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ABSTRACT The Duluth Complex in northeastern Minnesota hosts economically sig-
nificant deposits of copper, nickel, and platinum group elements (PGEs). The primary
sulfide mineralogy of these deposits includes the minerals pyrrhotite, chalcopyrite,
pentlandite, and cubanite, and weathering experiments show that most sulfide-
bearing rock from the Duluth Complex generates moderately acidic leachate (pH 4
to 6). Microorganisms are important catalysts for metal sulfide oxidation and could influ-
ence the quality of water from mines in the Duluth Complex. Nevertheless, com-
pared with that of extremely acidic environments, much less is known about the mi-
crobial ecology of moderately acidic sulfide-bearing mine waste, and so existing
information may have little relevance to those microorganisms catalyzing oxidation
reactions in the Duluth Complex. Here, we characterized the microbial communities
in decade-long weathering experiments (kinetic tests) conducted on crushed rock
and tailings from the Duluth Complex. Analyses of 16S rRNA genes and transcripts
showed that differences among microbial communities correspond to pH, rock type,
and experimental treatment. Moreover, microbial communities from the weathered
Duluth Complex rock were dominated by taxa that are not typically associated with
acidic mine waste. The most abundant operational taxonomic units (OTUs) were
from the genera Meiothermus and Sulfuriferula, as well as from diverse clades of un-
cultivated Chloroflexi, Acidobacteria, and Betaproteobacteria. Specific taxa, including
putative sulfur-oxidizing Sulfuriferula spp., appeared to be primarily associated with
Duluth Complex rock, but not pyrite-bearing rocks subjected to the same experi-
mental treatment. We discuss the implications of these results for the microbial ecol-
ogy of moderately acidic mine waste with low sulfide content, as well as for kinetic
testing of mine waste.

IMPORTANCE Economic sulfide mineral deposits in the Duluth Complex may repre-
sent the largest undeveloped source of copper and nickel on Earth. Microorganisms
are important catalysts for sulfide mineral oxidation, and research on extreme acido-
philes has improved our ability to manage and remediate mine wastes. We found
that the microbial assemblages associated with weathered rock from the Duluth
Complex are dominated by organisms not widely associated with mine waste or
mining-impacted environments, and we describe geochemical and experimental in-
fluences on community composition. This report will be a useful foundation for un-
derstanding the microbial biogeochemistry of moderately acidic mine waste from
these and similar deposits.
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The Duluth Complex in northeastern Minnesota contains magmatic sulfide mineral
deposits that are collectively estimated to represent one of the largest undeveloped

sources of copper, nickel, and platinum group elements (PGEs) on Earth (1). Some of
these economically significant deposits have been targeted for exploration and pro-
duction. The most abundant sulfides in the Duluth Complex are pyrrhotite (Fe1-xS,
where 0 � x � 0.2), chalcopyrite (CuFeS2), cubanite (CuFe2S3), and pentlandite
[(Fe,Ni)9S8], with much smaller amounts of other Cu-, Ni-, and PGE-bearing sulfides (2,
3). The potential for sulfide minerals to generate sulfuric acid and release metals when
exposed to air and water has raised concerns over degrading water quality in the
region if these prospects were mined.

Microorganisms are important catalysts for sulfide mineral oxidation. Under ex-
tremely acidic conditions (pH �3), microbial activity can substantially accelerate sulfide
mineral oxidation and intensify the generation of acidic drainage (see reference 4 for a
recent review). Decades of research on the microbiology of metal sulfides have im-
proved our management of sulfidic mine wastes (5, 6) and led to new strategies for
mineral extraction (7, 8). Although important new microorganisms are still being
discovered in low pH environments (e.g., see references 9 and 10), many of the taxa
common to extremely acidic mine drainage are now well known (11–13), as are some
of the environmental factors that control their distribution (e.g., see references 14–21).

By contrast, the Duluth Complex has a relatively low sulfide content, and its silicate
mineralogy provides acid-neutralizing capacity. This type of mineral system is less
documented than extremely acidic environments and presents a challenge with re-
spect to predicting which microorganisms and microbial processes will occur in waste
rock and tailings that could be produced from mining the Duluth Complex. Field and
laboratory rock weathering experiments showed that leachate from Duluth Complex
rock with sulfur contents below 1% is only moderately acidic (pH 4 to 6) and rarely
reaches pH values less than 4 (22). Compared with extremely acidic environments,
much less is known about the microbial ecology of moderately acidic sulfide-bearing
mine waste. Microbial assemblages associated with circumneutral to moderately acidic
waste rock and mine tailings are often characterized by the presence of sulfur-oxidizing
microorganisms such as Thiobacillus denitrificans and Thiobacillus thioparus (23–26) but
also often contain uncultivated taxa (23, 27, 28). The extent to which many of these
populations impact the rate and products of sulfide mineral oxidation under moder-
ately acidic to circumneutral conditions is not well studied. Although microorganisms
are not thought to significantly accelerate the oxidation of the acid-insoluble sulfide
pyrite under these conditions (26, 29–31, but see also reference 32), it is not clear if the
same applies to pyrrhotite and other acid-soluble metal sulfides. To better predict the
effect that microbial processes may have on water quality, there is a need to better
understand the ecology and function of microbial communities in circumneutral and
moderately acidic systems dominated by acid-soluble sulfide minerals.

