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ABSTRACT

Two acid mine drainage (AMD) sites in the Appalachian bituminous coal basin were selected to enrich for Fe(II)-oxidizing mi-
crobes and measure rates of low-pH Fe(II) oxidation in chemostatic bioreactors. Microbial communities were enriched for 74 to
128 days in fed-batch mode, then switched to flowthrough mode (additional 52 to 138 d) to measure rates of Fe(II) oxidation as a
function of pH (2.1 to 4.2) and influent Fe(II) concentration (80 to 2,400 mg/liter). Biofilm samples were collected throughout
these operations, and the microbial community structure was analyzed to evaluate impacts of geochemistry and incubation time.
Alpha diversity decreased as the pH decreased and as the Fe(II) concentration increased, coincident with conditions that at-
tained the highest rates of Fe(II) oxidation. The distribution of the seven most abundant bacterial genera could be explained by a
combination of pH and Fe(II) concentration. Acidithiobacillus, Ferrovum, Gallionella, Leptospirillum, Ferrimicrobium, Acid-
iphilium, and Acidocella were all found to be restricted within specific bounds of pH and Fe(II) concentration. Temporal dis-
tance, defined as the cumulative number of pore volumes from the start of flowthrough mode, appeared to be as important as
geochemical conditions in controlling microbial community structure. Both alpha and beta diversities of microbial communi-
ties were significantly correlated to temporal distance in the flowthrough experiments. Even after long-term operation under
nearly identical geochemical conditions, microbial communities enriched from the different sites remained distinct. While these
microbial communities were enriched from sites that displayed markedly different field rates of Fe(II) oxidation, rates of Fe(II)
oxidation measured in laboratory bioreactors were essentially the same. These results suggest that the performance of suspend-
ed-growth bioreactors for AMD treatment may not be strongly dependent on the inoculum used for reactor startup.

IMPORTANCE

This study showed that different microbial communities enriched from two sites maintained distinct microbial community
traits inherited from their respective seed materials. Long-term operation (up to 128 days of fed-batch enrichment followed by
up to 138 days of flowthrough experiments) of these two systems did not lead to the same, or even more similar, microbial com-
munities. However, these bioreactors did oxidize Fe(II) and remove total iron [Fe(T)] at very similar rates. These results suggest
that the performance of suspended-growth bioreactors for AMD treatment may not be strongly dependent on the inoculum used
for reactor startup. This would be advantageous, because system performance should be well constrained and predictable for
many different sites.

Niche models use environmental and geochemical informa-
tion to explain and predict the composition and diversity of

microbial communities. In these models, different geochemical
conditions act as key niche parameters controlling microbial com-
munity composition. For example, pH (1–4), temperature (5),
organic carbon (6, 7), and salinity (8, 9) have all been identified as
major drivers of microbial niche differentiation in a variety of
natural habitats. Spatial distance (10–13) and temporal distance
(14–16) can also structure microbial communities due to environ-
mental heterogeneity, dispersal limitation, historical contingency,
stochastic events, and disturbances. Extreme environments, such
as acidic systems, can be useful as model systems for the analysis of
microbial niches because of the limited biological diversity and
available number of energy-deriving reactions (17–19).

Microbial community composition and diversity have been
well studied in acidic environments (17–19). pH is often consid-
ered the most dominant explanatory variable for controlling mi-
crobial distribution across multiple acid mine drainage (AMD)
sites, perhaps because it controls other geochemical variables (20–
29). pH, however, is not the only driver of microbial community

composition in acidic environments. Geochemical variables, such
as Fe concentration and speciation, dissolved oxygen, tempera-
ture, organic carbon, sulfate, conductivity, and other metal con-
centrations, have also been reported to affect microbial commu-
nity dynamics in AMD systems (21, 22, 26–33). Hydrodynamic
variables, such as velocity, retention time, turbulence, and precip-
itation patterns, can also affect microbial community dynamics
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(32, 33). Across so-called terraced iron formations (TIFs), geo-
chemical gradients establish such that Fe(II) and pH covary across
each site (19, 34–36). At TIF sites in the Appalachian bituminous
coal basin, microbial assemblages have been well explained by the
combination of pH and Fe(II) concentration (19, 36).

Low-pH Fe(II)-oxidizing microbial communities can be in-
corporated into both passive and active AMD treatment systems.
Natural or engineered TIFs can be used to oxidize Fe(II) and re-
move total iron [Fe(T)] in passive treatment systems (34–38).
Active bioreactors can also effectively oxidize Fe(II) and remove
Fe(T) from solution and are considerably more effective than pas-
sive systems on a space basis. Acidophilic Fe(II) oxidizers Acidi-
thiobacillus spp., Leptospirillum spp., and Ferrovum myxofaciens
have all been enriched in both fixed-film and suspended-growth
laboratory-scale bioreactors for AMD treatment (39–42). Natu-
ral, mine-impacted microbial communities dominated by Ferr-
ovum myxofaciens and Gallionella-related strains were also en-
riched in pilot-scale bioreactors (33, 43, 44).

