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Geomicrobiology of pyrite weathering at Iron Mountain, CA, was investigated by molec-
ular biological, surface chemical, surface structural, and solution chemical methods in
both laboratory and field-based studies. Research focused at sites both within and pe-
ripheral to the ore-body. The acid-generating areas we have examined thus far at Iron
Mountain (solution pH < 1.0, temperature >35°C) were populated by species other than
Thiobacillus ferrooxidans. 16S rDNA bacterial sequence analysis and domain- and species-
level oligonucleotide probe-based investigations confirmed the presence of planktonic
Leptospirillum ferrooxidans and indicated the existence of other species apparently related
to other newly described acidophilic chemolithotrophs. T. ferrooxidans was confined to
relatively moderate environments (pH 2-3, 20-30°C) that were peripheral to the ore-
body. Dissolution rate measurements indicated that, per cell, attached and planktonic
species contributed comparably in acid release. Surface colonization experiments in the
laboratory and field indicated that attachment was specific to sulfides instead of to
silicates, occurred in crystallographically preferred orientations, and, after cell divi-
sion, resulted in a monolayer of cells at a maxinum density of 8 X 100 cells cni™2. In
situ geochemical characterization throughout the year revealed that the microbial com-
munity that controlled acid generation varied and could be correlated with seasonal
and spatial fluctuations in geochemical conditions.

Keywords acid mine drainage, dissolution, fluorescence in situhybridization, low pH,
microbial attachment, phylogentic analysis, pyrite, surface reactions

Biogeochemical dissolution of sulfide minerals exerts a major control on the sulfur cycle, is
used in biorecovery of metals, and can be a source of environmental pollution. Interaction
between sulfide minerals such as pyrite (FeS;), water, microorganisms, and air results
in acidic, metal-rich waters. When this process is accelerated by mining activities, pollution
know as acid mine drainage (AMD) results. However, sulfide dissolution also occurs in
the absence of mining (Runnels et al. 1993). A brief history of acid rock drainage and the
impact of mining can be found in Nordstrom and Alpers (in press).

Pyrite oxidation in nature is neither a purely chemical nor a purely microbial process.
Rather, it is the result of a complex interplay of processes dependent on rock type, min-
eral structure and chemistry, fluid abundance and chemistry, microbial community, and
temperature. Despite the important of sulfide dissolution over a wide spectrum of Earth
environments, the literature is overwhelmingly dominated by studies involving only a few
chemolithotrophic species (members of Thiobacillus and Leptospirillum genera) over a
restricted range of environmental conditions (pH 2-3, 20-30°C).

Typically, factors controlling sulfide mineral dissolution have been treated indepen-
dently and with use of a variety of methodologies. Experimental geochemical measurements
of aqueous pyrite oxidation rates are usually normalized to surface area, whereas bioleaching
rate measurements using cultured organisms are typically normalized to a slurry density per
volume of solution (the surface area not being measured or reported). Reintegration across
disciplinary lines is difficult.

Here we present an analysis of the factors controlling natural oxidative pyrite dis-
solution by combining published results with data from an integrated geochemical and
geomicrobiological case study conducted at Iron Mountain, in the West Shasta district, near
Redding, CA (Figure 1).
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FIGURE 1 Location map of Iron Mountain, California.

Aqueous Pyrite Oxidation

Prior laboratory studies have elucidated rate laws and mechanisms of pyrite oxidation by
oxygen and ferric iron (Stokes 1901; Garrels and Thompson 1960; Wiersma and Rimstidt
1984; McKibben and Barnes 1986; Moses et al. 1987; Brown and Jurinak 1989; Rimstidt
and Newcomb 1992; Williamson and Rimstidt 1994) and have considered the role of CO, as
a pyrite oxidation catalyst (Evangelou and Zhang 1995). Reviews can be found in Lowson
(1982), Nordstrom (1982), Nordstrom and Southham (1997), and Nordstrom and Alpers
(in press).

Although the overall conversion of pyrite to the most-oxidized products is reaction 1
shown in Table 1 and the commonly cited reaction at low pH is reaction 2, in detail sulfur
oxidation involves intermediates such as elemental sulfur and sulfoxyanions (thiosulfate,
polythionates, and sulfite). However, these intermediates are rarely detected in acidic envi-
ronments (Nordstrom and Alpers, in press).

Initiation of pyrite oxidation has been proposed to involve ferric ions, which oxidize
pyrite 3 to 100 times faster than does oxygen (reaction 3, Table 1; McKibben and Bames
1986). This reaction is important only at low pH (<4.0), given the low solubility of ferric
iron athigher pH values. Under low-pH conditions, the rate-limiting step for reaction 3 is the
oxidation of ferrous iron, as shown in reaction 4. However, this reaction is itself rate-limited
by pH; that is, the oxidation of ferrous iron slows with decreasing pH (Singer and Stumm
1968).

TABLE 1 Pyrite oxidation reactions

FeSyag + 15/4Oxg + 7/2H,0) — Fe(OH)s) + 2H>SO4q) (1)
FeSy) + 7/20ng + HyOg) — Fey) ™ + 280,," + 2Hy " )
FeSys) + 14Fe, " + 8H00) — 15Fe, ) *" + 280,,,° + 16H*  (3)
Fe?* + 1/40,+ H* — Fe** + 1/2H,0 4)
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Microbial Pyrite Oxidation: Direct Versus Indirect Attack

Laboratory Studies

The mechanisms by which microorganisms accelerate pyrite dissolution under acidic con-
ditions remain contentious. Silverman and Ehrlich (1964) proposed two pathways for metal
sulfide oxidation by chemolithotrophic microorganisms, termed direct and indirect attack.
Direct attack was used to imply an enzymatic attack by organisms attached to the pyrite sur-
face. However, attached microorganisms are not evidence per se for the existence of the direct
mechanism. For example, Sand etal. (1995, 1997; Schippers etal. 1996) have proposed that
attached cells produce an exopolysaccharide that complexes with ferric ions specifically,
thus generating a local environment rich in pyrite-oxidizing potential. Moreover, specific
evidence for an extracellular enzyme system capable of sulfide oxidation has yet to be pro-
vided, though such systems have been documented for some iron- (and manganese) oxidiz-
ing bacteria (Corstjens et al. 1992; Tebo etal. 1997). The indirect attack of pyrite is assumed
to proceed via chemical oxidation of pyrite by Fe3* . In this instance, attached or planktonic
microorganisms generate ferric ions via the energetic oxidation of ferrous ions. Although
there is evidence for oxidation by both attached and planktonic species, specific information
regarding the kinetics and chemistry of sulfide dissolution remains obscure.