The Minnesota Department of Natural Resources (MN DNR) is actively operating
multiple laboratory and field rock weathering experiments to assess the potential for
acid generation and release of metals and sulfate from existing and potential mine
wastes. These experiments, some of which have been in operation for more than 35
years, provide an opportunity to study the microorganisms and microbial processes
that are likely to occur during the weathering of sulfide-bearing waste rock and tailings
generated from the Duluth Complex. In this study, we surveyed the microbial commu-
nities that developed during these weathering experiments to address the following
questions. (i) What microbial taxa populate weathered Duluth Complex rock? (ii) How
does the composition and diversity of the microbial assemblages relate to leachate
geochemistry and other environmental factors? (iii) Do different laboratory and field
weathering experiments (kinetic testing procedures) impact microbial community com-
position? (iv) Are certain microorganisms unique to the sulfide mineral assemblage of
the Duluth Complex? We initially hypothesized that microbial communities in the
weathering experiments would differ by pH and rock type and that more sulfur-
oxidizing microorganisms and different sulfur-oxidizing taxa would occur in the Duluth
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Complex samples than in pyrite-bearing rock subjected to the same experimental
treatments.

RESULTS
16S rRNA gene libraries. We created 113 16S rRNA gene amplicon libraries from

three different types of weathering experiments, including 12 humidity cell experi-
ments, 16 reactors, and 3 field piles (Table 1). Humidity cells and reactors are laboratory
kinetic tests in which crushed rock or tailings are weathered in short cylindrical columns
(see Fig. S1 in the supplemental material for examples) (33, 34). Six of the humidity cells
and two of the field rock piles contained Ely Greenstone (a pyrite-bearing greenschist
from Northern Minnesota), and the rest of the experiments contained rock from the
Duluth Complex. Libraries from the laboratory experiments created with the “full
service” method (see Materials and Methods) had 10,559 to 478,165 sequences per
sample, with an average library size of 116,899 sequences (standard deviation, 115,057).
Libraries created with the “in-house” method were more even in size, with 18,320 to
134,401 sequences per sample and an average size of 39,882 sequences (standard
deviation, 21,696). Despite the different amplification methods and slightly different
primers, there was good agreement between the libraries produced by the two
methods (Fig. 1; see also Fig. S2).

Replicate libraries from humidity cell samples preserved in RNAlater were generally
more consistent than those from frozen aliquots, likely because the addition of the
RNAlater solution made it easier to homogenize the crushed rock in the collection tube
after sampling. After realizing this potential bias, we either used the RNAlater-preserved
samples or, in the case of the frozen samples from the field weathering experiments,
performed 2 to 3 separate DNA extractions from each sample and combined extracts
prior to analyses.

Several operational taxonomic units (OTUs) were abundant in the rRNA gene
libraries. The most abundant OTU in the bulk humidity cell samples (OTU_1) was
initially classified with low confidence (confidence score, 56) as Leeia spp. in the family
Neisseriaceae, but a phylogenetic analysis showed that it actually belonged to a
separate group of uncultivated Betaproteobacteria (see Fig. S3). Other abundant OTUs
in the humidity cell samples included Meiothermus spp. (OTU_2 and OTU_7) (see Fig.
S4) and Sulfuriferula spp. (OTU_3) (Fig. S3). With respect to the humidity cell subsamples
with depth, sulfur-oxidizing populations (Sulfuriferula spp. and Thiomonas spp.) were
less abundant near the surface, while some of the other abundant populations, such as
Meiothermus spp., either showed the reverse trend or, as with OTU_1, exhibited little
difference with depth (Table 1; see also Fig. S5). The most abundant OTUs in the
reactors included an unclassified Acidobacteria (OTU_5) in the RB41 family (35) and an
unclassified Chloroflexi in Thermosporotrichaceae (OTU_9) (see Fig. S6). OTUs from the
classes Ktedonobacteria and Thermomicrobia in the phylum Chloroflexi were abundant