In related work, we determined the enrichment of iron-oxidiz-
ing bacteria (FeOB) from two different sites in the Appalachian
bituminous coal basin and operated chemostatic bioreactors
through a range of pH and influent Fe(II) concentrations (Y.
Sheng, K. Bibby, C. Grettenberger, B. Kaley, J. L. Macalady, G.
Wang, and W. D. Burgos, submitted for publication). In this pa-
per, we present results on the microbial community compositions
in these bioreactors as determined by high-throughput 16S rRNA
gene sequencing. These bioreactors were operated such that tem-
perature, dissolved oxygen, and hydrodynamic conditions were
invariant; only the pHs or the influent Fe(II) concentrations were
varied. As these bioreactors were operated sequentially through
each series of geochemical set points, temporal distance was de-
fined as the cumulative number of pore volumes pumped through
each reactor. The objectives of this research were to determine the
effects of pH and Fe(II) concentration on predominant FeOB, to
examine the microbial communities capable of the highest rates of
Fe(II) oxidation and Fe(T) removal, and to evaluate the effect of
temporal distance on microbial community structure.

MATERIALS AND METHODS
Bioreactor operation and sample collection. Details of site descriptions,
field sampling, laboratory enrichment of Fe(II)-oxidizing microbial com-
munities, and operation of the chemostatic laboratory bioreactors are
included in the supplemental material and are available from our labora-
tory (Sheng et al., unpublished). Field rates of low-pH Fe(II) oxidation at
eight AMD sites in the Appalachian bituminous coal basin, central Penn-
sylvania, were previously measured (35). Among these sites, Scalp Level
displayed the highest rate of Fe(II) oxidation, while Brubaker Run dis-
played the regional-average rate of Fe(II) oxidation. Surface sediments
(top 2 cm) were collected from each site as seed material for microbial
enrichments. Water was collected from the anoxic artesian springs for
fed-batch enrichments and as influent for the flowthrough bioreactors.
Water was filtered (0.2 �m), sparged with N2, and stored in Al foil-
wrapped plastic bottles at 4°C before use.

Mixed cultures of naturally occurring microbes were enriched from
the sediments using a no-flow, fed-batch operation. Biomass was first
extracted from the sediments with 0.1% (mass/vol) sodium pyrophos-
phate (pH 3.5), transferred into the bioreactor vessel, and discontinuously
fed ferrous sulfate at concentrations of 300 to 1,000 mg · liter�1 for 74 to
128 days. Automated control components of the bioreactors maintained a
constant pH, temperature, and mixing speed, and the level of dissolved
oxygen (DO) was constant.

After a common fed-batch enrichment period, each enrichment cul-

ture was divided for the pH series and the Fe(II) series experiments. For
Scalp Level, the initial common enrichment period was 80 days, the pH
series reactor was operated in fed-batch mode for an additional 17 days
(97 days total), and the Fe(II) series reactor was operated in fed-batch
mode for an additional 48 days (128 days total). For Brubaker Run, the
initial common enrichment period was 30 days, the pH series reactor was
operated in fed-batch mode for an additional 44 days (74 days total), and
the Fe(II) series reactor was operated in fed-batch mode for an additional
83 days (113 days total).

After fed-batch enrichment, each of these four reactors was switched
to flowthrough mode, while the operational set point was maintained
[defined by pH and influent Fe(II) concentration]. In all flowthrough
experiments, the stirring rate was 50 rpm, the temperature was 20°C, and
the hydraulic residence time was 6 h. For each set point, the reactor was
operated until it achieved a pseudo-steady-state condition with respect to
the Fe(II) oxidation rate. Prior to the changing of each set point, biofilm
samples were collected from the wall of the bioreactor. A total of 40 bio-
film samples were collected from the four bioreactor experiments: 21
from the pH series experiments (pH � 2.1 to 4.2), 15 from the Fe(II) series
experiments (influent [Fe(II)] � 60 to 2,400 mg · liter�1), and 4 from the
fed-batch enrichments (one from each). Four samples were also collected
from the field sites (three from Scalp Level and one from Brubaker Run).
All samples were immediately preserved in RNAlater stabilization reagent
(1:3 [vol/vol]) (Qiagen), incubated at 4°C, and stored at �80°C until
DNA extraction.

DNA extraction, PCR, and sequencing. For each site, all DNA extrac-
tions were performed together at the end of the flowthrough experiments.
DNA was extracted from each sample using the PowerBiofilm DNA iso-
lation kit (Mo Bio Laboratories) as described by the manufacturer. PCR
was performed in quadruplicate using the 16S rRNA primers 515F and
806R, including sequencing and barcoding adapters, as previously de-
scribed (45). The PCR consisted of an initial denaturation step (94°C) for
3 min followed by 34 cycles of 96°C (30 s), 54°C (1 min), and 72°C (1.5
min) followed by a 10-min elongation (72°C), and products were checked
on a 1% (wt/vol) agarose gel. No-template negative controls were in-
cluded in all PCR runs to ensure that the reagents and equipment were not
contaminated. PCR products were pooled and purified using the Ultra-
Clean PCR clean-up kit (Mo Bio Laboratories) and quantified using the
Qubit 2.0 fluorometer (Invitrogen). The removal of primer dimers and
other artifacts was confirmed via visual gel inspection. Following quanti-
fication, 0.1-pmol specimens of all sample PCR products were pooled.
Samples were sequenced on an Illumina MiSeq sequencing platform (Il-
lumina, San Diego, CA) with a MiSeq reagent kit, V2 (300 cycles), as
previously described (45).