Regardless of the enzymatic or nonenzymatic nature of the reaction, microbial at-
tachment to sulfide surfaces impacts oxidative dissolution. Dissolution in the presence of
attaching organisms results in local, crystallographically controlled etching (Bennet and
Tributsch 1978; Konishi et al. 1990; Edwards et al. 1998), which does not occur in the
presence of exclusively planktonic chemolithotrophs (Edwards et al. 1998). Microorgan-
isms attach to sites of high surface energy, such as scratches (Figure 2), pits, grooves, and
steps. Site specificity for attachment at the reactive regions of the sulfide surface, in com-
bination with the creation of localized microenvironments between cells and the surface,
probably accounts for the morphological expression of dissolution observed in the presence
of attaching organisms.

In cases where attachment occurs away from surface scratches, cell orientation on the
surface occurs in nonrandom directions. Fourier transforms of images of organisms attached
to pyrite surfaces indicate two distinct trends at 90°. An example of this is shown in Figure 3,
where alignment is parallelto the <100> crystallographic directions. Alignment also occurs
parallelto <110>. Dissolution pits associated with attached cells are euhedral, with pit edges
parallel to <100> and <110> (Figure 4). Attachment is specific for pyrite compared with
silicate inclusions. Surface attachment details relative to the crystallographic directions of
a pyrite cube are summarized in Figure 5. These data strongly suggest a crystallographic
control on surface attachment and dissolution by microorganisms.

Although attachment is frequently seen approximately equally parallel to the [001]
and [010] directions contained within a (100) pyrite surface, steps do not occur in equal
abundance parallel to these directions (because of pyrite symmetry). Consequently, step
distribution alone does not explain the observed cell orientations and distributions. The
{100} face of a pyrite cube consists of sites occupied by Fe or S dimers in an alternating
checkerboard-like pattern (Figure 6). Eggleston et al. (1996) found that oxidation proceeds
across the {100} pyrite surface along fronts parallel to the {100} and {110} atomic planes (see
below for further discussion). Thus, cell orientation may occur in response to the resulting
oriented zones of enhanced reactivity.

Field Colonization

Field colonization experiments were conducted at the Iron Mountain field site, with use of
pyrite “growth substrates,” to study surface evolution and attachment specificity (Edwards
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FIGURE 2 (A) Reflected light image of pyrite surface after incubation in enrichment cul-
ture from Iron Mountain (see text). The scratches formed during polishing of the crystal face.
Scale bar is 25 pm. (B) Fluorescent image of cells clustered along a scratch on a polished
pyrite crystal, after 1 week of incubation in enrichment culture from Iron Mountain. Cells
are stained with 4’,6-diamidino-2-phenylindole (DAPI; Kapuscinski 1995) for observation
by ultraviolet (UV) epifluorescent microscopy with a Leica LEITZ DMRX microscope.
Scale bar is 25 um.

etal. 1998). Microbial attachment, surface etching, and preferential orientation were found
to be similar to those observed in the laboratory. Attachment is clearly common, even at
very low pH (< 1.0), and results in surface roughening at a different scale than seen in the
presence of planktonic species. The detailed nature of the competitive advantage conferred
by surface attachment (justifying the expenditure of energy needed to form attachment
polymers) remains an important, unresolved question.

Surface Studies: Pyrite Oxidation at the Atomic Level

Previous Work

Although aqueous chemistry studies have quantified overall reaction rates of pyrite oxi-
dation, the rate-limiting steps occur at pyrite surfaces. Different surface sites can differ in
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FIGURE 3 Organisms adhering to cubic pyrite surface, stained with DAPI (see Figure 2)
and imaged in reflected UV fluorescence. Upper right: example Fourier transform image of
organisms adhering to this surface, showing two distinct trends in alignment at 90° to each
other and parallel to <100>. Scale bar is 25 um.

reactivities because of differences in structure, composition, number of defects, or crystallo-
graphic face. In bulk-solution experiments these effects have been recognized and quantified
to some degree (e.g., Martello et al. 1994). However, surface-scanning techniques provide
important details on the structure and composition of surfaces necessary to understand
how reactions proceed at the atomic level. X-ray photoelectron spectroscopy (XPS) and
Raman spectroscopy provide bulk surface-speciation information, whereas atomic force
microscopy (AFM) and scanning tunneling microscopy (STM) provide atomic-level reso-
lution of surface features.

FIGURE4 Reflected light image of euhedral dissolution pits that develop on pyrite surfaces
after incubation in enrichment culture from Iron Mountain (see text for discussion). Scale
bar is 25 pym.
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FIGURE 5 Details of surface attachment relative to the crystallographic directions of a
pyrite cube. The [100], [010], and [001] directions are parallel to the cube edges; the [110],
[101], and [011] directions are diagonal to cube edges.

XPS and Raman spectroscopy have confirmed that under acidic conditions, iron is
leached from pyrite, leaving a sulfide-rich layer (disulfide, monosulfide, and polysulfides;
Sasaki 1994; Nesbitt and Musir 1994, Sasaki et al. 1995). Production of unstable sulfoxyan-
ions, having oxidation states intermediate between sulfur and sulfate, have been detected
unambiguously only by surface-spectroscopic techniques. The abundance of the sulfoxyan-
ions depends on the solution pH, with polythionates dominating at low pH, thiosulfate at
intermediate pH, and sulfite at the highest pH values (Goldhaber 1983; Moses et al. 1987).
In the presence of ferric iron, sulfoxyanions are not detectable (Moses et al. 1987).