TABLE 1 Sample and library summary

Rock source Expt type Template
No. of
expts

No. of
libraries

Leachate
pH range

Duluth Complex Humidity cell DNA 6 20 4.5–6.9
RNA 6 7 4.5–6.9

Reactor DNA 13 17 5.3–7.2
Covered reactor DNA 3 4 6.6–6.7
Field rock pilea DNA 1 29 4.7
Humidity cell, subsampledb DNA 3 6 4.5–6.9

Ely Greenstone Humidity cell DNA 6 15 3.7–6.4
RNA 6 6 3.7–6.2

Field rock pilea DNA 2 18 7.2–7.3
Humidity cell, subsampledb DNA 2 4 3.7–4.5

aField rock piles were sampled at multiple different locations and at two depths (2.5 and 15 cm). Details in
Data Set S1 in the supplemental material.

bMaterial was subsampled from the top and middle of certain humidity cells.
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in the field experiments (see Fig. S6), as were Sulfuriferula spp. (OTU_3). Certain
sulfur-oxidizing betaproteobacteria were abundant in the field and laboratory experi-
ments, notably Thiobacillus, Thiomonas, and Sulfuricella, in addition to Sulfuriferula. A
phylogenetic analysis confirmed the classification of the Sulfuriferula, Thiobacillus, and
Thiomonas OTUs but indicated that the “Sulfuricella” OTUs (OTU_74 and OTU_936) were
also closely related to Sulfurirhabdus and may have originated from a related group of
uncultivated organisms (Fig. S3).

Relationships of microbial community composition with geochemical variables
and experimental treatments. Overall, the microbial community composition from
laboratory experiments was related to weathering conditions, rock type, and the
geochemical characteristics of the rock and leachate. When only humidity cells were
compared, libraries separated by rock type along the second nonmetric multidimen-
sional scaling (NMS) ordination axis, while the first ordination axis correlated with
leachate pH (Fig. 2A). The weight percentage of sulfur (a measure of sulfide mineral
content in the rock at the start of the experiment), leachate conductivity, leachate
sulfate concentration, and, to a lesser degree, percentage of sulfur depleted (an
estimate of the sulfide mineral oxidation during the experiment) were also all signifi-
cantly correlated with the ordination axes (Fig. 2A). When libraries from the humidity
cells and reactors were compared (Fig. 2B), the libraries separated by experimental
treatment along the first ordination axis, while the aforementioned geochemical pa-
rameters correlated with the second NMS axis. A hierarchical agglomerative cluster
analysis was consistent with the ordination analyses (Fig. 1). Reactor libraries clustered
separately from humidity cells, and humidity cell libraries formed three clusters,
namely, libraries from higher pH Ely Greenstone cells (pH 5.0 to 6.4), libraries from
higher pH Duluth Complex cells (pH 6.1 to 7.0), and libraries from the lowest pH
humidity cells (pH 3.7 to 5.3). Libraries from the three covered reactors, which remained
moist, clustered with the humidity cells (Fig. 1).

FIG 1 Legend (Continued)
libraries from the same sample are included to show the variability among replicate libraries. The taxonomic affiliation of each OTU includes its
phylum- and genus-level classifications, if available, and confidence scores �50 are provided in parentheses. OTUs that are unclassified at the genus
level are indicated as such, and the highest available taxonomic classifications are provided.
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Amplicon libraries from the field experiments differed from those generated from
laboratory experiments (both humidity cells and reactors) (Fig. 3), with laboratory and
field experiments from the same rock type sharing few abundant OTUs. Many of the
abundant OTUs from the laboratory experiments did not occur above 1% abundance
in the field experiments, and vice versa. Only OTU_3 (Sulfuriferula spp.) was �1% in
abundance in the Duluth Complex field experiment and some of the humidity cells.

Microbial diversity and cell counts. Microbial diversity, measured as expected
richness by rarefaction, increased with pH in the Duluth Complex samples and was
similar between reactors and humidity cells (Fig. 4A and C) (humidity cells, r2 � 0.38,
P � 0.004; reactors, r2 � 0.34, P � 0.01). By contrast, the richness among the Ely
Greenstone humidity cell communities did not trend with pH (Fig. 4B) (r2 � 0.01, P �

0.997). The field rock piles had a much greater richness than the laboratory experi-
mental samples (Fig. 4D).

