillum ferrooxidans and physicochemical factors
influence microbial metal leaching. Geomicrobiol J. 10, 193-206. doi:
10.1080/01490459209377920

Hao, J., Murphy, R., Lim, E., Schoonen, M. A. A,, and Strongin, D. R. (2009).
Effects of phospholipid on pyrite oxidation in the presence of autotrophic
and heterotrophic bacteria. Geochim. Cosmochim. Acta 73, 4111-4123. doi:
10.1016/j.gca.2009.04.003

Hao, C., Wang, L., Gao, Y., Zhang, L., and Dong, H. (2010). Microbial diversity
in acid mine drainage of Xiang Mountain sulfide mine, Anhui Province,
China. Extremophiles 14, 465-474. doi: 10.1007/s00792-010-0324-5

Hayes, S. M., Root, R. A., Perdrial, N., Maier, R. M., and Chorover, J. (2014).
Surficial weathering of iron sulfide mine tailings under semi-arid climate.
Geochim. Cosmochim. Acta 141, 240-257. doi: 10.1016/j.gca.2014.05.030

He, L. Y., Zhang, Y. E, Ma, H. Y, Su, L. N,, Chen, Z. ], Wang, Q. Y., et al.
(2010). Characterization of copper-resistant bacteria and assessment of
bacterial communities in rhizosphere soils of copper-tolerant plants. Appl.
Soil Ecol. 44, 49-55. doi: 10.1016/j.aps0il.2009.09.004

Itoh, T., Yoshikawa, N., and Takashina, T. (2007). Thermogymnomonas acidicola
gen. nov.,, sp. nov., a novel thermoacidophilic, cell wall-less archaeon in
the order Thermoplasmatales, isolated from a solfataric soil in Hakone,
Japan. Int. J. Syst. Evol. Microbiol. 57, 2557-2561. doi: 10.1099/ijs.0.65203-0

Jiang, C.-Y,, Liu, Y,, Liu, Y.-Y,, You, X.-Y,, Guo, X, and Liu, S.-J. (2008). Alicyclobacillus
ferrooxydans sp. nov., a ferrous-oxidizing bacterium from solfataric soil. Int.
J. Syst. Evol. Microbiol. 58, 2898-2903. doi: 10.1099/ijs.0.2008/000562-0

Joe, S.-J., Suto, K., Inoie, C., and Chida, T. (2007). Isolation and characterization
of acidophilic heterotrophic iron-oxidizing bacterium from enrichment culture
obtained from acid mine drainage treatment plant. J. Biosci. Bioeng. 104,
117-123. doi: 10.1263/jbb.104.117

Karavaiko, G. L, Dubinina, G. A., and Kondrateva, T. E (2006). Lithotrophic
microorganisms of the oxidative cycles of sulfur and iron. Microbiology 75,
512-545. doi: 10.1134/5002626170605002X

Korehi, H., Blothe, M., and Schippers, A. (2014). Microbial diversity at the
moderate acidic stage in three different sulfidic mine tailings dumps generating
acid mine drainage. Res. Microbiol. 165, 713-718. doi: 10.1016/j.resmic.2014.08.007

Laubitz, D., Harrison, C. A., Midura-Kiela, M. T., Ramalingam, R., Larmonier, C. B.,
Chase, J. H., et al. (2016). Reduced epithelial Na +/H + exchange drives gut
microbial dysbiosis and promotes inflammatory response in T cell-mediated
murine colitis. PLoS One 11:¢0152044. doi: 10.1371/journal.pone.0152044

Li, X,, Bond, P. L., Van Nostrand, J. D., Zhou, J., and Huang, L. (2015). From
lithotroph- to organotroph-dominant: directional shift of microbial community
in sulphidic tailings during phytostabilization. Sci. Rep. 5:12978. doi: 10.1038/
srep12978

Li, X, and Huang, L. (2015). Toward a new paradigm for tailings
phytostabilization—nature of the substrates, amendment options, and
anthropogenic pedogenesis. Crit. Rev. Environ. Sci. Technol. 45, 813-839.
doi: 10.1080/10643389.2014.921977