(100) face [011]

[001]

[010]

FIGURE 6 Schematic representation of a {100} pyrite surface (dashed outline). The center
of mass of the sulfide moiety is in the same plane as the Fe atoms, although individual S
atoms are not.
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Asnoted above, Eggleston etal. (1996) used STM to observe surface oxidation patterns;
they found that oxidation proceeds in patches and typically follows the <100> and <110>
crystallographic directions. The percentage of oxidized surface sites was quantified with
XPS. Surface oxidation models based on these analyses suggest that the reaction proceeds
autocatalytically, with the probability of oxidation at any particular site being proportional
to the number of nearest oxidized neighbors. Studies such as these elucidate microscopic
mechanisms for oxidation patterns observed in laboratory and natural samples.

XPS and Raman Studies

A comparison of rates and mechanisms on samples reacted under biotic and abiotic condi-
tions should provide information crucial to understanding microbially induced oxidation.
For surface chemistry experiments we used natural, uncut, single pyrite crystal faces (Ward’s
Scientific). “Biotic” experiments used enrichment cultures from Iron Mountain. “Abiotic”
experiments were done in uninoculated media of the same composition as biotic experi-
ments. Abiotic and biotic experiments were done at pH and temperature conditions relevant
to the field site (pH ~0.7, 42°C), with at least one natural face exposed for analysis. Pyrite
was prepared by immersion in 0.52 M HCI for 8-10 h to remove surface oxides and im-
purities, then sonicated in 70% (by vol) ethanol for ~20 min. XPS analysis directly after
this procedure confirmed the efficiency of the procedure for surface cleaning (data not
shown). After treatment with HCI, samples were rinsed with distilled water and stored in
70% ethanol before use (<1 week). XPS analysis after 1 week confirmed that no detectable
chemical changes took place on the samples’ surfaces during storage in ethanol after the
acid treatment (data not shown).

The XPS system used for these experiments was from Physical Electronics with a
monochromatized Al Ko source and a multichannel detector array. Raman spectroscopy
was performed by focusing light from a 200 mW argon-ion laser (at 514 nm) onto a natural
face on the sample; scattered light was collected by using an f/ 1.8 imaging spectrograph
(Kaiser Optical) and a cooled charge-coupled device array detector (Photometrics). The
STM, feedback control electronics, and bipotentiostat were designed and built by Higgins
and Hamers (1995).

A visual comparison showed that pyrite crystals reacted in the presence of micro-
organisms in solution (biotically) were visibly tarnished, whereas those reacted abio-
tically remained free of surface deposits. The Raman spectra (Figure 7) show the surface
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Iron Oxides

4000 | >
£ 3000 —
g Biotic
Q 2000 —
@)

K"Jﬁ'zibiotic
1000 —
|||||||I||l|||||l|||||||||l\||l|||||||||
1000 800 600 400 200

Stokes Shift (cm™1)

FIGURE 7 Raman spectra of biotically and abiotically reacted samples. Raman shifts are
in relative wave numbers; intensities are in arbitrary units. The higher background in the
biotically reacted sample is due to the greater surface roughness, resulting from incubation
in the presence of organisms that attach to pyrite (see Figure 4).
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FIGURE 8 XPS analyses of surface compositions of biotically reacted samples.

compositions of both samples after reaction. Stokes lines at 336 and 375 cm™! are observed
in both samples and arise from bulk pyrite (Mernagh and Trudu 1993). On the biotically
reacted samples, additional peaks at 214, 430, and 440 cm™! are observed from surface
reaction products. The broad band at 420-450 cm™! is attributed to multiple polysulfide
species (Mycroft et al. 1990), whereas the peak at 214 cm™! is attributed to elemental sulfur
on the surface. The peaks in the 615 cm™! region are from iron oxides (Thibeau et al. 1978).
All these products are virtually absent in the abiotically reacted sample.

Figure 8 shows the corresponding XPS surface analysis of the biotically reacted sample.
In XPS spectra, the lines corresponding to a particular element undergo small shifts in energy
because of changes in the local oxidated state. Carbon is clearly present in at least three
chemical forms. The peak at 284 eV arises from carbon in a neutral (alkane-like) state; the
one at 286 eV arises from an oxidation product; and the shoulder near 288 eV arises from
carbon in a carbonate-like form. The XPS spectra from the biotically reacted sample show
iron in a high oxidation state (appropriate for iron oxide) and oxidized forms of sulfur,
particularly sulfate. These data demonstrate that a consequence of reaction in the presence
of microorganisms is the rapid development of oxidized Fe and S compounds on pyrite
surfaces.

STM and Scanning Electron Microscopy (SEM) Studies

Isotope studies suggest that ferric ion directly oxidizes the pyrite surface (Taylor et al.
1984a,b). Planktonic organisms that participate in the oxidation of pyrite “indirectly” do
so by controlling the ferric ion concentration in solution. To study the impact of the ferric
ion concentration on surface morphology and dissolution rates, we conducted comparison
studies on surfaces exposed or not exposed to ferric ion.

Figures 9 and 10 present surface topography for samples treated with ferric ion initially
present or treated without ferric ion. Figure 9A is a STM image of acid-treated pyrite; Fig-
ure 9B is a SEM image of a similarly treated surface. Both images reveal pits 50-100 nm
in diameter across the surface. A surface treated similarly for longer periods, shown in
Figure 9C, reveals larger pits at the surface. This lateral pit growth suggests preferential
dissolution from the edges of the pits. Because dissolution is likely to be sensitive to surface
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FIGURE 9 (A) STM image of pyrite (100) surface reacted with 0.52 M HCI for 1 day.
Pit edges are parallel to {100}. (B) SEM image of pyrite (100) surface reacted with pH 1.5
H,S0y for 1 day. (C) SEM image of pyrite (100) surface reacted with pH 1.5 H,SO, for
1 week.

imperfections such as steps and dislocations (Higgins and Hamers 1995, 1996), pitting is
expected to strongly affect the dissolution rate by producing sites of high reactivity and
increasing surface area. Figures 10A and 10B are SEM images at different magnifications
of a surface reacted with 0.10 M ferric sulfate solution for the same length of time as in Fig-
ure 9C. Although there is no visible surface pitting, substantial formation of surface de-
posits is observed. These types of deposits may be analogous to surface oxidation products
produced in biotically reacted samples.
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FIGURE 10 (A) SEM image of pyrite (100) surface reacted with 0.10 M Fe,(SO4); at pH
1.5 for 1 week. (B) SEM image of the same sample under greater magnification.