Total microbial cell counts in humidity cells ranged between 1.1 � 107 and 1.9 � 108

cells · g�1 rock (see Fig. S7A). Microbial cell counts in reactors were up to an order of
magnitude greater, from 2.0 � 108 to 3.0 � 109 cells · g�1 rock (Fig. S7B). The counts
were generally higher in the lower pH experiments, but the correlation between pH
and microbial cell counts was only statistically significant among reactor samples (r2 �

0.32, P � 0.02). The majority of microbial cells in the laboratory experiments were
attached to mineral surfaces (Fig. S7C). Sonication was necessary to detach the
paraformaldehyde-fixed cells and achieve a homogenous distribution for counting,
and no significant difference in counts was observed with sonication times from
15 s to 5 min.

rRNA transcript libraries. Thirteen rRNA transcript libraries were created from 12
humidity cell samples (Table 1). Although the relative abundance of most OTUs differed
between the corresponding 16S rRNA gene and transcript libraries, many of the same
OTUs from the 16S rRNA gene libraries were present in the transcript libraries, likely
indicating that those populations were alive and active at the time of sampling (Fig. 5).
A notable exception was OTUs representing Meiothermus spp. (OTU_2 and OTU_7) (Fig.
S4), which had little or no presence in the transcript libraries and may have been largely
inactive or dead.

As with the 16S rRNA gene data sets, an NMS analysis showed that variance among
the RNA libraries was correlated with leachate chemistry (see Fig. S8). Nevertheless,
rRNA transcript libraries did not clearly differentiate by rock type (Duluth Complex
versus Ely Greenstone) as the rRNA gene libraries had.
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FIG 3 NMS ordination of rRNA gene libraries from all experiments.
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DISCUSSION
Duluth Complex weathering communities and novel diversity. Under extremely

acidic conditions (e.g., pH �3), sulfide minerals in ores and mine waste (waste rock and
tailings) are oxidized by microbial consortia that include iron-oxidizing, sulfur-oxidizing,
and heterotrophic populations that, together, regenerate ferric iron, maintain low pH,
and remove toxic organic acids (7, 13, 36, 37). By contrast, the rock-associated microbial
assemblages sampled here were primarily composed of taxa associated with sulfur-
oxidizing or organoheterotrophic lifestyles. Conspicuously absent from the Duluth
Complex communities were any abundant known iron-oxidizers, even in the most
acidic experiments (pH 4.5 to 5.3). Many of the abundant OTUs, however, were
classified as members of groups that are only known from environmental samples, such
as the OTUs from unnamed clades in Chloroflexi that dominated the field rock pile (see
Fig. S2 and S6 in the supplemental material) and the unclassified betaproteobacterial
OTU (OTU_1) that was abundant in most humidity cells (Fig. 1; see also Fig. S3).
Additional information on the function and metabolism of these organisms will await
future culture- or meta-omics-based analyses, with some of the abundant unclassified
populations possibly representing novel iron-oxidizers. Iron-oxidizing acidophiles in the
Firmicutes are often found in acidic mine waste (see reference 9 and references therein),
and could have been missed by the amplicon-based approach used in this study,
especially if they were present as spores.

The most abundant populations identified here are not widely known from other
mine environments. This may be a result of the moderately acidic conditions under
which the Duluth Complex weathers. The microbial ecology of moderately acidic mine
wastes has not been as well studied as that of extremely acidic mine-impacted
environments (e.g., see reference 27). Moderately acidic waters draining mine waste are
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better characterized, but to our knowledge, the abundant Duluth Complex populations
are also not common to those environments (e.g., see references 9, 17, 38–40). Because
many mines produce waste with low sulfide content and moderately acidic drainage (4,
41), more research is needed to understand the microbial communities and microbe-
mineral interactions in these less acidic mining-impacted environments, where the role
of microbial processes in exacerbating or mitigating the release of metals and other
harmful contaminants is of great interest and importance.

Geochemical and experimental influences on microbial community composi-
tion. Although the weathering experiments sampled in this study were not initiated
with microbial analyses in mind, microbial communities became established over the
course of the experiments. Because the geochemical and mineralogical conditions in
the experiments evolved over more than 10 years (Fig. S1F), the extant communities at
the time of sampling likely included populations adapted to the contemporary geo-
chemistry as well as “relict” populations that may have been more prominent earlier in
the weathering experiments.

Inactive populations (Fig. 5) could represent these relicts, or they could be recent
colonists from external sources that failed to thrive in the weathering experiments.
Regardless, at the time of sampling, community composition was not random. Micro-
bial assemblages trended with pH and other parameters, and so turnover was appar-
ently rapid enough for microbial communities in geochemically similar cells to con-
verge (Fig. 1 to 3; see also Fig. S8). Contemporary geochemical parameters in the
experiments evidently impacted communities, and this selection was imprinted on the
total microbial assemblages, despite the presence of inactive populations and a legacy
of evolving geochemical conditions.