Li, Y, Jia, Z,, Sun, Q. Zhan, J, Yang, Y., and Wang, D. (2016a). Ecological
restoration alters microbial communities in mine tailings profiles. Sci. Rep.
6, 1-11. doi: 10.1038/srep25193

Li, Y, Sun, Q., Zhan, J., Yang, Y., and Wang, D. (2016b). Vegetation successfully
prevents oxidization of sulfide minerals in mine tailings. J. Environ. Manag.
177, 153-160. doi: 10.1016/j.jenvman.2016.04.026

Liu, H., Yin, H., Dai, Y., Dai, Z., Liu, Y., Li, Q, et al. (2011). The co-culture
of Acidithiobacillus ferrooxidans and Acidiphilium acidophilum enhances the
growth, iron oxidation, and CO, fixation. Arch. Microbiol. 193, 857-866.
doi: 10.1007/500203-011-0723-8

Lozupone, C., and Knight, R. (2005). UniFrac: a new phylogenetic method for
comparing microbial communities. Appl. Environ. Microbiol. 71, 8228-8235.
doi: 10.1128/AEM.71.12.8228-8235.2005

Lu, S., Gischkat, S., Reiche, M., Akob, D. M., Hallberg, K. B., and Kiisel, K.
(2010). Ecophysiology of Fe-cycling bacteria in acidic sediments. Appl.
Environ. Microbiol. 76, 8174-8183. doi: 10.1128/AEM.01931-10

Frontiers in Microbiology | www.frontiersin.org

June 2019 | Volume 10 | Article 1211


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1099/ijs.0.022012-0
https://doi.org/10.1099/ijs.0.022012-0
https://doi.org/10.1016/S0168-6496(03)00028-X
https://doi.org/10.1016/j.gca.2007.04.017
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1038/ismej.2012.8
https://doi.org/10.1016/j.copbio.2016.01.013
https://doi.org/10.1021/es500154z
https://doi.org/10.1111/1462-2920.12114
https://doi.org/10.1100/2012/173829
https://doi.org/10.1007/s00792-006-0029-y
https://doi.org/10.1128/AEM.70.4.2079-2088.2004
https://doi.org/10.1128/AEM.70.4.2079-2088.2004
https://doi.org/10.1016/j.gca.2008.04.035
https://doi.org/10.1016/j.mimet.2003.10.005
https://doi.org/10.1080/10643389509388477
https://doi.org/10.1016/j.scitotenv.2016.04.168
https://doi.org/10.1139/m95-015
https://doi.org/10.1016/j.biotechadv.2010.02.001
https://doi.org/10.1128/AEM.00726-11
https://doi.org/10.1099/00207713-50-3-997
https://doi.org/10.1128/AEM.02459-10
https://doi.org/10.1080/01490459209377920
https://doi.org/10.1016/j.gca.2009.04.003
https://doi.org/10.1007/s00792-010-0324-5
https://doi.org/10.1016/j.gca.2014.05.030
https://doi.org/10.1016/j.apsoil.2009.09.004
https://doi.org/10.1099/ijs.0.65203-0
https://doi.org/10.1099/ijs.0.2008/000562-0
https://doi.org/10.1263/jbb.104.117
https://doi.org/10.1134/S002626170605002X
https://doi.org/10.1016/j.resmic.2014.08.007
https://doi.org/10.1371/journal.pone.0152044
https://doi.org/10.1038/srep12978
https://doi.org/10.1038/srep12978
https://doi.org/10.1080/10643389.2014.921977
https://doi.org/10.1038/srep25193
https://doi.org/10.1016/j.jenvman.2016.04.026
https://doi.org/10.1007/s00203-011-0723-8
https://doi.org/10.1128/AEM.71.12.8228-8235.2005
https://doi.org/10.1128/AEM.01931-10

Hottenstein et al.

