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Using a combination of cultivation-dependent and -independent methods, this study aimed to elucidate the
diversity of microorganisms involved in iron cycling and to resolve their in situ functional links in sediments
of an acidic lignite mine lake. Using six different media with pH values ranging from 2.5 to 4.3, 117 isolates were
obtained that grouped into 38 different strains, including 27 putative new species with respect to the closest
characterized strains. Among the isolated strains, 22 strains were able to oxidize Fe(II), 34 were able to reduce
Fe(IIlI) in schwertmannite, the dominant iron oxide in this lake, and 21 could do both. All isolates falling into
the Gammaproteobacteria (an unknown Dyella-like genus and Acidithiobacillus-related strains) were obtained
from the top acidic sediment zones (pH 2.8). Firmicutes strains (related to Bacillus and Alicyclobacillus) were
only isolated from deep, moderately acidic sediment zones (pH 4 to 5). Of the Alphaproteobacteria, Acidocella-
related strains were only isolated from acidic zones, whereas Acidiphilium-related strains were isolated from all
sediment depths. Bacterial clone libraries generally supported and complemented these patterns. Geobacter-
related clone sequences were only obtained from deep sediment zones, and Geobacter-specific quantitative PCR
yielded 8 x 10° gene copy numbers. Isolates related to the Acidobacterium, Acidocella, and Alicyclobacillus genera
and to the unknown Dyella-like genus showed a broad pH tolerance, ranging from 2.5 to 5.0, and preferred
schwertmannite to goethite for Fe(III) reduction. This study highlighted the variety of acidophilic microor-
ganisms that are responsible for iron cycling in acidic environments, extending the results of recent laboratory-

based studies that showed this trait to be widespread among acidophiles.

Biologically mediated iron (Fe) cycling is performed by a
number of prokaryotes that are capable of either ferrous iron
[Fe(II)] oxidation or/and of dissimilatory ferric iron [Fe(III)]
reduction, including respiratory growth with Fe(III) as the sole
electron acceptor (43, 55, 56, 68). While Fe(III) exists predom-
inantly in the solid phase as oxyhydroxide minerals at circum-
neutral pH, Fe(III) tends to be more soluble under extremely
acidic conditions. This, coupled with the high redox potential
of the redox pair Fe**/Fe** (+770 mV) at pH 1 compared
with that of equivalent couples at neutral pH [ranging from
+100 mV to —300 mV depending on the form of Fe(III)
mineral (68)] makes ferric iron an attractive alternative to
molecular oxygen as an electron acceptor. Therefore, pro-
karyotes involved in the microbial reduction of Fe(IIT) under
acidic and pH-neutral conditions appear to be dissimilar.

The potential for Fe(III) reduction seems to be widespread
among acidophilic heterotrophs (15), including bacteria of the
genera Acidiphilium (15, 38, 51) and Acidocella (15), Acidical-
dus organivorans (44) and Acidimicrobium ferrooxidans (10),
Ferrimicrobium acidiphilum (36), Ferrithrix thermotolerans (36),
and Acidobacterium spp., including the type strain Acidobacte-
rium capsulatum DSM 112447 (7, 15). Some, such as Ferrimi-
crobium acidiphilum and Ferrithrix thermotolerans, even have
the capacity to oxidize Fe(II) with oxygen as the electron ac-
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ceptor, a trait shared with the two chemolithoautotrophs Acidi-
thiobacillus ferrooxidans (47) and Acidithiobacillus ferrivorans
(26). Other reported non-Fe(III)-reducing Fe(II) oxidizers are
Acidianus brierleyi (66), Alicyclobacillus ferrooxydans (35),
Leptospirillum  ferrooxidans (30), Leptospirillum ferriphilum
(13), Sulfobacillus acidophilus (58), Sulfolobus metallicus (33),
Thiomonas spp. (39), and Ferroplasma spp. (21). Most Fe(III)
reducers cultured to date have no or only a minor capacity to
reduce Fe(IIl) over a pH range from 3 to 6. Acidiphilium
cryptum (ATCC 33463) and Acidobacterium capsulatum can
reduce small amounts of Fe(III) up to pH 5 (6, 7), and the
acidotolerant Serratia-related Mam Tor isolate reduces che-
lated Fe(III) at similar rates from pH 3 to 6 (1). However, due
to the lack of a common functional gene marker and the lack
of studies in the moderately acidic pH range (pH 4 to 5), the
diversity of prokaryotes which are able to reduce Fe(III) is
probably underestimated.

A number of acidic locations have been studied in the last 10
years with respect to Fe cycling, ranging from extremely acidic
mine drainage within the Richmond Mine system, Iron Moun-
tain, CA (20), to less acidic mine tailings (25, 70), acidic rivers
(23), acidic lakes (7, 49, 61), and moderately acidic subsurface
sediments and peatlands (50, 60). While proteomic analyses
have greatly extended our knowledge about the ecophysiology
of microbes inhabiting an extreme site with low diversity (5,
17), laboratory isolates are still paramount for a detailed anal-
ysis of their unique biological traits. We have studied Fe cy-
cling in sediments of lignite mine lakes that are characterized
by high concentrations of Fe(II), sulfate, and protons due to
the oxidation of pyrite in the surrounding mine tailings (49).
Microbial Fe(II) oxidation in the water column yields poorly
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TABLE 1. Geochemistry of the north and deep central sediment
cores obtained from lignite mine Lake 77

Amt (mM) of:

Sediment Depth (cm) pH Fe(IT) Fe(IIT)

wone HCl HCl

Dissolved” .\ icteqr  Dissolved i cted

North I 0-1 2.8 4.5 17.4 ND¢ 211.7
North II 1-4 2.9 7.3 13.1 ND 87.5
North III 4-10.5 3.7 15.1 11.9 ND ND
North IV 10.5-20.5 5.3 12.5 30.6 ND ND
Deep 1 0~1 2.7 1.5 7.0 ND 81.0
Deep 11 1~4 2.9 4.6 11.9 ND 129.7
Deep III 4~105 3.2 5.9 13.8 ND 10.9
Deep IV 10.5~20.5 4.1 4.2 16.3 ND ND