Data analysis. Sequence data were analyzed using QIIME 1.7.0.29
(46). The sequences were demultiplexed and filtered to remove sequences
that did not contain a correct sample barcode and did not have a quality
score of Q20 or higher. Demultiplexed and quality-filtered sequences are
available on MG-RAST (accession no. 4672512.3) (47). Closed-reference
operational taxonomic units (OTU) were predicted from the quality-fil-
tered sequences (pick_closed_reference_otus.py) at 97% similarity and
assigned taxonomy based on the Greengenes 13_8 database (48). There is
ongoing debate as to the best OTU picking strategy; we opted for closed
reference picking to maximize OTU stability and computational effi-
ciency (49). We believe this approach to be valid, as the vast majority of all
samples were comprised of a limited subset of taxa. Alpha diversity was
calculated using the observed_species and PD_whole_tree metrics within
QIIME. Alpha diversity in the Brubaker Run field sample was calculated
on the basis of 30,000 randomly selected sequences to allow even compar-
ison. Alpha diversities in other samples were all calculated based on the
number of sequencing reads (Table 1). Beta diversity was conducted by
UniFrac analysis (50). Weighted UniFrac metrics were calculated based
on pairwise distance values. Linear regression analysis was conducted be-
tween operational/geochemical parameters [i.e., pore volume, pH, influ-
ent Fe(II), and Fe(II) oxidation rate] and the number of observed OTU,
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phylogenetic diversity for alpha diversity, pairwise UniFrac distance for
beta diversity, and relative abundance of individual bacterial phyla and
genera for taxonomic diversity. One-way analysis of variance was con-
ducted on these data with a 99.9% confidence level. Statistical analyses
were implemented with SPSS 19.0 software (IBM Company, 2010).

RESULTS AND DISCUSSION
Diversity of microbial assemblages. The numbers of OTU ob-
served in the field samples compared to numbers in the four fed-
batch enrichment reactors (two per site) decreased in three of the
four cases (Fig. 1A and D). For Scalp Level, numbers of observed
OTU were higher in the field sediments than in both enrichment
reactors (Table 1). In contrast, for Brubaker Run, numbers of
observed OTU were either lower (Fig. 1A) or higher (Fig. 1D) in
the field sediments than in the enrichment reactors. These changes
occurred over 97 to 128 days for the Scalp Level enrichments and
over 74 to 113 days for the Brubaker Run enrichments.

Once switched to flowthrough mode, the changes in alpha di-
versity over time were greater in the Brubaker Run bioreactors
than in the Scalp Level bioreactors (Fig. 1A and D). Alpha diversity
was measured by determining numbers of observed OTU (Fig. 1)
or by determining phylogenetic diversity (see Fig. S2 in the sup-
plemental material). Numbers of OTU observed in the Scalp Level
bioreactors were lower and less varied than in the Brubaker Run
bioreactors. At the end of the first flowthrough operational set
points, numbers of OTU observed in both Scalp Level bioreactors
continued to decrease compared to numbers observed under the
preceding fed-batch conditions. In contrast, numbers of OTU ob-
served in both Brubaker Run bioreactors increased from the time
of fed-batch conditions to the time of the first operational set
points.

Alpha diversity increased over the course of the pH series ex-
periments but decreased over the course of the Fe(II) series exper-
iments. Positive linear correlations between numbers of observed
OTU and the cumulative number of pore volumes (i.e., temporal
distance) were significant for the pH series experiments for Scalp
Level (P � 0.001) (Table 2) and for Brubaker Run (P � 0.003)
(Table 3). Negative linear correlations between numbers of ob-
served OTU and the cumulative number of pore volumes, how-
ever, were not significant for the Fe(II) series experiments for
Scalp Level (P � 0.27) or for Brubaker Run (P � 0.14). Numbers
of observed OTU significantly decreased at low pH (Fig. 1B), con-
sistent with many other studies that demonstrate decreased mi-
crobial diversity under more-extreme acidic conditions (8, 9, 21,
22, 51). Numbers of observed OTU also significantly decreased

when the bioreactors attained their highest rates of Fe(II) oxida-
tion (Fig. 1C and F).

Linear correlations existed between numbers of observed OTU
and influent Fe(II) concentrations but were not statistically signif-
icant (Fig. 1E). Correlations for both the Scalp Level and Brubaker
Run Fe(II) series bioreactors, however, were negative. One may
have anticipated an increase in microbial diversity in response to
the increased substrate concentration for FeOB. Instead, a de-
crease in richness may be indicative of a stress response to the
extreme condition of an elevated metal concentration.

Taxonomic compositions of microbial assemblages. Micro-
bial community structures (phylum level) were distinct between
the Scalp Level and Brubaker Run sites (Fig. 2). The microbial
ecologies of the field samples evolved differently through the fed-
batch enrichment periods. The microbial ecology of the flow-
through bioreactor series, in turn, evolved differently from that of
the respective fed-batch systems. Gammaproteobacteria, Alpha-
proteobacteria, and Actinobacteria were predominant in the Bru-
baker Run bioreactors, while Betaproteobacteria and Nitrospirae
were predominant in the Scalp Level bioreactors. These five bac-
terial phyla accounted for more than 95% of the total 16S rRNA
gene sequences across all bioreactor samples. Archaea such as Eu-
ryarchaeota and Crenarchaeota were extremely rarely detected
(�0.001%).