Among samples subjected to the same experimental treatment, trends in commu-
nity composition were correlated with leachate geochemistry, including pH (Fig. 2). Our
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findings are consistent with those from other studies that have identified pH as an
important explanatory variable in mine drainage (e.g., see references 11, 16, 17, 21, and
42). Leachate pH, sulfate, and conductivity were correlated with weight percentage of
sulfur in the ordinations (Fig. 2), consistent with numerous Duluth Complex weathering
experiments that have shown similar correlations with sulfide mineral content of the
rock (34, 43, 44). From the available data, we were not able to discern whether the
observed trends in microbial community structure and diversity were related to pH
itself, to sulfide mineral content, or to a combination of these and other factors.

Humidity cells, reactors, and field rock piles supported different microbial commu-
nities. These differences might reflect reduced colonization opportunities in the labo-
ratory compared with those the field, as well as specific treatment conditions, such as
moisture content. Most of the reactors dried out completely after 4 to 5 days, and so
organisms in those experiments would have had to repeatedly persist in a dry envi-
ronment. Libraries from the covered reactors that remained moist, however, were
intermediate to the humidity cell and uncovered reactor samples in ordinations (Fig.
2B) and grouped with humidity cell libraries in cluster analyses (Fig. 1). Furthermore, a
phylum-level comparison of communities from a “normal” (uncovered) reactor (R2a), a
covered reactor (R5a), and a humidity cell (DT8a) that were all initiated with the same
tailings material showed that the covered reactor community was intermediate to that
of the reactor and the humidity cell (see Fig. S9), pointing to the importance of
moisture in community evolution. Paradoxically, cell counts were higher in the reactors
than in the humidity cells (Fig. S7). It could be that the smaller particle size used in the
reactors, and consequent high specific surface area, either helped sorb and retain cells
or provided more chemical energy from an increased reactive mineral surface area.

The Ely Greenstone humidity cells contained distinct microbial communities com-
pared with those generated from Duluth Complex rock (Fig. 2A). These two formations
have different sulfide mineral assemblages, with pyrite in the Ely Greenstone and
pyrrhotite and other acid-soluble sulfides in the Duluth Complex. These differences in
sulfide mineralogy may be responsible for the differences in the dominant sulfur-
oxidizing populations, as discussed in the next section.

Sulfur-oxidizing microorganisms. The abundance of OTUs from genera of known
sulfur-oxidizing bacteria indicates that sulfur-oxidizers were an important part of the
Duluth Complex weathering consortia and that the oxidation of reduced inorganic
sulfur compounds is an important biogeochemical process in moderately acidic mine
waste. Furthermore, different rock types and experimental treatments apparently
selected for specific groups of sulfur-oxidizers. Sulfuriferula spp. were abundant in some
Duluth Complex humidity cells (in both the rRNA gene and transcript libraries) and the
Duluth Complex field rock pile (Fig. 6A). By contrast, Thiomonas spp. were abundant in
the acidic Ely Greenstone humidity cells (Fig. 6C), whereas Duluth Complex reactors
contained OTUs related to Sulfuricella and Sulfurirhabdus (Fig. 6B). Thiobacillus spp.
(OTU_31) (Fig. S3), which are commonly observed in circumneutral mine waste (23, 25,
26, 45), were only present in the tailings humidity cell DT8 (Fig. 1).

The Sulfuriferula spp. are of particular interest because they were abundant in the
Duluth Complex humidity cell and field weathering experiments but not in pyrite-
bearing Ely Greenstone subjected to the same experimental treatments. Further, we
hypothesize that their uneven distribution among the Duluth Complex humidity cells
(Fig. 6A) may be related to sulfide mineral content. Sulfuriferula spp. were present in the
two most acidic cells (DCW15 and DCW19, pH 4.5 to 5.3) that also had the highest initial
sulfide mineral content (0.61 to 1.03% sulfur) (Fig. 6A) but not the less acidic cells with
lower sulfide content (DCW9, DCW13, and DCW17, pH 6.1 to 6.9, 0.13 to 0.55% sulfur).
Even though the calculated “percentage of sulfur remaining” values indicate that all
humidity cells still contained sulfides (see Data Set S1), some of the remaining sulfides
were likely encased within larger particles with little or no exposed surface area.
Therefore, the smaller amount of sulfides in the higher pH samples would have offered
less area for microbial colonization than in the greater sulfur content samples. In further
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support of this hypothesis, Sulfuriferula spp. were also abundant in DT8, a high pH cell
(pH 6.95) that contained tailings rather than crushed waste rock. DT8 still contained
fine-grained and presumably reactive pyrrhotite (see Fig. S10), perhaps because the
much smaller grain sizes in this experiment either increased the abundance of sulfide
mineral surfaces available for reaction or caused it to retain more water and slowed
oxygen penetration at depth (as proposed in reference 46).