“ Fe measured in the supernatant after centrifugation.
® Fe measured after preextraction of sediment in 0.5 M HCL.
¢ ND, not detected.

crystalline Fe(III) oxides that precipitate to the sediment,
where they can be utilized as electron acceptors (51). Within 20
cm of the sediment surface, the pH in the sediment increases
from 2.8 to 6, and previous molecular-based research has re-
vealed a pH gradient-induced heterogeneity of Fe(III)-reduc-
ing microorganisms (7). However, the key drivers of iron re-
duction could not be identified in those studies. Here, we used
a combination of cultivation-dependent and -independent ap-
proaches to elucidate the diversity of microorganisms involved
in Fe cycling in the same lignite mine lake. With this approach,
we extend the previous work to get a concrete handle on those
microbes responsible for the reductive half of the cycle. The
study of individual isolates can reveal the ecophysiology of
potential drivers of Fe(III) reduction at low pH.

MATERIALS AND METHODS

Field site description and sampling. The acidic lignite mine lake (Lake 77) is
located in Lower Lusatia near Lauchhammer in east-central Germany, a histor-
ical region which was shaped by the lignite industry and extensive open-pit
mining. It is a dimictic lake with an anoxic hypolimnion during summer stratifi-
cation. During each sampling period, pH, dissolved oxygen, and temperature
were measured over the depth at the deep central part of the lake with a U-10
multiparameter water quality meter (Horiba, Japan). Sediment cores were ob-
tained on the north shore line in 3 m of water (North) and in the deep central
basin in 7 m of water (Deep) using a gravity corer equipped with Plexiglas tubes
(60 cm in length) (see Fig. S1 in the supplemental material). The Deep site has
been studied intensively over the last 12 years (7, 51, 59). A total of 3 cores were
obtained during each sampling period (July 2008, November 2008, and Decem-
ber 2008) from each site, transported to the laboratory at 4°C, sectioned under
anoxic conditions according to visual differences in stratification, and character-
ized geochemically (Table 1). Northern cores were used for DNA extraction
(July 2008) and for potential Fe(III) reduction rate measurements (November
2008). Cores obtained from both sites after the lake became mixed were used for
oxygen profile measurements (November 2008) with a microelectrode (tip di-
ameter, 100 pm; Unisense, Aarhus, Denmark) connected to a picoammeter
(PA2000; Unisense, Aarhus, Denmark) and for isolation studies (December
2008). The North cores contained an orange, fluffy upper sediment zone (North
I) (dry weight, 13.3%) that was enriched with reactive iron, mainly schwertman-
nite [FegOg(OH),(SO4),] (64). The second sediment zone (North II) was yel-
lowish brown (see Fig. S1 in the supplemental material). The third sediment zone
(North IIT) had dark stripes, and the remaining part of the sediment cores (North
IV) was brownish to black and had a higher density (dry weight, 28.4%), with
goethite (a-FeOOH) as the dominant Fe solid phase (59). In general, Deep core
sediments (Deep I to IV) had a yellowish-brown color with fewer dark stripes
(see Fig. S1 in the supplemental material).

Sediment Fe(III) reduction measurement. To study potential Fe(IIIT) reduc-
tion, 20 g (fresh weight) of homogenized sediment were mixed under a contin-
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uous flow of sterile nitrogen with 10 ml of an anoxic 0.7% NaCl solution and
placed into a sterile 180-ml incubation flask (Mueller & Krempel, Buelach,
Switzerland). Flasks were closed with rubber stoppers and screw caps and incu-
bated in the dark at 15°C with an initial overpressure of ~100 mbar in three
replicates. The formation of Fe(IT) during 9 days of incubation was determined
by measuring the amount of Fe(II) after acid extraction (7). Fe(III) reduction
rates were calculated from the linear increase of Fe(II) formation. HCl-extract-
able Fe(III) was calculated from the increase in Fe(IT) concentration after the
addition of ascorbic acid.

DNA extraction and PCR amplification. Samples from North I and North IV
of the July 2008 core were pelleted by centrifugation, and amounts of 0.25 to
0.3 g of sediment (wet weight) were used for DNA extraction with a PowerSoil
DNA kit according to the manufacturer’s instructions (Mo Bio Laboratories,
Solana Beach, CA). Aliquots of purified DNA were PCR amplified (Primus 96
advanced; Peqlab, Germany) using either the bacterial small-subunit rRNA
gene-specific forward primer 27F (53) or the archaeal forward primer ARC363F
(63) together with the universal reverse primer 1492R (57) for clone library
construction. In addition, phylogenetic-group-specific primers for Anaeromyxo-
bacter, Acidiphilium, and Geothrix “bioleaching-associated bacteria”(7) and for
Shewanella (71) were used. The primer set specific for acidophilic bioleach-
ing-associated bacteria detects seven bacterial phylotypes (Acidithiobacillus
ferrooxidans, Acidithiobacillus thiooxidans, Acidithiobacillus caldus, Sulfoba-
cillus thermosulfidooxidans, Leptospirillum ferrooxidans, Acidiphilium cryptum,
and Acidiphilium organovorum) which are involved in the bioleaching of mineral
ores. Bacterial isolates were picked and resuspended in 100 pl of 5% (wt/vol)
Chelex-100 (Bio-Rad, United States) solution in 0.5-ml tubes. The tubes were
then boiled in a water bath for 10 min, followed by 2 min of centrifugation at
maximum speed. For the few isolates which failed to produce any PCR amplicon,
a lysis solution (0.05 M NaOH and 0.25% SDS) was used following the method
given by Johnson et al. (43). One or 2 pl of the supernatant served as template
for bacterial 16S rRNA gene PCR with the universal primers 27F and 1492R.