Quantitative Dissolution by Microorganisms

The oxidation of exposed sulfide minerals is greatly influenced by the activities of those
microorganisms that can use reduced iron or sulfur (or both) for energy. The cycling of
Fe>* — Fe** by microorganisms is thought to be the mechanism by which reaction 4
(Table 1) is catalyzed in low-pH environments. Estimates of the biotic dissolution rate
range from ~ 8.8 X 1078 mol m~2 s~! (at 25°C; Olson 1991) to~1.5x 1073 mol m=2s™!
(at 42°C; Edwards et al. 1998).

Most experiments on microbial pyrite oxidation rates have been done at 25°C and pH
values of ~2, where growth of 7. ferrooxidans is optimized. However, the rates measured
at these temperatures are not always reflective of environmental oxidation rates. Addition-
ally, in these environments, 7. ferrooxidans and other Thiobacilli are clearly not always
the predominant chemolithotrophs. Under the more extreme pH and temperature condi-
tions expected at certain sites of significant acid generation, other taxa may, and indeed
do, dominate (Rawlings and Kusano 1994; Goebel and Stackebrandt 1994a,b; Schrenk
et al. 1998; see also below). Members of the bacterial genera Sulfobacillus, Leptospiril-
lum, Acidimicrobium, and Thiomonas; numerous unnamed isolates; and members of the
archaeal genera Sulfolobus, Acidianus, Metallosphaera, and Sulfurococcus may all con-
tribute significantly to sulfide dissolution (see below for further discussion). The possibility
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that as-yet-unstudied species are also present and metabolically active in acidic environ-
ments may result in measured laboratory oxidation rates that diverge considerably from
environmental rates.

In a recent review, Nordstrom and Alpers (in press) analyzed the biotic and abiotic
data available and concluded that pyrite oxidation rates in nature are limited by the rate
at which iron is oxidized and thus by the abundance of chemolithotrophic species. They
argue that natural rates reflect the indirect rate, which involves acceleration of dissolution
by organisms that oxidize ferrous iron in solution. This analysis involved inferred cell
populations and relied on information drawn from multiple studies. No special significance
was attributed to attached cells, although in many environments cells clearly are frequently
attached, and surfaces evolve differently in the presence of attached cells (see above). Rates
normalized to cell numbers and surface area have not been reported, however, and a direct
comparison between these rates for attached and planktonic cells is thus not possible.

To quantify oxidation rates per cell at conditions relevant to Iron Mountain, we con-
ducted experiments with mixed enrichment cultures from the Richmond mine (Edwards
et al. 1998). The experiments were done at average field conditions (42°C, pH 0.7) and
using single pyrite cubes of uniform size to constrain available surface area. Two separate
enrichment cultures were used, one containing bacteria that attached to pyrite surfaces and
one that did not. Both cultures contained L ferrooxidans as a planktonic phase and were
devoid of T. ferrooxidans (determined by using species-specific oligonucleotide probes; see
below).

Total rates of solubilization and growth were significantly higher in enrichments con-
taining organisms that attach to pyrite surfaces than in the one without (1.5 x 107> mol
m~2 s~ compared with 2.0 X 107 mol m~2 s™!, respectively). However, the total iron
released per organism per day was approximately equal in the two cultures, ~ 10~7 pmol
of Fe cell”! day~!. Thus these experiments do not suggest any clear metabolic advantage
gained by attachment, at least over the duration of these experiments. However, as discussed
above, attachment results in quite different surface morphology evolution. The distinct pit-
ting that occurs in the presence of organisms that attach to pyrite, pitting that is absent in
their absence, ultimately results in an overall increase in surface area. Available surface
area is one of the most important controlling factors in pyrite dissolution (see above). Thus
attachment as a mechanism by which microorganisms increase substrate availability may
be an important control in the formation of AMD.

Biodiversity of Microbial Pyrite Oxidation

Although most laboratory studies to date have concentrated on the role of 7. ferrooxidans in
sulfide dissolution, diverse communities of acidophilic organisms may influence leaching
rates. Depending on the prevailing conditions, different suites of microorganisms will be
selected for. For example, as is well documented, under certain conditions (particularly at
pH <1.8, or a high Fe3* :Fe** ratio, or both), leptospirilla are likely to predominate over
T. ferrooxidans in the temperature range of 20-45°C (Goebel and Stackebrandt 1994a,
1995; Helle and Onken 1988; Norris 1983, 1988; Rawlings 1995; Sand et al. 1992; Schrenk
etal. 1998). It istherefore essential to investigate the diversity of microorganisms associated
with pyrite dissolution by using molecular techniques that circumvent many of the biases
associated with traditional enrichment and isolation techniques (Amann et al. 1995; Pace
etal. 1986). To date, the limited applications of molecular methods to acidic metal-leaching
environments suggest these communities consist of taxa that are readily obtained by cul-
turing techniques (Goebel and Stackebrandt 1994b, 1995; Pizarro et al. 1996; Rawlings
1995; Vasquez and Espejo 1997). In this respect, acidic environments are unique; all other
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environments studied with use of similar approaches have yielded a wealth of novel 16S
rRNA sequences, often only distantly related to those of cultured organisms (P. Hugenholtz
et al. 1998). However, given that only a limited number of samples have been examined so
far, it is premature to conclude that all microorganisms in acidic metal-leaching environ-
ments are readily cultivated.