For the Scalp Level pH series bioreactor, the relative abun-
dances of Betaproteobacteria, Alphaproteobacteria, and Actinobac-
teria increased over time and with increased pH, while those of
Gammaproteobacteria and Nitrospirae decreased (Fig. 2A). “Cy-
anobacteria” (including chloroplast sequences) disappeared
from the community following the laboratory enrichments.
The thermal jacket wrapped around the reactor kept the labo-
ratory systems darker than the field systems and likely caused
the decline of phototrophs. Similar distributions of the pre-
dominant bacterial phyla were also detected in the Brubaker
Run bioreactors (Fig. 2B and D). Data in Fig. 2 are aligned
along the temporal axis of the experiments (i.e., the cumulative
number of pore volumes) such that certain geochemical set
points were repeated later in the experimental sequence (de-
noted with an “r” at the end of the label). Cluster analysis based
on weighted UniFrac distance matrices confirmed that micro-
bial communities from repeated geochemical set points did not
return to their original compositions (see Fig. S3 in the supple-
mental material). The hysteretic behavior of microbial com-
munity composition highlights the importance of time in ad-

TABLE 1 Sequencing results after quality trimming for the Scalp Level (SL) and Brubaker Run (BR) systems

Site/expt Geochemical conditions
No. of
samples

Total no. of
reads

Avg reads per
samplea Observed OTUs

SL field pH � 2.8–3.0, [Fe(II)]field � 3–44 mg L�1 3 100,231 33,410 � 664 180–324
SL batch pH � 2.7, [Fe(II)]batch � 300–1,000 mg L�1 2 47,515 23,758 � 12,735 114-164
SL pH series pH � 2.1–4.2, [Fe(II)]in � 300 mg L�1 10 177,917 17,791 � 1,516 60–173
SL Fe(II) series pH � 2.7, [Fe(II)]in � 60–2,400 mg L�1 7 97,790 13,970 � 1,460 79–128
BR field pH � 3.6, [Fe(II)]field � 38 mg L�1 1 478,616 � 163b

BR batch pH � 2.9, [Fe(II)]batch � 300 mg L�1 2 67,783 33,892 � 509 136–301
BR pH series pH � 2.3–4.1, [Fe(II)]in � 300 mg L�1 11 395,733 35,976 � 1,626 109–338
BR Fe(II) series pH � 2.9, [Fe(II)]in � 80–2,400 mg L�1 8 274,209 34,276 � 2,951 139–426
a Values represent mean � one standard error for average reads per sample for field, batch, pH series, and Fe(II) series experiments.
b Observed number of OTUs in the Brubaker Run field sample was calculated on the basis of 30,000 randomly selected sequences.

Geochemical/Temporal Impacts on Bacterial Communities
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dition to geochemistry on microbial community shifts within
these closed systems.

Influence of geochemistry on microbial communities. The
influences of pH and Fe(II) concentration on microbial commu-
nity structure were evaluated using a series of linear correlations
(Tables 2 and 3). As noted above, numbers of observed OTU were
significantly positively correlated with pH. Numbers of observed
OTU were negatively correlated with Fe(II) concentrations, al-
though these correlations were not significant (P values of 0.086
and 0.178). Correlations were also established for the five pre-
dominant phyla and the seven most abundant genera. The au-
totrophic Fe(II)-oxidizing bacteria Acidithiobacillus, Ferrovum,
Gallionella, and Leptospirillum, the heterotrophic Fe(II)-oxidizing
bacterium Ferrimicrobium, and the heterotrophic bacteria Acid-
iphilium and Acidocella-like species predominated in all bioreac-
tors (91 to 94% in the Scalp Level bioreactors; 80 to 85% in the
Brubaker Run bioreactors). Gray shading is used in Tables 2 and 3
to highlight significant correlations (P � 0.05). This shading helps

demonstrate that components of the microbial communities were
more often correlated with pH and that more correlations were
observed in the Scalp Level system.

Of the 14 genus-based correlations for the pH series experi-
ments (7 genera in each of two systems), the relative abundances
for nine conditions were significantly correlated with pH (Fig. 3).
For the Fe(II) series experiments, only 2 (Acidiphilium and Ferr-
ovum), both in the Brubaker Run bioreactor, of the 14 conditions
were significantly correlated with Fe(II) concentration (see Fig. S4
in the supplemental material). The relative abundances of Acidi-
thiobacillus, Leptospirillum, and Acidiphilium tended to decrease
with pH, while those of Gallionella, Ferrimicrobium, and Acido-
cella tended to increase with pH. The relative abundance of Ferr-
ovum, one of the most predominant genera, was not strongly cor-
related with pH.