Quantitative PCR for detecting Geobacter isolates was performed using
Geobacteraceae-specific 16S rRNA gene primers 561F (69) and Geo858R (5'-C
TAGGTGTTGCGGGTATTGA-3') and 10 ng of purified environmental DNA
as the template in the reaction mixture SensiMix LowRef (Quantace, distributed
by Bioline GmbH, Luckenwalde, Germany). Thermocycling was performed with
the following temperature program: 10 min at 95°C and 50 cycles of 15 s at 95°C,
30 s at 61°C, 30 s at 72°C, and 10 s at 78°C. Fluorescence measurements were
made at 61, 72, and 78°C for each cycle, followed by a dissociation curve analysis
with 1 min at 95°C, 30 s at 55°C, and heating to 95°C at a rate of 0.01°C s !
Genomic DNA from a pure culture of Geobacter sulfurreducens (DSM 12127)
was used as the standard. Reactions that yielded cycle threshold (Cy) values with
less than a three-cycle difference from those of nontemplate controls were
considered to be within the error of measurement.

16S rRNA gene library construction and statistical analysis. For bacterial
clone libraries, purified PCR products were ligated into the pGEM-T vector
(Promega, United States) and transformed into Escherichia coli cells according
to the manufacturer’s instructions. Amplified rRNA gene restriction analysis
(ARDRA) with restriction enzymes Hhal and BsuRI (HaellI) (Fermentas, Can-
ada) was applied, and clones were subsequently grouped into operational taxo-
nomic units (OTUs) according to their ARDRA banding patterns. Representa-
tive clones of the respective OTUs were sequenced at Macrogen, Inc. (South
Korea). For archaeal libraries, purified PCR products were ligated into the
pCR4-TOPO vector (Invitrogen, United States) and sent to the Genome Center
at Washington University, St. Louis, MO, for downstream processing. All se-
quences were pooled, assembled, end trimmed, and revised using Geneious Pro
software (Biomatters Ltd., New Zealand). The sequences were checked for
chimeric properties using the Bellerophon chimera detection program (34) and
Chimera Check from Ribosomal Database Project II (11). The sequences were
then aligned using the greengenes Align tool (18) and dereplicated using Fast-
GrouplI (76) with the percentage sequence identity method with gaps of 97%
similarity. The phylogenetic affiliations were assigned using the greengenes Com-
pare tool (18). Rarefaction curves and percent coverage were calculated using
Analytic Rarefaction 1.3 (http://www.uga.edu/strata/software/anRareReadme
.html) (32). EstimateS (12) was used to calculate the abundance-based coverage
estimator (ACE), incidence-based coverage estimator (ICE), and Chaol values,
as well as the Shannon and Simpson’s diversity indices.

Isolation of acidophilic microorganisms. One-gram subsamples of sediment
from North core zones I and IV and from Deep core zones I and IV were diluted
with 4 ml of filter-sterilized lake water (pH ~ 3) and homogenized by shaking for
30 min at ~1,000 rpm (Vortex-Genie2 shaker; Scientific Industries, United
States). Samples were serially diluted (10° to 10~?) with filter-sterilized lake
water, and 100 pl of each dilution was plated in triplicate on one of several
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selective solid overlay media specific for different groups of autotrophic and
heterotrophic acidophilic microorganisms (40). These were (i) ferrous iron over-
lay medium (Feo, final pH 2.5) with tryptone soya broth (TSB; Oxoid, United
Kingdom), (ii) ferrous sulfate and potassium tetrathionate overlay medium with
TSB (FeSo, final pH 2.5), (iii) inorganic ferrous iron overlay medium without
TSB (iFeo, final pH 2.5), (iv) ferrous iron and sodium thiosulfate (0.01 M)
overlay medium with TSB (FeTo, final pH 4.3), and yeast extract overlay medium
at (v) pH 3 (YE3) or (vi) pH 4 (YE4). Cycloheximide (Carl Roth, Germany) was
added into the top-layer medium at 50 wg ml™! to inhibit fungal growth. All
plates were incubated at room temperature (~20°C) in the dark and checked
frequently. The picked colonies were transferred at least 5 times, and purity was
controlled both by colony morphology assessment and microscopic examination
(Axiovert 25; Carl Zeiss, Germany). Fe(II) oxidation capacities were determined
by the appearance of an orange Fe rust color of the colonies due to the microbial
oxidation of ferrous sulfate contained in the media. Heterotrophic bacteria
obtained from yeast extract media were transferred to other ferrous sulfate-
containing media to determine their Fe(II) oxidation capacities. Purified colo-
nies were screened by ARDRA, and representative OTUs were chosen for
sequencing. Isolates were grouped if the 16S rRNA gene sequences and colony
morphologies were identical. The cultivated strains and type strains closest to
these isolates were determined through the online BLAST database (45) and
EzTaxon server (9), respectively. Strain designations were assigned as follows, by
combining information about the medium, source, and isolate number separated
by hyphens. The first part designates the type of medium, and the second part
designates the origin of the sediment, e.g., D1 or D4 means the Deep site of the
lake (D) and either the upper sediment zone I (1) or the deeper sediment zone
IV (4). N1 or N4 means the North shore site of the lake (N) and either the upper
sediment zone I (1) or the deeper sediment zone IV (4). The next number is the
sequential number of the isolate, and CH designates the presence of cyclohex-
imide if it was added.