Soil Microbiome Dynamics During Phytostabilization

Lu, X, and Wang, H. (2012). Microbial oxidation of sulfide tailings and the
environmental consequences. Elements 8, 119-124. doi: 10.2113/
gselements.8.2.119

Luther, G. W, Findlay, A. J., MacDonald, D. J., Owings, S. M., Hanson, T. E,,
Beinart, R. A, et al. (2011). Thermodynamics and kinetics of sulfide oxidation
by oxygen: a look at inorganically controlled reactions and biologically
mediated processes in the environment. Microb. Physiol. Metab. 2:62. doi:
10.3389/fmicb.2011.00062

Ma, Y, Prasad, M. N. V., Rajkumar, M., and Freitas, H. (2011). Plant growth
promoting rhizobacteria and endophytes accelerate phytoremediation of
metalliferous  soils.  Biotechnol. ~Adv. 29, 248-258. doi: 10.1016/j.
biotechadv.2010.12.001

Marchand, E. A., and Silverstein, J. (2002). Influence of heterotrophic microbial
growth on biological oxidation of pyrite. Environ. Sci. Technol. 36, 5483-5490.
doi: 10.1021/es0255251

McDonald, D., Price, M. N., Goodrich, J., Nawrocki, E. P, DeSantis, T. Z.,
Probst, A., et al. (2012). An improved Greengenes taxonomy with explicit
ranks for ecological and evolutionary analyses of bacteria and archaea.
ISME ]. 6, 610-618. doi: 10.1038/isme;j.2011.139

Mendez, M. O., and Maier, R. M. (2008). Phytoremediation of mine tailings
in temperate and arid environments. Rev. Environ. Sci. Biotechnol. 7, 47-59.
doi: 10.1007/s11157-007-9125-4

Meruane, G., and Vargas, T. (2003). Bacterial oxidation of ferrous iron by
Acidithiobacillus ferrooxidans in the pH range 2.5-7.0. Hydrometallurgy 71,
149-158. doi: 10.1016/S0304-386X(03)00151-8

Moses, C. O., and Herman, J. S. (1991). Pyrite oxidation at circumneutral pH.
Geochim. Cosmochim. Acta 55, 471-482. doi: 10.1016/0016-7037(91)90005-P

Norris, P. R, Clark, D. A., Owen, J. P,, and Waterhouse, S. (1996). Characteristics
of Sulfobacillus acidophilus sp. nov. and other moderately thermophilic
mineral-sulphide-oxidizing ~ bacteria. Microbiology 142, 775-783. doi:
10.1099/00221287-142-4-775

Ohmura, N., Sasaki, K., Matsumoto, N., and Saiki, H. (2002). Anaerobic
respiration using Fe3+, SO, and H2 in the chemolithoautotrophic bacterium
Acidithiobacillus ferrooxidans. J. Bacteriol. 184, 2081-2087. doi: 10.1128/
]JB.184.8.2081-2087.2002

Okibe, N., Gericke, M., Hallberg, K. B., and Johnson, D. B. (2003). enumeration
and characterization of acidophilic microorganisms isolated from a pilot
plant stirred-tank bioleaching operation. Appl. Environ. Microbiol. 69,
1936-1943. doi: 10.1128/AEM.69.4.1936-1943.2003

Parker, G. K., and Robertson, A. (1999). Acid drainage. Australian minerals
and energy environment foundation (occasional paper no. 11), 101-117.

Parro, V., and Moreno-Paz, M. (2003). Gene function analysis in environmental
isolates: the nif regulon of the strict iron oxidizing bacterium Leptospirillum
ferrooxidans. Proc. Natl. Acad. Sci. 100, 7883-7888. doi: 10.1073/pnas.1230487100

Ranjard, L., and Richaume, A. (2001). Quantitative and qualitative microscale
distribution of bacteria in soil. Res. Microbiol. 152, 707-716. doi: 10.1016/
$0923-2508(01)01251-7

Reysenbach, A.-L., and Brileya, K. (2014). “The family Thermoplasmataceae”
in The prokaryotes. eds. E. Rosenberg, E. F. DeLong, S. Lory, E. Stackebrandt,
and F. Thompson (Berlin Heidelberg: Springer), 385-387.

Root, R. A., Hayes, S. M., Hammond, C. M., Maier, R. M., and Chorover, J.
(2015). Toxic metal(loid) speciation during weathering of iron sulfide mine
tailings under semi-arid climate. Appl. Geochem. 62, 131-149. doi: 10.1016/j.
apgeochem.2015.01.005

Sand, W., Rohde, K., Sobotke, B., and Zenneck, C. (1992). Evaluation of
Leptospirillum ferrooxidans for leaching. Appl. Environ. Microbiol. 58, 85-92.