While the highest rates of Fe(II) oxidation occurred at the low-
est pH values, the highest rates of Fe(T) removal occurred at a pH
between 2.9 and 3.3, which is an optimal condition for AMD bio-

FIG 1 Observed numbers of OTU (97% sequence similarity) in samples from pH series experiments versus pore volume (A), pH (B), and oxidation rate (C) and
from Fe(II) series experiments versus pore volume (D), influent Fe(II) (E), and oxidation rate (F). Field and batch (pore volumes � 0) samples are included only
in panels A and D. The enlarged symbol in panels A and D represents the Scalp Level sample collected nearest the sampling location for batch enrichments. The
influent [Fe(II)] was held constant at 300 mg · liter�1 for pH series experiments. The pH was held constant at 2.7 in the Scalp Level bioreactor and at 2.9 in the
Brubaker Run bioreactor for the Fe(II) series experiments.
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reactors (Sheng et al., unpublished). When the Scalp Level pH
series bioreactor was operated between a pH of 3.0 and 3.3, Ferr-
ovum-like species accounted for 60 to 80% of the relative abun-
dance. When the Brubaker Run pH series bioreactor was operated
between a pH of 2.9 and 3.2, both Ferrovum (15 to 50%) and
Acidithiobacillus (20 to 50%) were dominant members of the mi-
crobial communities. For both the Scalp Level and the Brubaker
Run pH series bioreactors, Gallionella accounted for up to 15 to
20% of the relative abundance in this pH range. The previously
identified predominance of these FeOB in both laboratory-scale
(34) and pilot-scale (33, 44) bioreactors (pH �3 for both) is con-
sistent with that of our current study. While the predominant
genera were very different in the Scalp Level and Brubaker Run

bioreactors, the rates of Fe(II) oxidation were very similar (Fig. 1C
and F).

When the pH set points of the bioreactors decreased from a pH
of 2.9 to 2.1, the rate of Fe(II) oxidation increased but the rate of
Fe(T) removal decreased. In this pH range in the Scalp Level bio-
reactors, the relative abundance of Leptospirillum peaked at 61%
(Fig. 3). In contrast, the relative abundance of Leptospirillum was
less than 3% in this pH range in the Brubaker Run bioreactor. The
relative abundance of Leptospirillum was never greater than 6% in
any sample from the Brubaker Run bioreactors. Leptospirillum has
been found to be most abundant in extremely acidic AMD envi-
ronments (e.g., pH �1.5), where the species of this genus outcom-
pete less acid-tolerant Acidithiobacillus and Ferrovum organisms

TABLE 2 Linear correlations between biodiversity metrics and primary operational/geochemical parameters for the Scalp Level geochemical series
experimentsa

Parameter or phylum/genus

pH series Fe(II) series

Pore vol pH Oxidation rate Pore vol [Fe(II)]in Oxidation rate

Biomass 0.14 (0.695) 0 (0.996) 0.02 (0.950) �0.84 (0.018) �0.89 (0.008) �0.97 (�0.001)
Observed OTUs 0.94 (�0.001) 0.90 (�0.001) �0.90 (�0.001) �0.49 (0.270) �0.57 (0.178) �0.75 (0.054)
Phylogenetic diversity 0.92 (�0.001) 0.89 (�0.001) �0.93 (�0.001) �0.26 (0.573) �0.53 (0.220) �0.67 (0.099)
Actinobacteria 0.89 (�0.001) 0.90 (�0.001) �0.92 (�0.001) �0.90 (0.006) �0.65 (0.114) �0.83 (0.022)
Alphaproteobacteria 0.87 (0.001) 0.84 (0.002) �0.85 (0.002) �0.76 (0.045) �0.83 (0.021) �0.93 (0.002)
Betaproteobacteria 0.80 (0.005) 0.59 (0.071) �0.49 (0.152) 0.31 (0.506) 0.15 (0.752) 0.39 (0.383)
Gammaproteobacteria �0.67 (0.033) �0.35 (0.323) 0.20 (0.575) 0.34 (0.454) 0.39 (0.391) 0.17 (0.714)
Nitrospirae �0.86 (0.001) �0.81 (0.005) 0.77 (0.009) �0.78 (0.037) �0.56 (0.186) �0.69 (0.089)
Acidocella 0.72 (0.019) 0.69 (0.027) �0.62 (0.054) �0.62 (0.140) �0.53 (0.220) �0.52 (0.232)
Acidiphilium 0.74 (0.015) 0.73 (0.016) �0.80 (0.005) �0.73 (0.064) �0.75 (0.052) 0.22 (0.631)
Acidithiobacillus �0.75 (0.013) �0.41 (0.245) 0.29 (0.414) 0.39 (0.392) 0.43 (0.334) 0.38 (0.401)
Ferrovum 0.63 (0.049) 0.36 (0.312) �0.25 (0.485) 0.25 (0.594) 0.15 (0.749) �0.81 (0.027)
Ferrimicrobium 0.85 (0.002) 0.89 (�0.001) �0.87 (�0.001) �0.90 (0.005) �0.63 (0.130) �0.69 (0.089)
Gallionella 0.77 (0.010) 0.75 (0.012) �0.68 (0.034) 0.36 (0.426) 0.09 (0.847) 0.17 (0.723)
Leptospirillum �0.86 (0.001) �0.81 (0.005) 0.77 (0.009) �0.78 (0.374) �0.56 (0.186) �0.92 (0.003)
a Correlations are with relative abundance of each taxon. Values are correlation coefficients with P values in parentheses; P � 0.05 represents a significant correlation and P � 0.001
represents a highly significant correlation. Light gray shading highlights significant correlations (P � 0.05).