Fe(III) reduction assays of isolates. All the isolates obtained were first inoc-
ulated into 5 ml of liquid medium (same media as described above but without
agarose) with fructose as the electron donor and incubated at room temperature
on a rotary shaker. The Fe(III)-reducing capacities of the grown isolates were
determined under microoxic and anoxic conditions in the dark. Microoxic con-
ditions were established in sterile 150-ml conical flasks filled with 100 ml of
sterile liquid medium (15, 38), while anoxic conditions were established using 20
ml of medium flushed with nitrogen (N,) gas in 30-ml serum bottles (Wheaton,
United States) in an anaerobic chamber (100% N, gas phase). The bottles were
sealed with rubber stoppers and aluminum caps. After the medium was auto-
claved, filter-sterilized fructose (~10 mM final concentration) and 100 mg
schwertmannite (equivalent to 10 mM) were added as an electron donor and
acceptor, respectively. Reduction assays started after the addition of 1 or 2 ml of
active cultures into the flasks and bottles at room temperature. Uninoculated
flasks or bottles were used as controls. Selected isolates (YE3-D1-10-CH [a
strain of an unknown Dyella-like genus], FeSo-D4-20-CH and YE4-D4-4i-CH
[Alicyclobacillus-related strains], YE3-D1-20 [an Acidobacterium-related strain],
and YE4-N1-5-CH [an Acidocella-related strain]) were studied in more detail for
their Fe(IlI)-reducing capacities by using 5 mM fructose and (i) chelated Fe(III)
citrate (50 mM) and Fe(III) pyrophosphate (40 mM) under strict anoxic condi-
tions and (ii) either artificially synthesized schwertmannite or goethite (10 mM)
(14, 64) under microanoxic conditions. Potential microbial contamination in
synthesized schwertmannite, which could not be autoclaved, was checked by
spreading 0.5 ml of the suspension onto different overlay plates as described
above and, also, on nutrient-rich Luria-Bertani agar plates. No growth was
observed. Samples (1 ml) were taken from the flasks or bottles at intervals and
used for measuring pH (Semi-Micro pH meter; Mettler Toledo, Switzerland)
and Fe(II) concentration.

Nucleotide sequence accession numbers. The 16S rRNA gene sequences de-
termined in this study have been deposited in the EMBL database under acces-
sion numbers FN870189 to FN870350.

RESULTS

Biogeochemical characteristics of sediment cores. Sedi-
ments obtained from the North site contained higher concen-
trations of dissolved and HCl-extractable Fe(II) than those
from the deep part of the lake (Table 1). Similarly, the sulfate
concentrations were higher in North (19.7 to 27.8 mM) sam-
ples than in Deep sediments (8.1 to 11.9 mM), suggesting a
higher input from the surrounding mine tailings. Nonetheless,
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the pH was highest in North IV, reaching 5.3 (Table 1). The
pH of the Deep sediment cores did not increase beyond 4.1
with depth, which was in contrast to the results of earlier
studies (7, 49, 59). After seasonal mixing of the lake water in
autumn, the dissolved oxygen concentration of the water in the
center (Deep) of the lake was stable at 88% saturation near the
surface and 83% above the sediment. However, oxygen micro-
profiles measured in the North and Deep sediment cores de-
clined sharply, to levels below the detection limit for O, (314.9
wmol liter '), from the water sediment interface to within 2
and 10 mm deep, respectively (see Fig. S1 in the supplemental
material). Anoxic Fe(IIl) reduction rates approximated 1.37
and 2.08 wmol g ' (dry weight) day ' in North I and North II
samples, respectively, but were not detectable in North III or
IV samples. Deep core sediment Fe(IIl) reduction rates ap-
proximated 6.19 and 1.2 wmol g~* (dry weight) day—* when
sediments from depths of 0 to 6 and 6 to 10.5 cm, respectively,
were incubated.

16S rRNA gene-based analyses of North sediments. As had
been done in previous work with Deep sediments (7), we tried
to identify microorganisms potentially involved in Fe cycling in
the North I and IV sediment zones by using primer sets for
known phylogenetic groups of bacteria and general primer sets
for Bacteria and Archaea. PCR products were obtained from
North I for the acidophilic genus Acidiphilium and bioleaching-
associated bacteria but not for Fe(III)-reducing, neutrophilic
bacteria of the genera Anaeromyxobacter, Geothrix, Geobacter,
and Shewanella. However, with the newly designed primer set
for quantitative PCR, Geobacter genes could be amplified, and
copy numbers approximated 8.34 X 10° g~! (fresh weight
sediment) in North IV but only 4.89 X 10° g~ ' (fresh weight
sediment) in North I.

Totals of 127 and 144 clones of bacterial 16S rRNA genes
from North I (Bacl) and North IV (BacIV) were screened, and
ARDRA revealed 36 and 65 distinct phylotypes, respectively
(Table 2). There were no identical phylotypes present in either
library based on FastGroupll results. The rarefaction curves
did not indicate saturation (data not shown), and coverage was
81.4% for the Bacl and 61.7% for the BacIV library. The ACE,
ICE, and Chaol values and the Shannon and Simpson’s diver-
sity indices indicated a higher diversity in the BacIV than in the
Bacl library (Table 2). The most frequently detected lineage in
the Bacl library was the Actinobacteria (37% of all clones), with
members of the Alphaproteobacteria and Cyanobacteria each
comprising 15.0% and 14.2% of the total clones, followed by
Gammaproteobacteria (11.8%), Acidobacteria (9.4%), and Fir-
micutes (7.1%) (Fig. 1). The most frequently detected lineages
in the BaclV library were Deltaproteobacteria (27.8%),
Acidobacteria (22.9%), Firmicutes (9.7%), and Nitrospirae (8.3%).
More lineages were detected in zone IV than in zone I (Fig. 1).

A total of 53 and 40 archaeal clones from the North I (Arcl)
and North IV (ArclV) libraries were screened, yielding 8 and
25 distinct phylotypes, respectively, based on ARDRA (Table
2). Again, identical phylotypes were not detected in both li-
braries, and indices indicated higher diversity in the ArcIV
library than in the Arcl library (Table 2). The percent coverage
was 79.3% for the Arcl and 38.2% for the ArclIV library. Only
Crenarchaeota were detected in the Arcl library (17.5%),
whereas members of the Euryarchaeota comprised 100 and
82.5% of the clones in zones I and IV, respectively (Fig. 1).
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TABLE 2.
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Statistical analysis of 16S rRNA gene clone libraries using ecological and molecular estimates of phylotype diversity

Diversity index

Sediment sample” No. of clones No. of phylotypes % Coverage ACE? ICE° Chaol = SD
Shannon Simpson’s (1/D)
Bacl 127 36 81.4 42.5 36 43.7*+5.6 3.13 17.39
BaclV 144 65 61.7 119.1 65 126.3 £29.4 3.85 40.54
Arcl 53 8 79.3 9.5 8 125 €72 1.27 2.34
ArclV 40 25 38.2 38.1 25 41.1 = 11.0 3.08 33.91

“ Bacl and BaclV designate the bacterial 16S rRNA gene clone libraries obtained from the northern shore of the lake from either the upper sediment zone I or the
deeper sediment zone IV. Arcl and ArclV designate the archaeal 16S rRNA gene clone libraries obtained from the northern shore of the lake from either the upper

sediment zone I or the deeper sediment zone IV.
> ACE, abundance-based coverage estimator.
¢ ICE, incidence-based coverage estimator.

