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Abstract
Acid mine drainage (AMD) is a common environmental problem in Pennsylvania that
results from the oxidation of sulfide minerals exposed at abandoned coalmines. In these systems,
acidophilic microorganisms catalyze the oxidation of ferrous (Fe2+) to ferric iron (Fe3+), which
precipitates as iron-hydroxide minerals. To develop and improve low-pH bioremediation
strategies, characterization of the microbiology of AMD systems is essential. An acidic (pH 2-4)
AMD spring known as ‘Lower Red Eyes’ in Gallitzan State Forest, PA, is fed by anoxic
groundwater with ferrous iron concentrations above 550 mg/L. More than half of the total iron is
removed after the springwater flows downstream over 80 m of stagnant pools and iron-oxide
terraces. We used fluorescence in situ hybridization (FISH) and 16S rDNA cloning to
characterize the microbial communities from orange sediments and green benthic biofilms. 16S
rDNA sequences were extracted from a green biofilm found in a pH 3.5 pool 10 m downstream
of the emergence. Based on chloroplast 16S rDNA sequences and morphological characteristics,
we found that Euglena mutabilis was the dominant eukaryotic organism from this location.
Euglena mutabilis is a photosynthetic protozoan common in acidic and heavy metal affected
environments and likely contributes to the precipitation of iron oxides through the production of
molecular oxygen. Bacterial 16S rDNA sequences were cloned from iron-oxide sediments with
orange cauliflower morphology 27 m downstream from the spring emergence. More than 60% of
bacterial sequences retrieved from the orange sediment sample are related to the iron-oxidizing
Betaproteobacterium Ferrovum myxofaciens. Other bacterial sequences include relatives of ironoxidizing genera in the Gammaproteobacteria, Betaproteobacteria, and Actinobacteria. FISH
analyses show that Betaproteobacteria-dominated communities are associated with Euglena in
multiple upstream locations where pH is above 3.0. Using light microscopy, we quantified
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Euglena in several Lower Red Eyes samples and found that it was abundant in upstream pool
sediments, but was extremely rare in terrace sediments. Future research will investigate how
different environmental variables—including light intensity, flow rate, pH, iron, and other
chemical species—control the distribution of Euglena and associated bacterial taxa in AMD
streams. Likewise, understanding the effects these coexisting eukaryotic and prokaryotic
microbial taxa exert on each other and on their environment may reveal the extent to which these
microorganisms control and shape acidic systems, as well as their own evolution.
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Introduction
Acid mine drainage (AMD) occurs when sulfide minerals, notably pyrite (FeS2), react
with oxygenated water, resulting in the biogeochemical oxidation of sulfide to sulfuric acid
(Senko et al., 2008; Edwards et al., 1998). AMD principally stems from abandoned and
operating coalmines, where pyrite, a common accessory mineral of coal, is left exposed to
surface conditions. It is estimated that 10,000 km of streams in the Appalachian coal-mining
region of the United States are polluted from AMD runoff, including the bituminous coal-mining
region of Western Pennsylvania. While AMD impacted environments are unsupportive of
metazoan diversity, namely fish, they host a wide variety of microorganisms adapted to the high
acidity and heavy metal concentrations (Baker & Banfield 2003). Associated Fe2+ oxidizers, such
as Acidithiobacillus ferrooxidans, catalyze the precipitation of iron-hydroxide minerals,
encouraging the removal of Fe2+ introduced from pyrite disassociation (Senko et al., 2008). This
leads to the prospect of bioremediation, where the growth of certain environment-influencing
taxa is encouraged to help maximize pollution treatment. Likewise, understanding the
relationship between AMD water chemistry and the associated microbiota reveals the controls
life exerts on the environment, such as the biogeochemical cycling of iron and sulfur.
Despite a wealth of publications on AMD systems, effective bioremediation strategies
and extensive characterization of microbial communities, distribution, and interactions are still in
the early process of being characterized. The geochemical conditions controlling the distribution
and diversity of microbial life is especially poorly understood. Here I describe Lower Red Eyes
(LRE), a 150m AMD spring-fed stream from Somerset County, Pennsylvania USA, that exhibits
effective biologically mediated iron removal catalyzed by a suite of iron-oxidizing bacteria and
facilitated by oxygen-supplying eukaryotes. Within 120m of the stream’s emergence, 95% of
dissolved Fe2+ is oxidized, resulting in a 60% decrease of total dissolved iron. This decrease in
iron provides an opportunity to potentially correlate iron precipitation with the distribution of
certain microbial taxa. If certain bacteria and archaea significantly encourage iron removal more
so than other microbes, then their growth can be encouraged at other AMD sites to enhance
remediation. LRE is unique among AMD sites in that the majority of the iron is effectively
removed at the low pH conditions. Once iron is removed from AMD polluted water, the removal
of the associated heavy metal species at treatment sites becomes more effective. Therefore, it’s
important to characterize the microbial communities of LRE in order to develop new
bioremediation strategies. Determining LRE’s prevalent microbial metabolisms and where they
occur along the stream can be correlated to geochemical measurements in order to recognize
biological influences on water chemistry, as well as the chemical constraints on the present life.
In order to figure out the distribution, phylogeny, and physiology of the microorganisms along
the site, some of which are directly controlling iron removal, I performed fluorescence in situ
hybridization (FISH) and 16S rRNA cloning. The molecular evidence shows a dynamic
microbial community that varies with distance from the spring, changing with geochemical
parameters, such as pH and iron concentrations. Here I report the results, which shed light on
how the geochemistry of AMD sites determines microbial distribution, and vice versa.
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Background
Pyrite oxidation and AMD formation
AMD pollution primarily originates from aqueous pyrite oxidation by oxygen [Equation
1]. In nature this reaction involves the formation of intermediates, such as elemental sulfur and
sulfoxyanions (thiosulfate, polythionates, and sulfites), but these species are rarely detected in
AMD environments, and therefore the overall process can be represented by Equation 1
(Edwards et al., 1999).
2FeS2 pyrite + 2H2O + 7O2  2Fe2+ + 4SO42- + 4H+