Samples collected from two sites at Iron Mountain were analyzed by Rodgers et al.
(1996)—one (TRA) from a runoff stream located peripheral to the Iron Mountain ore-
body (20°C, pH 2.4, 4.3 mS cm™!), and another (TRB) from a stream located within the
Richmond mine 5-way (49°C, pH 0.5, 106 mS cm™!). Total DNA was extracted and purified
essentially according to the direct-lysis protocol of Barns et al. (1994). Additional details of
clone library generation, clone screening, and sequencing are discussed by Rodgers (1996;
and ms. in preparation) and are available from the authors on request.

Phylogeny

In this paper we report a reanalysis of the sequences obtained by Rodgers et al. (1996;
and ms. in preparation), using the suite of programs associated with the ARB software
package (O. Strunk et al., ms. submitted) and the Ribosomal Database Project (RDP;
Maidak et al. 1997). Initially, clones were screened for chimeric artifacts by using the
CHECK_CHIMERA program of the RDP and by manual examination for secondary struc-
ture anomalies. Gapped-BLAST analysis was used to search the GenBank database for
putative phylogenetic relatives for each clone (Altschul et al. 1997). The results of the
gapped-BLAST search were used to select 16S rRNA sequences with which to manually
align the clones sequences; both primary and secondary structural information were con-
sidered. Aligned sequences were inserted into a phylogenetic tree containing >8000 SSU
rRNA sequences by using the Parsimony Insertion tool of the ARB program (Strunk and
Ludwig, submitted). This approach allows a rough phylogenetic comparison of sequences
that do not necessarily contain overlapping regions of sequence. This situation is common
when dealing with sequences generated from environmental clones, because full-length
SSU rRNA sequences often are not determined. More extensive analyses using neighbor-
joining, maximum parsimony, and maximum likelihood algorithms were performed on
certain groups as indicated.

Rodgers et al. (1996) obtained a total of 63 16S rRNA clones from the two clone
libraries, TR A and TR B (see above). To simplify analyses, clones that had >98% sequence
identity were treated as a group, and a type-sequence was chosen to represent that group
(Table 2).

Initially, gapped-BLAST analysis (Altschul et al. 1997) was used to estimate the re-
lationship of the clones to other known bacterial 16S rRNA sequences. With one excep-
tion (a mitochondrial-like sequence, TRB2), all clones shared >90% similarity with some
other bacterial 16S rRNA sequence in the GenBank database (Table 2); 16S rRNA gene
sequences obtained from environmental samples often exhibit <90% or even only 80%
identity to known sequences. In fact, many of the sequences obtained in this study were
>97% identical with 16S rRNA sequences from organisms previously isolated from acidic
environments. This result supports the previous observation that these communities consist
predominantly of taxa that are readily obtained in culture (Goebel and Stackebrandt 1994b,
1995; Pizarro et al. 1996; Rawlings 1995; Vasquez and Espejo 1997). However, no 16S
rRNA sequences related to those from 7. ferrooxidans or T. thiooxidans were recovered
from either of the samples examined. Additionally, a large proportion (~40%) of clone se-
quences were highly similar (> 97% sequence identity) to those of organisms not previously
found in acidic biotopes. This suggests that our knowledge of diversity in these ecosystems
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may be limited by previous culturing approaches (for details, see Table 2). This possibility
is discussed below. The phylogenetic positions of selected clones are presented in Fig-
ures 11 and 12. Almost 50% of the total number of clones were closely related (>97%
sequence identity) to members of the genera Leptospirillum and Acidiphilium (Figures 11A
and 11B). Allof the leptospirilla clones, represented by clone TRA1-10, are >99% identical
to one another, with this phylotype being found in both of the samples examined. Moreover,
these clones were almost identical in sequence to the 16S rRNA sequence obtained from
L ferrooxidans strain L15, the first strain of Leptospirillum isolated (Markosyan 1972).
Goebel and Stackebrandt (1995) have suggested that L ferrooxidans strain L15 may rep-
resent an “atypical” strain of Leptospirillum, because all other isolates sequenced to that
time formed a tight cluster (Group II, Figure 11B) separate from L ferrooxidans strain L15
(Group I, Figure 11B). The current data make evident, however, that under certain environ-
mental conditions populations of leptospirilla of the Group I type predominate over those
of the Group II type. The forces driving this selection process remain to be investigated.

Two groups of clones related to members of the genus Acidiphilium were recovered
from both of the samples examined (Table 2 and Figure 11A). Members of this genus
(and the genus Acidocella) are common heterotrophic inhabitants of acidic metal-leaching
habitats (see Johnson and Roberto [1997] for a recent review). Sequences represented by
the clone TRB25 were almost identical to 16S rRNA sequences of Acidiphilium rubrum,
Acidiphilium angustum, and T. acidophilus, whereas sequences represented by clone TRB3
had no specific affiliation with any Acidiphilium species previously sequenced (Figure 11A).
The two clone groups are ~97% identical in sequence. However, one cannot predict whether
these sequences originated from closely related species, the same species, or even the
same organism, because sequence heterogeneity among rrn operons is well documented
(Stackebrandt and Goebel 1994; Wang et al. 1997) and is common in environmental 16S
rRNA clone studies that use the polymerase chain reaction (PCR; Giovannoni et al. 1990).

Two of the clone-types (clone TRA2-10 and TRB82) are closely related to acidophiles
that have obscure roles in acidic environments. Clone TRA2-10 forms a monophyletic
clade with Acidimicrobium ferrooxidans (Clark and Norris 1996) and Ferromicrobium
acidophilus (Johnson and Roberto 1997) at the base of the high-G+ C gram-positive phylum
(recently named the Acidobacteria by Stackebrandt et al. 1997) (Figure 12A). Although
not specifically related to either of these two recently described acidophiles, there is strong
bootstrap support for the monophyly of this group. By physiological inference, the clone
TRA2-10 may originate from an as-yet-uncultivated group of acidophilic, mixotrophic,
iron-oxidizing bacteria.