TABLE 3 Linear correlations between biodiversity metrics and primary operational/geochemical parameters for the Brubaker Run geochemical
series experimentsa

Parameter or phylum/genus

pH series Fe(II) series

Pore vol pH Oxidation rate Pore vol [Fe(II)]in

Oxidation
rate

Biomass �0.39 (0.234) �0.35 (0.297) 0.46 (0.159) �0.81 (0.014) �0.6 (0.113) �0.53 (0.180)
Observed OTUs 0.80 (0.003) 0.81 (0.003) �0.86 (�0.001) �0.57 (0.140) �0.64 (0.086) �0.75 (0.031)
Phylogenetic diversity 0.79 (0.004) 0.75 (0.008) �0.84 (0.001) �0.48 (0.232) �0.65 (0.079) �0.76 (0.029)
Actinobacteria 0.59 (0.056) 0.47 (0.145) �0.49 (0.127) 0.49 (0.220) 0.17 (0.696) 0.57 (0.144)
Alphaproteobacteria �0.15 (0.661) 0.19 (0.584) �0.06 (0.858) �0.53 (0.175) �0.4 (0.332) �0.33 (0.425)
Betaproteobacteria 0.46 (0.153) 0.31 (0.349) �0.30 (0.368) 0.72 (0.043) 0.62 (0.104) 0.27 (0.524)
Gammaproteobacteria �0.81 (0.003) �0.71 (0.014) 0.71 (0.015) �0.82 (0.013) �0.63 (0.097) �0.42 (0.304)
Nitrospirae 0.58 (0.063) 0.36 (0.278) �0.46 (0.159) 0.01 (0.999) �0.1 (0.812) 0.47 (0.245)
Acidocella 0.74 (0.009) 0.87 (�0.001) �0.75 (0.008) �0.09 (0.840) �0.02 (0.973) 0.19 (0.659)
Acidiphilium �0.83 (0.001) �0.65 (0.031) 0.67 (0.025) �0.54 (0.165) �0.91 (0.002) �0.75 (0.031)
Acidithiobacillus �0.89 (�0.001) �0.82 (0.002) 0.83 (0.002) �0.81 (0.016) �0.63 (0.092) �0.42 (0.294)
Ferrovum �0.21 (0.541) �0.45 (0.161) 0.36 (0.275) 0.57 (0.138) 0.73 (0.039) 0.26 (0.540)
Ferrimicrobium 0.56 (0.073) 0.45 (0.167) �0.44 (0.174) 0.50 (0.206) 0.17 (0.687) 0.56 (0.151)
Gallionella 0.67 (0.024) 0.79 (0.004) �0.64 (0.342) 0.69 (0.060) 0.01 (0.990) 0.16 (0.714)
Leptospirillum 0.58 (0.063) 0.36 (0.279) �0.45 (0.160) 0 (0.990) �0.10 (0.820) 0.47 (0.240)
a Correlations are with relative abundance of each taxon. Values are correlation coefficients with P values in parentheses; P � 0.05 represents a significant correlation and P � 0.001
represents a highly significant correlation. Light gray shading highlights significant correlations (P � 0.05).
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(23, 24, 52). The relative abundance of Acidithiobacillus, however,
also increased at lower pH values and was dominant in the Bru-
baker Run bioreactor, consistent with the predominance in many
low-pH niches (pH �2) (25–28). Ferrovum consistently main-
tained a high relative abundance (15 to 50%) in all bioreactors.

When the pH set points of the bioreactors increased from a
pH of 3.3 to 4.2, both the rate of Fe(II) oxidation and the rate of
Fe(T) removal decreased. At the highest pH values, the relative
abundance of Acidithiobacillus, Ferrovum, and Leptospirillum de-
creased, while that of Gallionella and Ferrimicrobium increased. In
the Brubaker Run pH series bioreactor, Acidiphilium reached its
lowest abundance and Acidocella reached its highest abundance at
a pH of 4.2. Heterotrophic Alphaproteobacteria (e.g., Acidiphilium
spp. and Acidocella spp.) are commonly detected in acidic biofilm
streamers and are assumed to colonize after autotrophic Fe(II)
oxidizers become established (26–28, 53–56).

When the influent Fe(II) concentrations in the bioreactors in-
creased from 60 to 2,400 mg/liter, both the rate of Fe(II) oxidation
and Fe(T) removal increased. Only four components of the mi-
crobial communities were significantly correlated with Fe(II) con-
centration (Tables 2 and 3).

While pH has been cited as the most important geochemical
variable affecting microbial community structure in soils (1–4),
sediments (51), and mine-impacted environments (21, 22), a geo-
chemical niche model based on pH and Fe(II) concentration was
recently developed for similar AMD systems in the Appalachian
bituminous coal basin (36). The abundances of Acidithiobacillus,
Ferrovum, and Gallionella were quantified by cell counts using
fluorescent in situ hybridization (FISH). At the Upper and Lower
Red Eye AMD sites, Ferrovum was most abundant at locations
with a pH of �3.0 and Fe(II) concentrations of �230 mg/liter,
while Acidithiobacillus was most abundant at locations with a pH
of �3.0 and Fe(II) concentrations of �230 mg/liter. Gallionel-
laceae were most abundant at locations with a pH of �3.0 and
Fe(II) concentrations of �210 mg/liter. Numerically strict geo-
chemical niches are difficult to define in the field, because many
geochemical parameters [e.g., temperature, DO, pH, Fe(II),
Fe(III), C, nutrients] covary and because seasonal variations in
hydrology confound spatial delineations. While field relevance
may be diminished, closed chemostatic bioreactors, as used in
the current study, allow for finer geochemical-niche differen-
tiation.