If our hypothesis that the distribution of Sulfuriferula is related to reactive sulfide
mineral surfaces is correct, then Sulfuriferula may be important sulfur-cycling organisms
in moderately acidic mine waste that contains pyrrhotite or other acid-soluble sulfides.
While this genus has not been widely associated with waste rock, tailings, or other
mining environments, S. plumbophila (formerly “Thiobacillus plumbophilus”) was iso-
lated from a uranium mine (47–49), and one of the few mining environments where
Sulfuriferula-like clones have been previously reported was also moderately acidic
pyrrhotite-bearing mine waste (27). Sulfur-oxidizing autotrophs are frequently observed
in circumneutral mine wastes (24–26), but different populations may be important in
the Duluth Complex because of its mineral assemblage and moderately acidic weath-
ering conditions. Sulfuriferula’s abundance in the Duluth Complex humidity cell and
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field experiments here suggest that it may be more widely important in sulfidic mine
waste than previously recognized.

Implications for kinetic testing of mine waste. Field and laboratory rock weath-
ering experiments are widely used to assess acid generation and metal release from
mine waste (http://www.gardguide.com [33, 50]), but few humidity cell studies have
included microbial analysis (e.g., see references 9, 41, and 51). Microbial community
analysis could be useful because microorganisms are a sensitive indicator of geochem-
ical conditions. For example, the presence of Sulfuriferula spp. in both the humidity cell
and field experiments (Fig. 6A) seems to indicate that humidity cells are a good
reflection of the field when considering sulfur-cycling taxa. Microbial communities in
these kinetic tests are also an important consideration because microorganisms can
impact rock weathering rates (51). For example, under extremely acidic conditions,
microorganisms can dramatically accelerate sulfide mineral oxidation, and rates can
change based on microbial biomass (52) and the composition of the microbial com-
munity (37). Because of the paucity of research on microbial sulfide mineral oxidation
under moderately acidic conditions, these poorly understood communities may have
important yet unrecognized impacts on water quality as well.

MATERIALS AND METHODS
Samples. Weathered rock samples were collected from kinetic tests, including both humidity cells

and reactors (see Data Set S1 in the supplemental material). The kinetic test samples consisted of crushed
rock representing a range of sulfur and metal contents and a Duluth Complex tailings sample from a pilot
ore-processing test. The humidity cell apparatus and procedures are described by Lapakko (33) according
to an earlier version of American Society for Testing and Materials (ASTM) method, D5744-13e1 (53). The
table in Data Set S1 includes references to MN DNR reports or other publications detailing the specific
laboratory and field experiments sampled here. Briefly, the humidity cells consisted of short cylindrical
columns filled with 1 kg of crushed rock (�0.64 cm diameter) or tailings. Each week, the cells were rinsed
with 500 ml of deionized H2O (dH2O) and the leachate was collected for geochemical analysis. Reactors
are a smaller apparatus filled with 75 g of finely crushed rock (0.053 to 0.149 mm) (34, 45). Each week,
the reactors were rinsed with 200 ml of dH2O. Reactors without covers dried out completely after
approximately 4 to 5 days, whereas reactors that were covered (samples DT-R5, PS14, and PS15) retained
moisture between rinse intervals. One covered reactor contained Duluth Complex tailings (DT-R5), and
the other two contained Duluth Complex rock (PS14 and PS15). All the other reactors and six of the
humidity cells contained Duluth Complex rock or tailings, and six of the humidity cells contained
pyrite-bearing greenschist from the Ely Greenstone formation of northern Minnesota (Data Set S1).
Details of the kinetic tests and leachate analyses can be found in reports referenced in the table in Data
Set S1.

Samples for microbiological analysis were collected at the termination of some laboratory experi-
ments, on 12 May and 3 June 2014. Material was collected aseptically by taking a vertical section from
the center of the humidity cell or reactor with sterile metal spatulas. For some samples, subsamples were
collected from the middle and the top 2 cm of the cell. Samples for DNA and RNA extraction were
homogenized by shaking the collection tube and were either immediately frozen on dry ice or first
preserved in RNAlater (Applied Biosystems, Foster City, CA, USA) and then frozen. Samples were
subsequently stored at �80°C until analysis. Samples for cell counting were immediately preserved in 3%
paraformaldehyde (PFA) in 1� phosphate-buffered saline (PBS). Samples were incubated for 24 h, and
the PFA was removed by gently washing once with 1� PBS and transferring samples to a 1:1 solution
of 1� PBS and 100% ethanol for storage at 4°C.