Clone TRBS82 forms a close affiliation with the acidophilic heterotroph Acidobacterium
capsulatum (Kishimoto et al. 1991; Hiraishi et al. 1995) and a group of environmental 16S
rRNA clone sequences (TM-series) recovered from a pH 2.7 peat bog sample (Rheims et al.
1996) (Figure 12B). Clone MC13, recovered from a pH 4 forested soil (Stackebrandt et al.
1993), is also shown in Figure 12B. Although the bootstrap-supported monophyly of this
group in Figure 12B would suggest acidophilly as a unifying trait within this cluster, a
large number of environmental clone sequences originating from various nonacidic sources
have recently been described (Borneman et al. 1996, Borneman and Triplett 1997; Kuske
etal. 1997; Ludwig et al. 1997; Wise et al. 1997), and the phylogeny of this large new phy-
lum/division (represented by only three cultivated species) is in a state of flux (Hugenholtz
etal. 1998).

Many of the 16S rRNA gene sequences recovered in the study of Rodgers et al. (1996)
were closely related (95-100% sequence identity) to microorganisms not previously isolated
from acidic environments (Table 2). Examples of these (based on type sequence) include
clone TRA1-6, 99% identical to the 16S TRNA of members of the Escherichia [Shigella
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clone TRB25

Acidiphilium sp. St1-5 (D§6508)

96 Acidiphilium rubrum (D30776)
Acidiphilium angustum {D30772)

Thiobacillus acidophilus (M79399)

Acidiphilium sp. C1 (D30769)
clone TRB3

clone 0S6 (X86771)

Acidiphilium cryptum (D30773)
Acidiphilium organovorum (D30775)
Acidiphilium multivorum (AB006711)

65 Acidocella facilis (D30774)

Acidocella aminolytica (D30771)
100 Rhodopila globiformis (M59066)

_|— clone DAO7 (Y07583)

R, thiosulfatophilus (X72908)

Thiothrix nivea (1.40993)

10 %

clone 087 (X86773)

clone 0S4 (X86770)
Leptospirillum sp. Lf30-A (X72852) Group II

clone 0817 (X86772)

100
Leptospirillum sp. BU-1 (M79383)

clone TRA1-10
100 Group I

Leptospirillum ferrooxidans L15 (X86776)

Nitrospira marina (X82559)

100 I

I Nitrospira moscoviensis (X82558)

5%

FIGURE 11 Evolutionary distance dendrograms of the Acidiphilium [Acidocella (A) and
Leptospirillum (B) clades, showing the relative position of representative TR-series clones
(shown in larger type) within these groups. The numbers at branches indicate bifurcations
that had > 50% bootstrap support by the neighbor-joining algorithm. Scale bars represent

10% (A) or 5% (B) sequence divergence.
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A 60 clone TMS1 (X92697)

clone TM210 (X92704)

64 L—————————  clone TM62 (X92696)

56 —— clone TM213 (X92705)

T clone TM187 (X92702)
l— clone TM112 (X92698)

100 E— Acidimicrobium ferrooxidans TH3 (M79434)

61 Acidimicrobium ferrooxidans 1CP (U75647)

51

160

74 ————————————  Ferromicrobium acidophilus (unpublished)
clone TRA2-10
Microthrix parvicella (X89561)

100 Atopobil i {M59059)

Eubacterium lentum (arb database sequence)

5%

ﬁ‘:—_ clone TM13 (X97100)
clone TM2 (X97098)
clone TRB82

55 Acidob ium capsulatum (D26171)
I— clone TM29 (X97101)

clone MC13 (X68464)

94

65

70

clone 11-14 (Z95707)
04 clone C105 (AF013530)
100 clone RB30 Ludwig (Z95720)

clone C002 (AF013515)

clone {i3-36 (Z95726)

100 Geothrix fermentans' (U41563)
Holophaga foetida (X77215)

10 %

FIGURE 12 Evolutionary distance dendrograms of the Acidimicrobium (A) and Acidobac-
terium (B) clades showing the relative position of representative TR-series clones within
these groups. The numbers at branches indicate bifurcations that had > 50% bootstrap sup-
port by the neighbor-joining algorithm. Scale bars represent 5% (A) or 10% (B) sequence
divergence.

clade of the Enterobacteriaceae; clone TRA3-15, with 100% identity to the 16S rRNA of
Comomonas testosteroni, a commonly isolated soil heterotroph; clone TRB41, with 99%
sequence identity to the 16S rRNA of Ochrobacterium anthropi, a common clinical iso-
late and close relative of members of the genus Brucella; and clone TRB50, with 99%
sequence identity to the 16S rRNA of Aureobacterium liquifaciens, an organism previously
isolated from dairy products and equipment but also found in soil. Moreover, the group of
sequences represented by clone TRB1S8 are very close relatives (99% sequence identity)
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to tobacco plant chloroplasts. It is, therefore, difficult to conclude confidently that the or-
ganisms from which the sequences were recovered are indigenous and metabolically active
in these acidic systems (and thus potentially involved with the pyrite oxidation process),
instead of being introduced as the result of contamination. Although this study was per-
formed by using stringently aseptic technique, the use of PCR to recover sequences from
the environment is fraught with potential contamination issues (see Wilson [1997] for a
recent review). Several sources of contamination are possible, particularly in low-biomass
environments. DNA (or cells) may enter from nonacidic environments via aerial or flow-in
sources, although “naked” DNA would most likely undergo rapid acid hydrolysis under the
extreme acidity of this environment. Despite the inclusion of negative controls for all PCR
reactions (results all negative), a negative template control was not performed during DNA
extraction and purification. Therefore, we cannot judge whether or not contamination may
have occurred during sample preparation (from surroundings or reagents). Some evidence
indicates that contamination during DNA preparation from environmental samples occurs
even when aseptic technique is used (Tanner et al. 1998). Future studies will aim to deter-
mine whether contamination is a significant issue for clonal analyses of acidic environments
and, if possible or necessary, how to minimize these problems.