The Sulfolobaceae family was the only family detected in the
phylum Crenarchaeota, whereas the phylum Euryarchaeota
consisted of various families each representing 1.9 to 86.8% of
the total clones in the Arcl and 7.5 to 37.5% in the ArclV
libraries (Fig. 1B; also see Table S3 in the supplemental ma-
terial).

Isolation of acidophilic or acidotolerant microorganisms
and their Fe(II)-oxidizing capacities. Media were chosen with
a pH range to cover the pH range of the sediment in order to
isolate acidophilic or acidotolerant Fe(II) oxidizers, aerobic

heterotrophs, and potential Fe(III) reducers. Colonies ap-
peared from 5 to 14 days after inoculation with North and
Deep zone I and IV sediment dilutions. Based on the colony
morphologies and the types of media, more than 240 single
colonies were picked and isolated. From these, 117 isolates
were grouped according to ARDRA fragment patterns (16, 13,
22, 21, 18, and 27 patterns from Feo, FeSo, FeTo, iFeo, YE3,
and YE4 selective medium, respectively). The 16S rRNA genes
of 38 representatives were sequenced (2, 8, 7,2, 7, and 12 from
Feo, FeSo, FeTo, iFeo, YE3, and YE4 medium, respectively),

A Bacl BaclV
Alphaproteobacteria
Cyanobacteria "-*"* Actinobacteria
STLL 0.7% _ = 0.7%
o
Actinobacteria .v::‘:§:§§§:§§§§:§:§: 3 . .
37.0% - RS Deltaproteobacteria Aczdobaocter 1
Acidobacteria 27.8% 22.9%
O 94% Spirochaetes
S /o 21%
; i _Unclassifie i
Alphaproteobacteria o , 6%l ) /Chlgr;/ﬂexl
15.0% ~ e Nitrospi Firmicutes ¥ Deinoce Th
itrospirae 9.79% — —petnococcus-1nermus
. - 7 0,
3.2% Gammaproteobacteria Chzlol;"b' 0.7%
4 N 1%
. G\ ; 0.7% . & {_ Verrucomicrobia
Cpanobacteria | ammaprotfobacterm Nitrospirae - SN 3.5%
14.2% | Firmicutes 11.8% 830/{] paaet | \ Betaproteobacteria
Deltaproteobacteria 7.1% RETasoNNG | Planctomycetes 3.5%
0.8% 0.7% Bacteroidetes 5.6%
6.2%
B Arcl ArclV
Thermoplasmatales
incertae sedis Sulfolobaceae Methanopyraceae
86.8% 17.5% . 37.5%
Methanobacteriaceae 2 Halobacteriaceae [
7.5% ™ 10% .
Methanococcaceae
1.9% -
Thermococcaceae— P
1.9% /R Methanococcacedae
Thermoplasmataceae < 7.5%

1.9%

“Archaeoglobaceae
Methanosarcinaceae 12.5%

15%

FIG. 1. Frequencies of bacterial (A) and archaeal (B) phylogenetic lineages detected in 16S rRNA gene clone libraries derived from sediment
zones North I (Bacl and Arcl) and North IV (BaclV and ArcIV) of a core obtained from the northern basin. Calculations were based on the total
number of clones associated with phylotypes of sequenced representatives at the phylum or class level for Proteobacteria for Bacteria libraries and
the family level for Archaea libraries.
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TABLE 3. Bacterial isolates from acidic lignite mine lake sediments using 6 different agarose overlay plates, with taxonomic status, identity
values based on analysis of 16S rRNA gene sequences, and the results of microoxic and anoxic Fe(IlI) reduction experiments and Fe(II)
oxidation capacities observed on Fe(II)-containing agarose overlay plates