Samples from three field rock weathering experiments (one Duluth Complex and two Ely Greenstone)
were collected on 24 April 2015 (Table 1; see also Fig. S1). Samples for microbiological analysis were
collected from the surface (0- to 2.5-cm depth) and at a 15-cm depth by digging a small hole with a
shovel and sampling material from the side of the hole. To representatively sample the shallow surface
of the large field rock piles, multiple samples were collected from the top and the sides of each pile (Data
Set S1). Samples were immediately frozen on dry ice in the field and stored at �80°C until analysis.

Cell counts. To detach cells from mineral surfaces, PFA-fixed samples were diluted and sonicated for
45 s (setting 6 [usually 5 to 8 W] on a model 60 Sonic Dismembrator; Fisher Scientific), similar to the
procedure described by Ravenschlag et al. (54). Aliquots (25 to 100 �l) of the sonicated samples were
diluted in 1� PBS, stained with SYBR Gold (Fisher Scientific) for 10 min, and filtered through a
0.2-�m-pore-size black polycarbonate filter (Whatman, GE Healthcare Bio-Sciences, Marlborough, MA,
USA). Counts were based on �10 randomly selected fields. The sonication procedure was optimized by
testing sonication times from 15 s to 5 min. The standard error among replicates (sonication and
counting of separate aliquots) was 25%. Cells in unsonicated PFA-fixed samples were imaged by applying
samples to multiwell Teflon-coated glass slides, dehydrating them with ethanol, and staining them with
SYBR Gold for 10 min. Fluorescently stained samples were mounted with Vectashield H-1000 (Vector
Laboratories, Burlingame, CA, USA) and viewed with either an Olympus BX61 compound microscope
with an Olympus XM10 camera or an Olympus IX61 inverted compound microscope with an Olympus
DP73 camera, both with CellSens Dimensions software (Olympus, Japan).
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Nucleic acid extraction and amplicon library preparation. Total DNA was extracted using the Mo
Bio PowerSoil DNA isolation kit (Mo Bio Laboratories, Inc., Carlsbad, CA, USA). To reduce DNA extraction
bias, aliquots of each sample were bead beaten using a Vortex-Genie 2 (Scientific Industries, Inc.,
Bohemia, NY, USA) for 5, 10, and 15 min, and then recombined. For RNAlater-preserved samples, the
RNAlater was removed prior to extraction by diluting samples 1:1 in either 1� PBS or nucleic acid-free
water and removing the supernatant after centrifugation. Total RNA was extracted from RNAlater-
preserved samples using the Mo Bio PowerBiofilm RNA isolation kit (Mo Bio) after RNAlater removal as
described above. DNA was removed from the extracted RNA with two separate DNase treatments, first
with an on-column DNase 1 treatment included in the PowerBiofilm kit (Mo Bio) and subsequently with
the Turbo DNase enzyme (Applied Biosystems, Foster City, CA, USA). The absence of DNA was verified by
attempting to amplify 16S rRNA genes with 35 PCR cycles using the primers 27f and 1492r (55), and RNA
quality was checked by fragment analysis (Agilent Bioanalyzer; Agilent Technologies, Santa Clara, CA,
USA) at the University of Minnesota Genomics Center (UMGC).

16S rRNA gene amplicon libraries were produced by sequencing the V4 hypervariable region of the
16S rRNA gene in two ways. Initially, V4 libraries were created with the full-service amplicon sequencing
service at the UMGC (56) (referred to as “full-service” libraries) as described in reference 57 but with
primers 515f (GTG CCA GCM GCC GCG GTA A) and 806r (GGA CTA CHV GGG TWT CTA AT). Briefly, the
full-service amplicon sequencing service used the Kapa HiFidelity hot start polymerase (Kapa Biosystems,
USA) to amplify the V4 region, and barcodes and Illumina sequencing adaptors were attached with a
second amplification step. The first amplification step was performed as a quantitative PCR to optimize
the template concentration for each sample and reduce the number of PCR cycles (56).

Because of low DNA yields from the humidity cell and reactor samples, the libraries had variable sizes
(uneven sample pool balance), and some samples were unsuccessful. Therefore, amplicon libraries were
subsequently created by first amplifying the V4 region in-house with custom Nextera primers (“in-house”
libraries). The custom Nextera primers were the “improved” V4 amplification primers of Walters et al. (58)
(515f modified, GTG YCA GCM GCC GCG GTA A; 806r modified, GGA CTA CNV GGG TWT CTA AT), with
tail sequences to allow subsequent barcoding (forward primer tail, TCG TCG GCA GCG TCA GAT GTG TAT
AAG AGA CAG; and reverse primer tail, GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA G). The
HotStarTaq Plus polymerase (Qiagen, Hilden, Germany) was used because it had reduced adapter dimer
formation with the Nextera primers compared with that with the Kapa Taq (see reference 56 for a
discussion of this phenomenon). PCR was performed with 5 min for initial denaturation at 94°C, 30 cycles
of 45 s for denaturation at 94°C, 60 s for annealing at 50°C, and 90 s for elongation at 72°C, with 10 min
for final elongation at 72°C. Products were subsequently barcoded by the UMGC. Blank controls,
consisting of only kit reagents, were included with all DNA extractions, and samples were reextracted if
any product was visible in the blanks after 35 PCR cycles. Multiple DNA extraction and water blanks were
included with all sequencing runs and had negligible amplification during library preparation and
barcoding (see Table S1). Libraries were pooled and sequenced on an Illumina MiSeq (Illumina, San
Diego, CA, USA) using 2 � 250 cycles.