Schippers, A., Breuker, A., Blazejak, A., Bosecker, K., Kock, D., and Wright, T. L.
(2010). The biogeochemistry and microbiology of sulfidic mine waste and
bioleaching dumps and heaps, and novel Fe(II)-oxidizing bacteria.
Hydrometallurgy 104, 342-350. doi: 10.1016/j.hydromet.2010.01.012

Schippers, A., Jozsa, P-G., Sand, W., Kovacs, Z. M., and Jelea, M. (2000).
Microbiological pyrite oxidation in a mine tailings heap and its relevance

to the death of vegetation. Geomicrobiol J. 17, 151-162. doi:
10.1080/01490450050023827

Sheng, X.-F, Xia, J.-]., Jiang, C.-Y., He, L.-Y., and Qian, M. (2008). Characterization
of heavy metal-resistant endophytic bacteria from rape (Brassica napus)
roots and their potential in promoting the growth and lead accumulation
of rape. Environ. Pollut. 156, 1164-1170. doi: 10.1016/j.envpol.2008.04.007

Singer, P. C., and Stumm, W. (1970). Acidic mine drainage: the rate-determining
step. Science 167, 1121-1123. doi: 10.1126/science.167.3921.1121

Spain, A. M., Krumholz, L. R, and Elshahed, M. S. (2009). Abundance,
composition, diversity and novelty of soil proteobacteria. ISME J. 3, 992-1000.
doi: 10.1038/isme;j.2009.43

Stover, B. C., and Miiller, K. . (2010). TreeGraph 2: combining and visualizing
evidence from different phylogenetic analyses. BMC Bioinform. 11:7. doi:
10.1186/1471-2105-11-7

Tyson, G. W, Lo, I, Baker, B. J., Allen, E. E., Hugenholtz, P, and Banfield, J. F.
(2005). Genome-directed isolation of the key nitrogen fixer Leptospirillum
ferrodiazotrophum sp. nov. from an acidophilic microbial community. Appl.
Environ. Microbiol. 71, 6319-6324. doi: 10.1128/AEM.71.10.6319-6324.2005

US EPA (2004). Method 9045D soil and water pH.

Valdés, J., Pedroso, 1., Quatrini, R., Dodson, R. J., Tettelin, H., Blake, R., et al.
(2008). Acidithiobacillus ferrooxidans metabolism: from genome sequence to
industrial applications. BMC Genomics 9:597. doi: 10.1186/1471-2164-9-597

Valentin-Vargas, A., Neilson, J. W,, Root, R. A., Chorover, J., and Maier, R. M.
(2018). Treatment impacts on temporal microbial community dynamics
during phytostabilization of acid-generation mine tailings in semiarid regions.
Sci. Total Environ. 618, 357-368. doi: 10.1016/j.scitotenv.2017.11.010

Valentin-Vargas, A., Root, R. A., Neilson, ]J. W., Chorover, J., and Maier, R. M.
(2014). Environmental factors influencing the structural dynamics of soil
microbial communities during assisted phytostabilization of acid-generating
mine tailings: a mesocosm experiment. Sci. Total Environ. 500-501, 314-324.
doi: 10.1016/j.scitotenv.2014.08.107

Watling, H. R., Perrot, E A., and Shiers, D. W. (2008). Comparison of selected
characteristics of Sulfobacillus species and review of their occurrence in
acidic and bioleaching environments. Hydrometallurgy 93, 57-65. doi: 10.1016/j.
hydromet.2008.03.001

Wichlacz, P. L., Unz, R. E, and Langworthy, T. A. (1986). Acidiphilium angustum
sp. nov., Acidiphilium facilis sp. nov., and Acidiphilium rubrum sp. nov.:
acidophilic heterotrophic bacteria isolated from acidic coal mine drainage.
Int. ]. Syst. Evol. Microbiol. 36, 197-201. doi: 10.1099/00207713-36-2-197