[Equation 1]

Next to the atmospheric oxidation of volcanic SO2, pyrite oxidation is a fundamental
mechanism of sulfate generation in the sulfur cycle, and is therefore a reaction tightly coupled
with the oxygen cycle. Pyrite oxidation is usually confined to surface weathering environments,
since most groundwater does not contain sufficient amounts of dissolved oxygen. Coal mines,
which leave iron sulfide minerals exposed to surface conditions, therefore accelerate pyrite
dissolution and produce acidic, iron-rich pollution.
After ferrous iron is released, it is oxidized to ferric iron, consuming protons in the
process [Equation 2]. This reaction is rate-limited by the concentration of protons, meaning the
rate of ferrous iron oxidation slows down with decreasing pH (Edwards et al., 1999). However,
this reaction persists in acidic environments due to acidophilic, iron oxidizing bacteria, such as
Acidithiobacillus ferrooxidans and Leptospirillum ferrooxidans, which catalyze the reaction.
These organisms utilize ferric iron as an electron source and oxygen as an electron acceptor,
yielding -19.3 kJ/mol e- (-4.82 kJ/mol H+) ultimately used to generate cellular energy (ATP).
4Fe2+ + O2 + 4H+  4Fe3+ + 2H2O

[Equation 2]

ΔGo = -nFEo
E = E red (reduction process) - Eored (oxidation process)
ΔGo = - (4 mol e-)(96.48 kJ/v)(0.82 v – 0.77 v) = -19.3 kJ/mol e- = -4.82 kJ/mol H+
o

o

Ferric iron, which is soluble in acidic conditions, now acts as an electron acceptor in the
continued oxidation of pyrite, releasing more protons into the system [Equation 3]. Estimates
suggest that ferric iron, a potent oxidant, oxidizes pyrite 3 to 100 times faster than oxygen does
(Edwards et al., 1999). Therefore, the biologically mediated formation of ferric iron leads to
accelerated pyrite oxidation and sulfuric acid production. This perpetuates further pyrite
oxidation, due to ferric iron’s low solubility at higher pH values.
FeS2 pyrite + 14Fe3+ + 8H2O  15Fe2+ +2SO42- + 16H+

[Equation 3]

In the absence of pyrite, the released ferric iron hydrolyzes to form insoluble iron oxide
minerals, such as schwertmannite [Equation 4]. This process essentially removes dissolved iron
from the system, while releasing protons. Therefore, in the regions of AMD systems removed
from the original pyrite source, the hydrolysis of ferric iron can be encouraged to remove iron.
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Fe3+ +3H2O  Fe(OH)3 (s) + 3H+

[Equation 4]

The overall sequence of pyrite oxidation and ferric iron hydroxide mineral formation can
be summed up in Equation 5.
4FeS2 pyrite + 14H2O + 15O2  4Fe(OH)3 (s) + 8SO42- + 16H+

[Equation 5]