Fe-cycling capacity

Representative No. of’ Closest type strain 2 ] e - o
ain® i p: i F: F: i i i eporte . . d 1ICTOOXIC noxic
strain isolates (GenBank sequence accession no., % identity) (refergnce[s])( Oxidation? et
YE3-D1-20 1 Edaphobacter modestus Jbg-1" (DQ528760, 93.9) UO, R (7,25) — (Feo) + +
YE4-D4-2-CH 2 Streptomyces ferralitis SFOp68™ (AY262826, 98.4) UO, UR NA® + +
FeSo-D1-6-CH 1 Ferrimicrobium acidiphilum T23" (AF251436, 99.4) O, R (36) + + +
YE4-D4-16-CH 1 Actinocorallia aurea TFO 147527 (AB006177, 94.2) UO, UR — (FeTo) + (-)
YE4-D4-1-CH 1 Bacillus acidicola 105-2" (AF547209, 99.8) UO, UR NA + (-)
YE4-D4-4-CH 1 Bacillus pocheonensis Gsoil 420" (AB245377, 99) UO, UR — (FeTo) + (+)
YE3-D4-3i-CH 2 Alicyclobacillus contaminans 3-A1917 (AB264026, 89.6) O (37), UR + (iFeo) + +
iFeo-D4-31-CH 1 Alicyclobacillus contaminans 3-A191" (AB264026, 90.6) O, R (42) + - +
YE3-D4-31i-CH 3 Alicyclobacillus ferrooxydans TC-34T (EU137838, 98.6) 0O (72), UR + (FeTo) + +
Feo-D4-16-CH 1 Alicyclobacillus ferrooxydans TC-34" (EU137838, 91.4) O, R (42) + + +
FeSo-D4-20-CH 1 Alicyclobacillus pomorum 3A™ (AB089840, 91) O (19), UR + + (=)
FeSo-N4-1-CH 2 Alicyclobacillus tolerans K17 (AF137502, 95.1) O (72), UR + + +
YE4-D4-4i-CH 2 Alicyclobacillus tolerans K1* (AF137502, 94.9) 0O (72), UR + (FeTo) + +
Feo-N4-15-CH 1 Alicyclobacillus tolerans K1T (AF137502, 100) O, R (46) + + +
FeSo-N4-2-CH 1 Sulfobacillus acidophilus DSM 103327 (AB089842, 94.2) O (58, 72), UR  — + +
FeSo-N4-3-CH 1 Sulfobacillus thermotolerans Kr1™ (DQ124681, 99.1) O, R (42) + + +
FeSo-D1-15-CH 1 Acidiphilium acidophilum ATCC 27807" (D86511, 99.8) UO, R (38) - + +
YE3-D4-63i-CH 1 Acidiphilium acidophilum ATCC 27807" (D86511, 98.2) UO, R (38) NA + +
YE3-D1-35 1 Acidiphilium cryptum ATCC 33463 (D30773, 100) UO, R (6, 51) NA + +
FeTo-D1-1-CH 1 Acidisphaera rubrifaciens HS-AP3" (D86512, 99.7) UO, NR (15) - - (-)
YE4-N1-5-CH 2 Acidocella facilis ATCC 35904 (D30774, 97) UO, R (15) — (FeTo) + +
FeTo-D4-17-CH 1 Methylocella tundrae T4" (AJ555244, 99.9) UO, UR + - (-)
YE3-D4-2i-CH 1 Methylocapsa acidiphila DSM 139677 (AJ278726, 98.6)  UO, UR NA =) (=)
YE4-D1-1-CH 1 Thiomonas cuprina NBRC 102094™ (AB331953, 98.8) UoO, UR — (FeTo) + —
YE3-D1-10-CH 4 Dyella yeojuensis R2A16-107 (DQ181549, 94.3) O, R (15, 72) + (FeTo) + +
FeSo-D1-9-CH 1 Acidithiobacillus ferrivorans NO-37" (AF376020, 99.4) O, R (26) + + (-)
FeSo-N1-1-CH 1 Acidithiobacillus ferrooxidans ATCC 23270" (AF465604, O, R (26) + + =)
99.3)

FeTo-N1-3-CH 1 Acidithiobacillus ferrooxidans ATCC 23270" (AF465604, O, R (26) - + =)

99.5)

“ Strain designation was constructed as follows, by combining information about the medium, source, and isolate number separated by hyphens. The first part
designates the medium type, the second part designates the origin of the sediment, e.g., D1 or D4 means deep site of the lake (D) and either upper sediment zone I
(1) or deeper sediment zone IV (4). N1 or N4 means north shore site of the lake (N) and either upper sediment zone I (1) or deeper sediment zone IV (4). The next
number is the sequential number of the isolate, and CH designates the presence of cycloheximide (CH) if it was added. The pHs of the media Feo, iFeo, FeSo, FeTo,

YE3, and YE4 were 2.5, 2.5, 2.5, 4.3, 3.0, and 4.0, respectively. Strains which appear to be putative new species are presented in boldface.

> A number greater than one indicates that isolates were grouped based on identical 16S rRNA gene sequences and colony morphologies on the plates.

¢ Known Fe redox capacities of the closest cultivated strains based on the literature: O means Fe(II) oxidation; R means Fe(III) reduction; NO means no Fe(II)
oxidation; NR means no Fe(IIT) reduction; UO means unknown for Fe(II) oxidation function; and UR means unknown for Fe(III) reduction.

4 Colonies from yeast extract media were checked for Fe(II) oxidation capacities on iron-rich media. +, positive for Fe(II) oxidation; —, negative for Fe(II) oxidation.
The medium code in brackets indicates the iron-rich medium on which the colonies were able to grow.

¢ NA, not applicable. Colonies from yeast extract media were tested for Fe(IT) oxidation capacities on iron-rich media, but strains could not grow on the indicated

medium.

/ +, Fe(II) formation in the liquid medium; —, no Fe(III) formation compared to uninoculated controls with cells growing in the medium; (—), tested, but no cell
growth or Fe(III) formation was observed; (+), Fe(II) formation detected but not confirmed.

yielding a total of 28 representative strains (Table 3). According
to ARDRA patterns, the occurrence of some strains was re-
stricted to the upper acidic sediment zone from the North and
Deep cores, whereas others could be obtained from both sedi-
ment zones (see Table S2 in the supplemental material). At the
genus level, 36% of the isolates were related to 16S rRNA genes
detected in bacterial clone libraries obtained from North I and
North IV (see Table S2 in the supplemental material).

One strain belonging to the Acidobacteria family Acidobac-
teriaceae was obtained from a YE3 plate (YE3-D1-20) (Table
3 and Fig. 2). Strains related to the phylum Actinobacteria
were YE4-D4-2-CH (Streptomycetaceae related), FeSo-D1-
6-CH (Acidimicrobiaceae related), and YE4-D4-16i-CH
(Thermomonosporaceae related). Isolate FeSo-D1-6-CH produced
rusty, orange-brown precipitates on the plate (see Table S1 in
the supplemental material) and was identical to a heterotro-