FIG 2 Microbial taxonomy in pH series bioreactor experiments at Scalp Level (A) and Brubaker Run (B) and in Fe(II) series bioreactor experiments at Scalp
Level (C) and Brubaker Run (D). Relative abundances are based on sequences classified at the phylum level (97% sequence similarity). Bars are aligned in the
order of geochemical set points. The “r” at end of some bar labels represents the repeated geochemical set points in the experimental sequence. The Scalp Level
field sample was collected nearest the sampling location for the batch enrichment. “Field*” in panels A and C represents the Scalp Level sample that excluded
chloroplast sequences. All other samples included chloroplast sequences (but averaged �0.001% relative abundance).
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Instead of presenting relative abundance, we present qualita-
tive geochemical-niche models based on the normalized relative
abundances of the most predominant genera (Fig. 4). In this case,
the maximum relative abundance ever measured (from 36 set
points for both the Scalp Level and Brubaker Run bioreactors) for
each genus was used to normalize all other values. Unnormalized
relative abundances are presented in Fig. 3 (see also Fig. S4 in the

supplemental material). Shaded shapes used in Fig. 4 to highlight
each genus’ niche follow contours of normalized-relative abun-
dance. These geochemical niches are potentially influenced by the
range of geochemical set points used in our experiments but are
still useful for comparison purposes. Ferrovum was found to be
abundant across all pH values and Fe(II) concentrations tested,
with a peak at a pH close to 2.7 and an Fe(II) concentration of 600

FIG 3 Influence of pH on the relative abundances of the seven predominant bacterial genera in the Scalp Level (SR) and Brubaker Run (BR) bioreactors. Linear
regressions (and P values) are shown only for significant correlations.
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mg/liter. Acidithiobacillus was found to predominate at a pH
of �3.0 but was not strongly restricted by Fe(II), with a peak at a
pH of 2.9 and an Fe(II) concentration of 300 to 600 mg/liter and
with a secondary peak at a pH of 2.7 and an Fe(II) concentration of
1,300 mg/liter. Leptospirillum was found to predominate at a pH
of �2.7 and an Fe(II) concentration of �1,000 mg/liter, with a
peak at a pH close to 2.4 and an Fe(II) concentration of 300 mg/
liter. Gallionella was found to predominate at a pH of �3.0 and an
Fe(II) concentration of �1,500 mg/liter. Ferrimicrobium was
found to predominate at a pH of �2.9 but was not strongly re-
stricted by Fe(II). Acidiphilium was found to predominate at a pH
of �2.9 and an Fe(II) concentration of �500 mg/liter. Acidocella
was found to predominate at a pH of �3.1 and an Fe(II) concen-
tration of �700 mg/liter. Normalized relative-abundance plots
for each individual site (based on 17 set points for Scalp Level or 19
set points for Brubaker Run) are presented in Fig. S5 and S6 in the
supplemental material.

Influence of time on microbial communities. We hypothe-
sized that microbial communities from different environments
would become more similar after extended laboratory incuba-
tions in closed systems maintained under similar hydrogeochemi-
cal conditions. To test this hypothesis, we calculated weighted
UniFrac metrics based on pairwise distance values. When we an-
alyzed all 44 samples (Table 1), the first two UniFrac-based prin-
cipal coordinates (PCo1 plus PCo2) explained 91.9% of the total

variance. Based on this principal-coordinate analysis (PCoA)
(Fig. 5), the field samples (black squares) plotted separately from
one another. The Scalp Level communities and the Brubaker Run
communities remained distinct through the whole operation of
the fed-batch enrichment reactors and the flowthrough bioreac-
tors. As discussed below, while geochemical niches for specific
FeOB were similar for the Scalp Level and Brubaker Run systems,
the overall community structures did not converge. These results
demonstrate that these findings are not mutually exclusive.

The fed-batch enrichment procedure had a profound effect on
the microbial communities in these systems. In both systems, the
microbial communities continued to change during the enrich-
ment period. For example, with Scalp Level, the microbial com-
munity shifted from the field conditions (Fig. 5, black squares in
upper panel) to the start of the pH series experiments (enlarged
blue circle; 97-day incubation) and shifted again by the start of the
Fe(II) series experiments (enlarged red triangle; 128-day incuba-
tion). Similarly, with Brubaker Run (Fig. 5, lower panel), the field
community (black square) shifted by the start of the pH series
experiment (enlarged blue circle; 74-day incubation) and shifted
again by the start of the Fe(II) series experiments (enlarged red
triangle; 113-day incubation). Microbial community shifts during
the fed-batch enrichments may have been affected by a general
increase in ionic strength caused by the addition of FeSO4 (sub-
strate) and NaOH (pH control).