Lower Red Eyes
Lower Red Eyes (LRE) is a low flow (< 1 L/s) 150 km long AMD spring located in Prince
Gallitzin State Forest, Somerset County, Pennsylvania (40° 14′ 25.25″ N, 78° 44′ 49.2″ W). In
the early 20th century, bituminous coal miners carved deep tunnels that were subsequently
exposed by strip mining. The AMD discharge originates from one of these large surface
coalmines. Runoff for this mine accumulates in a pool before it travels underground 1 km until it
reaches the emergence spring feeding LRE. This is the sole source of water to the stream,
meaning the AMD runoff is undiluted by surface water from other sources. The discharge flows
for 150 m before seeping back into the ground.
Along this 150m transect, large iron oxide terraces and mounds are observed, along with
a variety of conspicuous biofilms and microbial communities, ranging in color and morphology
with distance from the emergence (Figures 1 and 2). For example, near the source green benthic
biofilms with noticeable gas bubbles dominate, followed by rust orange cauliflower-shaped
communities with an airy and “fluffy” texture. Near the bottom of the stream, thick dark brown
mats are seen. These microbial communities only occur at certain distances from the spring, for
example the green biofilms are never seen at the bottom, and the dark brown mats are never seen
at the top. It is assumed that the dominant organisms at LRE are the same taxa described from
other AMD sites. For example, the most dominant iron-oxidizing bacteria are usually
Acidithiobacillus ferrooxidans (gamma proteobacteria) and Leptospirillum ferrooxidans.
Additionally, green biofilms at AMD sites are typically composed of photosynthetic protests,
such as the algae Euglena mutabilis. It’s assumed that cyanobacteria are absent, given that they
are not known to survive in environments where pH is below 4. However, the prospect of
acidophilic cyanobacteria is worth further investigation.
LRE is a unique AMD site in that the total iron is continuously decreasing as the water flows
away from the emergence. Since pyrite is absent from the environment, additional ferrous iron
from pyrite weathering is not released into the system, meaning the only input of ferrous iron is
the emerging spring water. As the ferrous iron is oxidized (mediated by iron-oxidizing
microbes), the ferric iron hydrolyzes, forms an insoluble iron oxide, and is removed from the
water, despite the low pH. At passive treatment centers, AMD water is run over broken up
carbonate rocks, increasing the pH of the water. As the water becomes more basic, the dissolved
heavy metals become less soluble and precipitate out. Iron, which is the most ubiquitous metal in
AMD water, precipitates out in significantly greater abundance, coating the exposed surface area
of the carbonate rocks, inhibiting further neutralization. Therefore, if iron can be removed from
AMD water at low pH prior to the introduction of carbonate, the additional heavy metals can be
effectively removed. Therefore, understanding how to remove iron at low pH is a significant goal
towards increasing the efficiency of AMD treatment.
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Methods
In the field, conductivity, pH, temperature, and dissolved oxygen (DO) were measured
using portable meters. Sediment and biofilm samples were collected for microbial analysis with
sterile transfer pipets. Samples for fluorescence in situ hybridization (FISH) were preserved in
the field immediately following collection with 4% paraformaldehyde (PFA) as described in
Macalady et al. (2007). PFA increases the rigidity of cell membranes, preserving cell
morphology, and potentially enhances permeability, encouraging the entry of 16S rRNA-targeted
oligonucleotide probes. Samples for DNA extraction were not preserved with 4% PFA, and were
stored at 4 °C in the field after collection, and transferred to a -80 °C freezer once back in the
laboratory.
FISH
FISH analysis was performed as described in Hugenholtz et al. (2001). Overall, sediment
and biofilms samples collected in the field (5µL each) were spotted onto 10-well Teflon-coated
slides. After the 5µL drops of sample dried under a fume hood, the slides were immersed in
50%, 80%, and 90% ethanol solutions for 3 minutes each, as a way to dehydrate the samples.
Next, hybridization buffer composed of 0.9 M NaCl, 20 mM Tris/HCl at pH 7.4, 0.01% sodium
dodecyl sulfate (SDS), 25 ng of fluorescently-labeled probe (Table 1), and formamide
(concentration varied with probe). After incubation for 2 h at 46 °C, slides were incubated in
wash buffer (20 mM Tris/HCl at pH 7.4, 0.01% SDS and NaCl, based on (16)) for 15 min at 48
°C. Slides were then rinsed with deionized water and stained with 4’, 6’-diamidino-2phenylindole (DAPI).
FISH probes used in this study (Table 1) target domain as well as broad phylum-level
bacterial divisions that are commonly found in AMD environments. I specifically targeted the
genus Acidithiobacillus and the genus Ferrovum, two genera with iron oxidizing species.
Betaproteobacteria-specific probe Bet42a is known to target multiple Gammaproteobacteria.
We used the PROBE-MATCH tool in ARB to compare Bet42a against a publicly available
database of 23S rRNA sequences and found that Bet42a targeted >25% of
Gammaproteobacterial sequences. Here we determined total Beta- and Gammaproteobacteria by
hybridizing a mixture of cy3-labeled Gam42a and Bet42a (GAMBET) to each sample, and total
Gammaproteobacteria by hybridizing a separate slide of the same sample with a mixture of cy3labeled Gam42a and unlabeled competitor cGam42a. The proportion of total Betaproteobacteria
was determined by subtracting total Gam42a-labeled cells from total GAMBET-labeled cells.
Slides were mounted with Vectashield and viewed with a Nikon Eclipse 80i
epifluorescence microscope at 1000X. A monochrome Photometrics Coolsnap ES2 CCD camera
was used to obtain photomicrographs with NIS-Elements AS 3.0 software. Population data were
generated by counting more than 400 DAPI-stained cells per probe combination. Cell count data
for each probe combination were collected from at least eight photos (each representing a
different microscope field) and from at least two slide wells.
Clone Libraries
DNA extraction and 16S rRNA cloning from upstream pool sediments were performed
with bacterial primers 27f and 1492r, as described by Macalady et al. (2008). Preceding DNA
extraction, iron oxides were removed from sediments using the oxalate washing procedure as
described by Senko et al. (2008). The dominant phylotype in the resulting clone library LREO94