Ye, Z. H., Wong, J. W. C, Wong, M. H., Baker, A. J. M., Shu, W. S., and
Lan, C. Y. (2000). Revegetation of Pb/Zn mine tailings, Guangdong Province,
China. Restor. Ecol. 8, 87-92. doi: 10.1046/j.1526-100x.2000.80012.x

Zanuzzi, A., Arocena, J. M., van Mourik, J. M., and Faz Cano, A. (2009).
Amendments with organic and industrial wastes stimulate soil formation
in mine tailings as revealed by micromorphology. Geoderma 154, 69-75.
doi: 10.1016/j.geoderma.2009.09.014

Ziegler, S., Waidner, B., Itoh, T, Schumann, P, Spring, S., and Gescher, J.
(2013). Metallibacterium scheffleri gen. nov. sp. nov., an alkalinizing
gammaproteobacterium isolated from an acidic biofilm. Int. J. Syst. Evol.
Microbiol. 63, 1499-1504. doi: 10.1099/js.0.042986-0

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Copyright © 2019 Hottenstein, Neilson, Gil-Loaiza, Root, White, Chorover and
Maier. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

June 2019 | Volume 10 | Article 1211


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.2113/gselements.8.2.119
https://doi.org/10.2113/gselements.8.2.119
https://doi.org/10.3389/fmicb.2011.00062
https://doi.org/10.1016/j.biotechadv.2010.12.001
https://doi.org/10.1016/j.biotechadv.2010.12.001
https://doi.org/10.1021/es0255251
https://doi.org/10.1038/ismej.2011.139
https://doi.org/10.1007/s11157-007-9125-4
https://doi.org/10.1016/S0304-386X(03)00151-8
https://doi.org/10.1016/0016-7037(91)90005-P
https://doi.org/10.1099/00221287-142-4-775
https://doi.org/10.1128/JB.184.8.2081-2087.2002
https://doi.org/10.1128/JB.184.8.2081-2087.2002
https://doi.org/10.1128/AEM.69.4.1936-1943.2003
https://doi.org/10.1073/pnas.1230487100
https://doi.org/10.1016/S0923-2508(01)01251-7
https://doi.org/10.1016/S0923-2508(01)01251-7
https://doi.org/10.1016/j.apgeochem.2015.01.005
https://doi.org/10.1016/j.apgeochem.2015.01.005
https://doi.org/10.1016/j.hydromet.2010.01.012
https://doi.org/10.1080/01490450050023827
https://doi.org/10.1016/j.envpol.2008.04.007
https://doi.org/10.1126/science.167.3921.1121
https://doi.org/10.1038/ismej.2009.43
https://doi.org/10.1186/1471-2105-11-7
https://doi.org/10.1128/AEM.71.10.6319-6324.2005
https://doi.org/10.1186/1471-2164-9-597
https://doi.org/10.1016/j.scitotenv.2017.11.010
https://doi.org/10.1016/j.scitotenv.2014.08.107
https://doi.org/10.1016/j.hydromet.2008.03.001
https://doi.org/10.1016/j.hydromet.2008.03.001
https://doi.org/10.1099/00207713-36-2-197
https://doi.org/10.1046/j.1526-100x.2000.80012.x
https://doi.org/10.1016/j.geoderma.2009.09.014
https://doi.org/10.1099/ijs.0.042986-0
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Soil Microbiome Dynamics During Pyritic Mine Tailing Phytostabilization: Understanding Microbial Bioindicators of Soil Acidification
	Introduction
	MATERIALS AND Method﻿﻿s
	Revegetation Field Study
	Microcosm Enrichment Cultures
	DNA Extraction, Sequencing and Sequence Processing
	X-ray Diffraction
	Statistical Analysis

	Results
	Development of Field Microbiome and Geochemical Characteristics
	Controlled Microcosm Enrichment 
Culture Experiments
	Validating Biotic Drivers of Acidification in the IKMHSS Field Microbiome

	Discussion
	Bacterial Populations Facilitating Acidification-Putative Lithoautotrophs
	Bacterial Populations Facilitating Acidification-Putative Organoheterotrophs
	Archaeal Populations Facilitating Acidification
	Microbiome Dynamics in the Field Study

	Conclusions
	Data Availability
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material

	References