phic, iron-oxidizing, extremely acidophilic Actinobacterium
able to reduce Fe(III) (36). Seventeen Firmicutes strains were
obtained from all six media and were affiliated with the families
Bacillaceae and Alicyclobacillaceae. Strain YE4-D4-1-CH was
most closely related to Bacillus acidicola 105-2", which grows
at pH 3.5 to 7 (2). Thirteen of the 15 Alicyclobacillaceae strains
were affiliated with the genus Alicyclobacillus and showed
“fried-egg”-shaped rusty orange-brown colonies. Three ap-
peared to be new species, based on <97% sequence similarity
(see Table S1 in the supplemental material). Two other puta-
tive novel strains were affiliated with the genus Sulfobacillus.
Isolate FeSo-N4-2-CH did not show an Fe(II)-oxidizing capac-
ity, in contrast to Sulfobacillus acidophilus DSM 103327 (94%)
(58). In contrast, strain FeSo-N4-3-CH oxidized Fe(II) and was
highly related (99.1%) to Sulfobacillus thermotolerans Kr1™, a
mixotrophic Fe(II) oxidizer with a pH range of 1.2 to 2.4 (8).
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Edaphobacter modestum Jbg-1T (DQ528760)
Edaphobacter aggregans Wbg-1T (DQ528761)
Terriglobus roseus KBS 637 (DQ660892)
Acidobacteriaceae bacterium PK35 (AY765993)
Isolate YE3—D1-20 (FN870338)
Bacl_clone4 (FN870210)
Acidobacteriaceae bacterium CH1 (DQ355184)
BacIV_clone28 (FN870306)

Bacl_clone73 (FN870218)
Acidobacterium capsulatum DSM 11244T(D26171)
BacIV_clone56 (FN870320)

BacIV_clone7 (FN870233)
Acidobacteria bacterium Ellin345 (AF498727)

BaclV_clonel4 (FN870296)
BacIV_clone61 (FN870228)
BacIV_clone21 (FN870304)
BaclV_clone59 (FN870225)
Bacl_clone31 (FN870207)

BacIV_clone34 (FN870310)
BacIV_clone60 (FN870227)
Bacl_clonel33 (FN870196)

Geothrix fermentans (U41563)
Holophaga foetida DSM 65917 (X77215)
BacIV_clonell (FN870288)
Solibacter usitatus Ellin6076 (AY234728)
Acidobacteria bacterium MPL3 (AM162405)
Methanosarcina barkeri (AJ012094)

FIG. 2. Phylogenetic tree of Acidobacteriaceae-related sequences
showing the close relationship of 16S rRNA gene clones obtained from
sediment zones I and IV of a core obtained from the northern basin
and of a strain isolated from sediment zone I of a core obtained from
the deep central basin. GenBank sequence accession numbers are
shown; sequences from this study are shown in boldface. The Archaea
Methanosarcina barkeri (AJ012094) was used as an out-group. Scale
bar shows 0.1 change per nucleotide position.

Within the Alphaproteobacteria, representative strains FeSo-
D1-15-CH, YE3-D4-63i-CH, YE3-D1-35, and YE4-N1-5-CH
were related to the Acetobacteraceae family (Fig. 3 and Table
3). One strain was related to Acidisphaera rubrifaciens HS-
AP3T (31), an aerobe that can grow in a pH range of 3.5 to
6.0, and strain YE4-N1-5-CH was identical to Acidocella sp.
CCW30 (AY766001) isolated from acidic, metal-rich mine wa-
ters (25). None of our Acetobacteraceae-related isolates oxi-
dized Fe(II) (Table 3). Of two Beijerinckiaceae strains (FeTo-
D4-17-CH and YE3-D4-2i-CH) related to methane-oxidizing
acidophiles (16), only one (FeTo-D4-17-CH) could oxidize
Fe(II).

The only Betaproteobacteria strain isolated (YE4-D1-1-CH)
could not oxidize Fe(II). A total of 7 strains were isolated from
the Gammaproteobacteria. Strain YE4-D1-10-CH (within the
Xanthomonadaceae) was identical to strain WJ2 from acidic
mine drainage waters (27) and produced orange precipitates.
Acidithiobacillaceae-related strains FeSo-D1-9-CH and FeSo-
N1-1-CH were related to known Fe(II)-oxidizing strains (26),
but no oxides were produced by FeTo-N1-3-CH (see Table S1
in the supplemental material).

Fe(IIl)-reducing capacities of isolates and potential Fe cy-
cling. Thirty-six of the 38 tested representatives showed the
capacity to form Fe(II) under microoxic and/or anoxic condi-
tions when incubated with schwertmannite, the dominant
Fe(IIT) mineral of Lake 77 (Table 3). The exceptions were
strain FeTo-D1-1-CH that is related to Acidisphaera rubrifa-
ciens HS-AP3", which is unable to reduce Fe(IIl) (15), and
strain YE3-D4-2i-CH. The highest levels of Fe(II) formation
were observed for FeSo-N4-1-CH, FeSo-D1-15-CH, FeSo-D1-
9-CH, Feo-N4-15-CH, FeSo-N4-3-CH, and FeSo-D1-6-CH
(data not shown). Specific rates of reduction could not be
determined because conditions might vary within a flask, from
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Acidiphilium acidophilum ATCC 278077 (D86511)
Isolate FeSo—D1-15—CH (FN870325)
Acidiphilium sp. (D30769)
Isolate YE3—D4-63i—CH (FN870343)
Bacl_clone26 (FN870205)
Acidiphilium sp. NO-17 (AF376026)
Bacl_clone62 (FN870214)
Acidiphilium cryptum ATCC 33463"(D30773)
F Acidiphilium cryptum JE5 (Y 18446)
Acidiphilium sp. STH (AY040740)
Isolate YE3—-D1-35 (FN870339)
Isolate FeTo—D1-1-CH (FN870333)
E Acidisphaera rubrifaciens HS-AP37(D86512)
Bacl_clone40 (FN870211)
Acidocella sp. CCW30 (AY766001)
Isolate YE4—N1-5—CH (FN870350)
Bacl_clone96 (FN870224)
Acidocella aminolytica (D30771)
Acidocella facilis ATCC 35904" (D30774)
Bacl_clone63 (FN870215)
0.10 Isolate FeTo—D4—17-CH (FN870334)
Methylocella tundrae T4™ (AJ555244)
Methylocapsa acidiphila DSM 139677 (AJ278726)
Isolate YE3—D4-2i—CH (FN870340)
BacIV_clonel56 (FN870300)
Unculture bacterium (EU557912)
BacIV_clonel0 (FN870283)
Uncultured bacterium (AB234252)