21 was closely related to Ferrovum myxofaciens. Probe Ferri643 (Table 1) was designed to target
the Ferrovum group using the PROBE_DESIGN function in the ARB package. Appropriate
formamide stringency was determined using a mixed culture of Ferrovum myxofaciens as a
positive control and Pseudomonas fragi as a negative control.
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Results
FISH Results
Domain-specific probes were used to target archaea and bacteria, as well as phylum-level
probes to specifically target Gamma- and Betaproteobacteria. Both of these divisions contain
multiple iron-oxidizing acidophiles that are common in AMD environments. At all sites except
the emergence, the combination of Gamma- and Betaproteobacteria probes labeled more than
80% of all DAPI-stained cells, which . We also used probes targeting the genera
Acidithiobacillus (Gammaproteobacteria) and Ferrovum (Betaproteobacteria).
At the anoxic emergence, conspicuous green biofilms are formed by photosynthetic
Eukarya, primarily Euglena spp. Elongated cells with rust colored granules were commonly
observed under light microscopy, suggesting Fe sequestration. These cells were morphologically
similar to Euglena mutabilis, which has been identified at many AMD sites. Bacterial
communities found at the emergence were dominated (>50% total cells) by bacteria with
morphologies characteristic for spirochaetes. Rod-shaped Betaproteobacteria made up 32% of
the community. As the water became oxygenated and the pH dropped, Euglena decreased in
abundance within 7 m of the spring. Also 7 m from the spring, the system abruptly shifted from
the emergent pond facies to the iron mound.
At 10 m from the spring, Betaproteobacteria increased in abundance to 70% of the
community. Ferrovum appeared as a minor proportion of the community at 10 m from the
spring, but increased in abundance to over 80% of the community at 52 m from the spring. At 59
m from the spring, Acidithiobacillus were the dominant microorganisms. More than 65% of all
cells were identified as Acidithiobacillus and only 1% were identified as Archaea at this location.
No Acidithiobacillus cells were observed closer than 28 m to the source.
Clone Library Results
LRE09-22: 16S rDNA sequences were extracted from a green biofilm found in a pH 3.5 pool 10
m downstream of the emergence (Figure 3). Based on chloroplast 16S rDNA sequences and
morphological characteristics, we found that Euglena mutabilis was the dominant eukaryotic
organism from this location (Figure 4 and 5). Euglena mutabilis is a photosynthetic protozoan
common in acidic and heavy metal affected environments and likely contributes to the
precipitation of iron oxides through the production of molecular oxygen.
FISH analyses show that Betaproteobacteria-dominated communities are associated with
Euglena in multiple upstream locations where pH is above 3.0.
LRE09-21: Bacterial 16S rDNA sequences were cloned from iron-oxide sediments with orange
cauliflower morphology 27 m downstream from the spring emergence (Figure 6). More than
60% of bacterial sequences retrieved from the orange sediment sample are related to the ironoxidizing Betaproteobacterium Ferrovum myxofaciens (Figure 7 and 8). Other bacterial
sequences include relatives of iron-oxidizing genera in the Gammaproteobacteria,
Betaproteobacteria, and Actinobacteria. pH=2.98.
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Discussion
The results show distinct microbial communities as a function of distance downstream of
the emergence. Upstream, within 10 m of the anoxic emergence, conspicuous green biofilms
primarily composed of Euglena mutabilis dominate. Within this area, dissolved oxygen is
highest, likely the result of the oxygenic photosynthesis performed by E. mutabilis (Figure 9).
DO begins to drop after 10m, where E. mutabilis biofilms dwindle and disappear, possibly due to
the combined decrease of oxygen production and Fe(II) oxidation [Equation 2], which consumes
one mole of molecular oxygen for every four moles of Fe(II). If this is occurring, then
[Fe(III)]/[Fe(III)+Fe(11)] should increase, which is confirmed by geochemical measurements.
Total iron also decreases as iron oxides are formed from the hydrolysis of Fe(III) (Equation 4).
Also, rust colored granules were commonly observed in E. mutabilis cells under light
microscopy, suggesting iron sequestration, known to be performed by E. mutabilis (Brake et al.,
2001). Therefore, E. mutabilis may directly and indirectly encourage iron removal at LRE by
encouraging Fe(II) oxidation, which leads to Fe(III) hydrolysis, and intracellularlly sequestering
iron from the environment. E. mutabilis are only pervasive in areas where pH is above 3.5, which
may be the primary constraint on their distribution. In this scenario, pH variation primarily
explains the E. mutabilis-dominated upstream, while E. mutabilis explains the elevated DO
levels. The environment selects for certain organisms, which in turn affect the environment.
They are also found at most 27m down where pH is 2.98, as revealed by E. mutabilis chloroplast
sequences from clone library LRE09-21.
The overall constraints on the taxa present, determining their distribution and abundance,
are still not resolved. Correlations, such as the presence of E. mutabilis and high pH, can be
made, but these do not confirm causal relationships. To determine direct constraints,
geochemical variables need to be better isolated. Perhaps this can be achieved by measuring LRE
during different seasons to see how the chemistry, and then biology, changes. The decrease in
temperature (Figure 3) approximately 60m downstream may be the result of a secondary water
source, although this idea has not been tested. However, a biofilm at this location resembles the
Euglena-dominated biofilms upstream. Perhaps the distribution of Euglena is controlled by a
condition characteristic of the emerging water, such as redox potential or pH, suggesting that the
appearance of Euglena at this location further indicates a second spring. Testing redox potential
and other geochemical conditions of this location and determining whether or not the biofilm is
composed of Euglena will help answer this question—not only of the presence of a second
spring, but also the controls on Euglena distribution.
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Figures