The ability to oxidize iron, sulfur, and organic material under acidic (< pH 3) conditions
is a polyphyletic characteristic (Lane et al. 1992), making it possible that the 16S rRNA
clone sequences obtained in this study originated from metabolically active acidophiles.
Examples of this are the clones represented by TRA2-7 and TRAS-3 (Table 2). Although
neither of these clone groups is >97% identical to cultured species, they cluster in the
vicinity of two recently isolated organisms, strains ES1 and ES2 (Emerson and Moyer
1997) and BrG3 (Straub et al. 1996)—both of which are capable of iron oxidation, although
not under highly acidic conditions or, in the case of strain BrG3, under anaerobic conditions
only (tree not shown). This suggests a possible involvement of iron in the metabolism of
the organisms from which these 16S rRNA sequences originated.

Despite substantial differences in the temperature, pH, and conductivity (hence metal-
loading) between the two samples examined, there was considerable overlap in the clone-
types obtained from each sample. In particular, the same clone-groups related to the genera
Acidiphilium and Leptospirillum were recovered from both samples (Table 2). This suggests
that these commonly isolated acidophiles may persist under the broad physicochemical ex-
tremes present at the Iron Mountain site. However, since the metabolic activity of organisms
in situ cannot be judged on the basis of clone-library data, any inferences of activity must
be substantiated by other means.

Fluorescent In Situ Hybridization (FISH)

Given the inherent biases associated with environmental clone-library generation using
PCR, the frequency of the sequences in the clone libraries examined in this study (Table 2)
is unlikely to represent the abundance percentage of the corresponding organisms in situ.
Potential biases can arise from several sources, including small sample size, differences in
rrn copy number between taxa, selective lysis and recovery of genomic DNA, contamination
(see above), and differential amplification by PCR (Suzuki and Giovannoni 1996; Farrelly
et al. 1995; Reysenbach et al. 1992). We have, therefore, been using the 16S rRNA gene-
cloning step as a means of collecting environment-specific 16S rRNA sequence data from
which taxon-specific hybridization probes can be designed. In this way, temporal and spatial
distributions of specific taxa can be determined directly (e.g., Schrenk et al. 1998). Moreover,
16S rRNA sequences obtained by cloning allow us to pose hypotheses concerning the
ecology of acidic environments and direct in situ experimentation.
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Samples for analysis by FISH were collected in January, March, July, September,
and November 1997. Sample collection sites fit into two categories according to envi-
ronmental conditions, similar to those described above. In general, sites located within
the Richmond mine (in contact with the ore-body) had pH values of 0-1, temperatures
of 40-50°C, and conductivities of 80—120 mS cm™!. Sites outside of the mine (periph-
eral to ore-body) had pH values of 2-4, temperatures of 10-30°C, and conductivities of
1-10 mS cm™!. Samples of water, slime, and sediment were collected from each locality,
when possible. Samples were hybridized with probes specific for the species L ferroox-
idans and T. ferrooxidans and at the domain level for Bacteria, Eukarya, and Archaea.
L ferrooxidans probes used in this study were based on SSU rRNA gene sequences for 12
L ferrooxidans clones from Iron Mountain obtained by the above-mentioned phylogenetic
analyses (LC206, 5-GGCCATGGGCTCATCTTAAG-3', Escherichia coli positions 206
to 225) and sequences for L. ferrooxidans (LF581, 5-CGGCCTTTCACCAAAGAC-3/,
E. coli positions 581 to 598) from the Ribosomal Database Project (RDP) and GenBank.
The probe for T. ferrooxidans was based on RDP and GenBank sequences (TF539; 5'-
CAGACCTAACGTACCGCC-3, E. coli positions 539 to 556). Domain level probes were
Bac 338 (5-GCTGCCTCCCGTAGGAGT-3/, E. coli positions 338 to 355), Arch 915
(5'-GTGCTCCCCCGCCAATITCCT-3, E. coli positions 915 to 934), and Euk 502 (5'-
ACCAGACTTGCCCTCC-3', E. Coli positions 502 to 517; Alm et al. 1996). Probe design,
probe labeling, and hybridization procedures can be found elsewhere (Schrenk et al. 1998;
Edwards et al., in press).

Two sites were chosen for comparison here. “B-drift” is located within the sulfide
ore-body at the Richmond mine. The “tunnel” site is located at the entrance to the mine,
outside of the ore-body. The environmental conditions at these two sites over the course of
1 year (1997) are plotted in Figure 13. At both sites, temperatures are the hottest in January,
decreasing through the remainder of the year. This is related to regional precipitation, which
is highest in the winter. The high rainfall increases oxygenation of the waters interacting
with the sulfides, resulting in increased oxidation rates and hence warmer temperatures
because of the exothermic nature of the reaction (Nordstrom and Munoz 1985). Figure 13
shows that the pH at B-drift fluctuates only moderately, with no apparent trend. Among the
rest of the Richmond 5-way “drifts,” an increase in average pH rose over the year (0.5-0.9;
data not shown). The pH conditions in the “tunnel” reflect this trend, but at a higher pH range
(1.4-2.2), which is characteristic of this locality. Conductivity generally increases during
the dry summer months at both localities, reflecting increasing ionic strength of the solutions
as rainfall decreases. As reflected in Figure 13, environmental conditions at Iron Mountain
show considerable seasonal and spatial variation. This allows us to study fluctuations in
microbial population as a function of geochemical conditions, as well as investigate the
roles of the two best-studied microorganisms associated with AMD, T ferrooxidans and
L ferrooxidans, over the range of these conditions.