FIG 4 Distribution of the seven predominant bacterial genera with respect to influent Fe(II) concentration and pH based on normalized relative abundances
measured and calculated from the 36 geochemical set points maintained in the pH series and Fe(II) series bioreactor experiments. Results from Scalp Level and
Brubaker Run are combined. Each genus’s maximum relative abundance was used to calculate its normalized relative abundance.
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While the Brubaker Run system had higher numbers of ob-
served OTU (Fig. 1) and greater phylogenetic diversity (see Fig. S2
in the supplemental material), its microbial communities were
more constrained when plotted against these principal coordi-
nates (Fig. 5). Smaller changes in the microbial assemblages in the
Brubaker Run system than in the Scalp Level system may indicate
that this system was less sensitive to geochemical perturbations.
The arrows in Fig. 5 represent the chronological steps in the op-
eration of each chemostat. All of the Brubaker Run samples were
well constrained, and the chronological trajectories are somewhat
convergent toward the original field community. For Scalp Level,
the chronological trajectories are more divergent and do not ap-
pear to return toward the field community.

Temporal distance may also be a simple explanation for the
differences between these evolving microbial assemblages (Fig. 6).
Weighted UniFrac distance and temporal distance (the cumula-
tive number of pore volumes) were significantly positively corre-
lated (P � 0.001) for all flowthrough bioreactor samples. At the
hydraulic residence time of 6 h used in this study, 100 pore vol-
umes equated to 25 days, and these bioreactors were operated for
52 days (Brubaker Run) to 138 days (Scalp Level) in flowthrough
mode. If we consider these bioreactors to be closed and continu-

ously enriched systems, then temporal distance may be as impor-
tant as geochemical distance in influencing the compositions and
diversity of these microbial communities. Samples taken a short
time apart from one another may share a historical connection
and adapt to the lingering effects of past environmental selection
(19, 57). While microbial communities are assumed to be resil-
ient, a number of factors, including physiology, history, and envi-
ronment/geochemistry, can cause microbial community changes/
succession. When the bioreactors were returned to a previous
geochemical set point, however, microbial communities in all
chemostat series did not return to the compositions observed after
initial operation at the same set point.

Environmental implications. We found that pH, Fe(II) con-
centration, and alpha diversity significantly influenced the rate of
Fe(II) oxidation. pH and species richness were negatively corre-
lated with the rate of Fe(II) oxidation, while the influent Fe(II)
concentration was positively correlated with the rate of Fe(II) ox-
idation. These relationships can be exploited when using bioreac-
tors for AMD treatment, specifically through pH control. During
field-scale operation, the bioreactor communities would likely ex-
clude new immigrant taxa due to the constraining influence of low
pH and founding effects. Over time, this can create diversity-poor
climax communities that rapidly oxidize Fe(II). However, since
diversity covaries with low pH, it is not possible to attribute the
high rate of iron oxidation to low alpha diversity per se. Instead,
the high rate of Fe(II) oxidation may result from the increased free
energy available for FeOB through Fe(II) oxidation at a low pH
(38).

Consistently with these bioreactor results, lower microbial di-
versities have been shown to typically occur in more acidic and
saline environmental settings (8, 9, 21, 22, 35, 51). In addition to
the observed geochemical pressures on community dynamics, the
type and frequency of disturbance may affect the diversity of mi-
crobial communities in the bioreactors. According to the interme-
diate disturbance hypothesis, alpha diversity peaks in communi-
ties when ecological disturbance is neither too rare nor too
frequent (58, 59). Under intermediate levels of disturbance, spe-
cies that can thrive at both early and late successional stages can

FIG 5 Weighted UniFrac PCoA analysis of microbial communities in field
and bioreactor samples. Samples that cluster close together share a greater
similarity in composition. Arrows represent the chronological sequence in
each geochemical series bioreactor experiment. Enlarged symbols represent
the batch enrichment sample from the start of each series.

FIG 6 Correlation between community dissimilarities (pairwise weighted
UniFrac distances) and temporal distances (cumulative number of pore vol-
umes) for all Scalp Level (SL) and Brubaker Run (BR) bioreactor experiments.
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coexist. pH changes in the bioreactors may have encouraged high
alpha diversity by constituting a more acceptable level of distur-
bances than changes of influent Fe(II) concentrations. If changes
in influent Fe(II) concentrations did not serve as a source of dis-
turbance for the bioreactor microbial communities, then the con-
stant pH in the influent Fe(II) series would encourage low alpha
diversity under this low-disturbance regime. Thus, to encourage
low alpha diversity in AMD bioreactors to promote high rates of
Fe(II) oxidation, it would be prudent to tightly control the pH of
the bioreactor.

This study showed that different microbial communities en-
riched from two sites maintained distinct microbial community
traits inherited from their respective seed materials. Long-term
operation (up to 128 days in a fed-batch enrichment followed by
up to 138 days of flowthrough experiments) of these two systems
did not lead to the same, or even more similar, microbial commu-
nities. However, these bioreactors did oxidize Fe(II) and remove
Fe(T) at very similar rates. These results suggest that the perfor-
mance of suspended-growth bioreactors for AMD treatment may
not be strongly dependent on the inoculum used for reactor
startup. This would be advantageous, because system perfor-
mance should be well constrained and predictable for many dif-
ferent sites.
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