Figure 1: Iron oxide mound, predominantly composed of schwertmannite. Ferric iron reacts with
oxygen to form insoluble iron oxide sediments, essentially removing iron out of solution, stored
in the iron mounds. Photograph taken in the field by Jenn Macalady.
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Figure 2: Green benthic biofilm found 7m from the emergence. Conspicuous bubbles are
indicative of gas formation, likely molecular oxygen produced from oxygenic photosynthesis
carried out by photosynthetic protists.
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10 cm

5 cm

10m downstream from emergence
pH = 2.99
Dissolved Oxygen = 7.46 mg/L
Fe 2+ = 471.93 mg/L
Figure 3: Sample LRE09-22, 10m downstream from the emergence. Green crusty biofilm over
bright orange sediment on top of dark brown material.
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Figure 4: Composition based on BLAST analysis of 16S rRNA sequences (n=48).
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Figure 5: Neighbor joining phylogenies of 16S rRNA gene sequences from Euglena.
Maximum parsimony bootstrap values are shown on branches.
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Figure 6: LRE09-21, 27m downstream of the emergence. Light fluffy, “cauliflower”
morphology.
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Figure 7: Composition based on BLAST analysis of 16S rRNA sequences (n=48)
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Figure 8: Neighbor joining phylogenies of 16S rRNA gene sequences from the most abundant
Betaproteobacterial phylotype. Clone LRE22B2 represents 60% of the bacterial community, and
is closely related to iron-oxidizing isolate Ferrovum myxofaciens. Maximum parsimony
bootstrap values are shown on branches.
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Figure 9: Geochemical data collected in situ with dotted lines indicating the location of the
samples collected for clone libraries.
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