Selected probing results for two end-member times of year (in terms of geochemical
conditions) for the above sites are summarized in Figure 14. The B-drift probing data shown
here are for sediment samples and include counts for microorganisms attached to and closely
associated with pyritic sediments. The data shown are representative of several trends in
microbial populations at this site, which are supported by a larger data set (not shown here).
One important observation is that although 7. ferrooxidans and L ferrooxidans predominate
locally at certain sites and geochemical conditions, overall they represent a small proportion
of the total microbial population. 7. ferrooxidans is virtually absent from the sites that are
in contact with the sulfide ore-body. Distribution of this species at the Iron Mountain
sites is relatively restricted to locations with lower temperatures and more moderate pH
conditions, such as found in the tunnel and the runoff streams located peripherally to the
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FIGURE 13 Environmental conditions during 1997 sampling trips to Iron Mountain, CA.
Symbols are as follows: circles, temperature; diamonds, conductivity; triangles, pH. Dashed
lines represent conditions at the entrance tunnel to the Richmond 5-way mine; solid lines
represent conditions at a site inside the Richmond mine (B-drift).

primary acid-generating sites in contact with sulfides (also see Schrenk etal. 1998). Because
T. ferrooxidans appears primarily to be utilizing solubilized ferrous iron for energy rather
than directly attacking sulfide minerals, one might therefore consider it as playing more an
opportunistic than a primary role in the generation of AMD. In fact, it may play a beneficial
role, as far as environmental damage is concerned, by oxidizing dissolved ferrous iron. This,
in turn, induces precipitation of ferric iron oxides, which strongly sorb other metals (such
as As). L ferrooxidans is present in higher abundance at sites in contact with the sulfide
ore-body, but its distribution is spatially heterogeneous. At some sites within the mine, this
species makes up as much as ~70% of the microbial population (slimes; Schrenk et al.
1998); at others, it is virtually absent (sediments; Figure 14, B sed, July). Though its spatial
distribution at the site is fairly well predictable, no direct correlation with geochemical
conditions within the mine and the presence of L ferrooxidans can yet be made.

A second trend these data reveal is the seasonal occurrence of Archaea. Archaea,
which are virtually absent during the high-flow/high-temperature winter months, are quite
prevalent in the dry summer months, when metal loads are quite high (Figure 13), and even
dominate some localities as shown in B-drift sediments (Figure 14). Eukarya also occur
in greater abundance in the summer months, in fact increasing proportionally throughout
the year as temperature steadily drops (data not shown). Whether this is temperature- or
flow-related is not clear. Eukarya occur primarily as filaments in massive slime streamers,
though some protozoa have been observed. The lack of eukarya filaments in the winter
months is likely to be in part due to physical removal during the periodic floods that occur
after heavy rainfalls and may not be strictly related to geochemical conditions.

Discussion and Conclusions

The oxidative dissolution of sulfide minerals, and the impact microorganisms can have on
this process in nature, have been well studied by aqueous geochemists and microbial ecol-
ogists. However, previous studies have generally used a small, possibly nonrepresentative,
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] EUK 502
B ARCHO915

B BAC 338
[ LF 581

& TF 539

9% Hybridized

Bsed Bsol Tunnel Bsed B sol Tunnel
January Tuly

FIGURE 14 Hybridization results from two sampling trips to Iron Mountain, CA. B refers
to B-drift, one of the main flows at the Richmond 5-way mine, located within the sulfide
ore-body; Tunnel refers to the entrance tunnel into the Richmond mine, located outside
of the ore-body; sed refers to sediment, sol to solution. See Figure 11 for environmental
conditions at these sites. Percentages shown have been normalized to the total number of
cells that hybridized with the domain probes, thus excluding dead, inactive, or impermeable
cells. The first column for each site indicates the proportion of microorganisms in each of
the three domains (Bacteria, Archaea, and Eukarya inascending order). LF, L ferrooxidans;
TF, T ferrooxidans.

set of microbes for laboratory studies. Assumptions and simplifications such as these may
affect conclusions and ultimately the models developed to predict this acid generation by
microorganisms inthe environment. Thus, when assessing this process, the first key question
to address is, what are the species relevant at acid-generating sites? Numerous methods are
now available to answer this, from traditional culturing techniques, to direct phylogenetic
analysis of environmental samples without culturing, to FISH. Workers must recognize,
however, that biases are introduced by each of these methods and that use of all available
techniques will provide the most integrated picture of a microbial community.

At Iron Mountain, our 16S analyses have suggested the presence of a mixture of likely
species, of poorly understood species, and of species whose presence in the environment
is not completely verified. FISH analyses have placed the sequence analysis in context,
allowing us to quantitatively demonstrate that 7. ferrooxidans is not the most important
lithotroph in key acid-generating sites and that L ferrooxidans is important but is spa-
tially restricted. Furthermore, probing indicates some significant changes in the balance of
species as a function of geochemical conditions, which vary with microenvironment and
season. Data also indicate potentially important ecological roles for heterotrophs, including
Eukarya, and seasonal significance.

While community analysis provides important information on microbial population dis-
tributions, laboratory experiments provide necessary information on how microbial pyrite
oxidation takes place, particularly when coupled with in situ field experiments. Our labora-
tory experiments and parallel field-based surface colonization studies indicate that subsets
of chemolithotropic species from the field site can be cultured, which can catalyze pyrite
dissolution. Attached species have significant effects on surface chemistry, causing pro-
nounced local pitting that is absent in the presence of exclusively planktonic species. The
changes in surface structure and composition that occur during dissolution are controls on
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the rate of AMD generation. Our results show that surface deposits form even at these very
low pH values because of the high ferric concentrations. Ferric ion also plays an important
role in controlling the evolution of surface topography and subsequent dissolution rates.

This study has brought together results from biological, mineralogical, and chemical
approaches. It has provided abundant quantitative information, such as the rate of pyrite
dissolution at the site of acid generation (at the temperature and pH conditions measured
at the site of pyrite weathering and determined with microbes shown to be important in the
relevant geochemical environments). We have also quantified surface colonization kinetics
and provided information about cellnumbers per unit surface area. Initial observations about
the ecology of low-pH environments have also been made. Much remains to be learned,
particularly with respect to ecology—for example, the interrelation of lithotrophic and het-
erotrophic organisms, and the relative importance of Archaea. The identity of many species
remain unknown. The information to date places the experimental work done in previous
studies in context and provides important parameters for predictive models relevant at Iron
Mountain and other comparable low-pH AMD sites. Future work on the ecological and
chemical aspects is required before geomicrobial remediation strategies can be effectively
formulated.
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