The rRNA transcript libraries were created by amplifying RNA extracts by reverse transcription PCR
(RT-PCR) with the SuperScript OneStep RT-PCR system (Thermo Fisher Scientific, Waltham, MA, USA)
using the custom Nextera primers as described above. RT-PCR reaction mixtures were incubated for 30
min at 50°C (first strand synthesis), followed by 2 min for initial denaturation at 94°C, 30 cycles of 15 s
for denaturation at 94°C, 30 s for annealing at 50°C, and 90 s for elongation at 68°C, with 5 min for final
elongation at 68°C (second strand synthesis).

Quality trimming and filtering, assembly, and OTU calling. Raw sequences were quality filtered
and trimmed using Sickle (https://github.com/najoshi/sickle) to an average quality of �28 (5= trimming
only) and a minimum length of 100 bp. Residual adapters were trimmed using cutadapt (59), forward and
reverse reads were assembled with PEAR (60), and primers were removed by trimming the assembled
reads with prinseq v.0.20.4 (61). OTU calling (97% similarity) and chimera removal were performed with
the UPARSE pipeline (USEARCH v.8.0; [62]), except that the “derep_fulllength” script from VSEARCH
v.1.9.5 (63) was used to circumvent the memory limitations of the 32-bit version of USEARCH. The
taxonomic affiliation of each OTU was determined by classifying representative sequences with mother
v.1.3.2 using the Silva database v.123 (64) and a confidence cutoff of 50.

Statistical and phylogenetic analyses. Libraries with less than 10,000 sequence reads (after quality
filtering) were excluded from subsequent analyses. Multivariate analyses were performed with libraries
generated from the bulk humidity cell samples, and unless otherwise noted, subsamples from the top
and middle of the cells were excluded. To account for uneven library sizes, data were first converted to
proportional values by dividing by the number of sequences in each library. OTUs that occurred at less
than 0.01% were removed from the data set. Data were subsequently transformed using an arcsine
square root transformation, bij � (2/�)arcsine[(xij)0.5], where xij is an element in the original data matrix
and bij is an element in the transformed data matrix (65). The impacts of transformation on the data
structure are depicted in Fig. S11. The use of transformed data lowered the stress in NMS analyses and
improved the correlations with fitted environmental variables.

Diversity was compared by calculating rarefied richness at a sample size of 10,000 sequences using
the rarefy() function in Vegan package v.2.4-0 (66) in R v.3.2.4 (67). NMS was performed using either 2 or
3 dimensions, with rotation to principal components, using the metaMDS() function in the vegan
package. Environmental overlays of the NMS ordinations were created with the envfit() function in vegan,
which computes a multiple alignment of environmental variables against the ordination axes. Signifi-
cance was assessed with 999 permutations. Hierarchical agglomerative cluster analyses were performed
with Bray-Curtis dissimilarity and unweighted pair-group method using arithmetic averages (UPGMA)
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clustering (65). Q-mode cluster analyses (clustering of samples) were calculated, including all OTUs in the
transformed data set, while R-mode cluster analysis (clustering of OTUs) only included those OTUs that
were present at �5% in at least one sample. The table of OTU occurrence across samples that was used
for the statistical analyses is included as Data Set S2.

The phylogenetic analyses of amplicon sequences used to confirm the taxonomic assignments for
certain OTUs were performed by first computing a maximum likelihood phylogeny of full-length
sequences in RAxML v.8.0.24 (68). Trees were generated using the general time reversible model of
nucleotide substitution, gamma distributed rates, and the proportion of invariant sites and base
frequencies estimated from the data. Bootstrap support was calculated with 100 rapid bootstrap
replicates. Short amplicon sequences were then placed into the trees with the evolutionary placement
algorithm (EPA) using default parameters (69).

Accession number(s). Amplicon libraries (including blank controls) have been deposited in NCBI’s
Sequence Read Archive under project SRP103471.
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