Escherichia coli (AF233451)

FIG. 3. Phylogenetic tree of Alphaproteobacteria-related se-
quences showing the close relationship of 16S rRNA gene clones
obtained from sediment zones I and IV of a core obtained from the
northern basin and of the strains isolated from sediment zones I and
IV of cores obtained from the northern and deep central basin.
GenBank sequence accession numbers are shown; sequences from
this study are shown in boldface. The Gammaproteobacteria Esch-
erichia coli (AF233451) was used as an out-group. Scale bar shows
0.1 change per nucleotide position.

anoxic in the bottom of the flasks to oxic at the medium-air
interface, leading to a partial reoxidation of Fe(II). In general,
Fe(II) formation did not increase under strictly anoxic condi-
tions. After another 4 weeks, we observed evidence of Fe(II)
reoxidation, with some isolates forming a rusty orange solid
layer (YE4-D4-4-CH, final medium pH 5.8) or a light yellowish
soft layer (YE3-D4-3i-CH, final medium pH 3.3) on the top of
the medium. Another isolate (FeSo-N4-1-CH, final medium
pH 3.7) had a rusty orange crust attached to the inner flask
surface at the medium-air interface. Raman spectroscopy re-
vealed that the solid iron that reformed at the medium-air
interface consisted of schwertmannite (YE3-D4-3i-CH and
FeSo-N4-1-CH) or ferrihydrite (YE4-D4-4-CH) (Valerian
Ciobota, personal communication).

The following five isolates were selected for further experi-
ments (Table 4): YE3-D1-20 due to the high relative abun-
dance of Acidobacteria-related sequences in clone libraries;
two new Alicyclobacillus species with high Fe(III)-reducing ca-
pacities; YE4-N1-5-CH because little is known about Fe(III)
reduction by Acidocella; and YE3-D1-10-CH. Most of these
strains showed a broad pH range for growth, ranging from 1.5
to 6.0, and the pH optimum for most strains was 3.5 (Table 4).
While all 5 of these isolates could reduce iron in schwertman-
nite, chelated forms of Fe(IIl), e.g., ferric citrate and ferric
pyrophosphate, were not reduced during 14 days. However,
after this lag phase, two isolates (FeSo-D4-20-CH and YE3-
D1-10-CH) formed up to 7.5 mM Fe(II) (data not shown).
Only very small amounts of synthetic goethite were reduced
(Table 4).
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TABLE 4. Growth pH range and Fe(II) formation assay results for five selected isolates

Schwertmannite” Goethite”
. Growth pH range
Genus, strain (optimal gfowth ng)a pH on day: Amt of Fe(IT) (mM) pH on day: Amt of Fe(IT) (mM)
0 on day 22 0 n on day 22

Acidobacteria sp.

YE3-D1-20 2.5-5.0 (3.5) 3000 40=x02 3.1+03 32202 3201 0.6 =03
Alicyclobacillus spp.

FeSo-D4-20-CH 1.5-6.0 (3.5) 3000 3.6*0.6 24 *1.6 31202 2902 0.1 £0.1

YE4-D4-4i-CH 2.5-5.0 (3.5) 3001 39=x0.1 3.6 £0.0 3000 3.0x0.1 09=*02
Acidocella sp.

YE4-N1-5-CH 2.5-4 (2.5) 3000 3.6x04 2608 32202 31x02 0.7x0.2
Unknown Dyella-like genus sp.

YE3-D1-10-CH 2.0-5.0 (3.5) 3000 40=0.1 3.6 £0.6 3301 3302 0.8 0.1
Control 3100 28=%x0.0 0.1 0.1 3100 3.0%x0.0 0.1 +0.1

“ Tested in the YE media under oxic conditions without the presence of Fe(III) minerals.

> Tested in the YE media under microoxic conditions.

DISCUSSION

The diversity of microorganisms involved in Fe cycling in
acidic sediments was elucidated by cultivation-based and mo-
lecular methods. This approach extended previous knowledge
by providing information on those microbes responsible for the
reductive half of the cycle at low pHs. From 117 selected
isolates, a total of 28 different 16S rRNA gene sequences were
obtained. Despite identical 16S rRNA genes, some isolates
showed different morphologies or differed in their Fe-cycling
capabilities. Sequence analysis suggests that 18 isolates are
putative new species when compared to fully characterized
relatives. However, the number decreases to 5 new species if
we make our comparison to isolates which have been obtained
over the last several years but have not been fully character-
ized. For example, strains YE3-D4-3i-CH and iFeo-D4-31-CH
shared only 90 and 91% identity, respectively, with the type
strain Alicyclobacillus contaminans 3-A191" (24) but more than
99 and 94%, respectively, with the closest cultivated strains
SLC66 (iron-oxidizing acidophile, GenBank sequence acces-
sion number AY040739) (37) and Y0010 (GenBank sequence
accession number AY140235) (42). Not surprisingly, many of

these closest cultivated relatives were isolated from acidic hot
springs, gold mine soils, porphyry copper tailings, or sulfide
ores (19, 42, 72, 75). Thus, the use of “overlay” plates has
greatly improved the isolation success of a diversity of autotro-
phic and heterotrophic acidophiles, which tend to grow poorly
on normal solid media (40). The greater diversity of isolates
beyond the well-known acidophiles Acidithiobacillus ferrooxi-
dans and Acidiphilium cryptum isolated in other studies (70)
might be due to the broad pH range of the different media
used in this study. Nonetheless, 15 and 33 isolates in our study
were related to those two species, respectively.

Several phylogenetic groups involved in Fe(II) oxidation
were restricted to the top acidic sediment zones of Lake 77 as
revealed by the combination of our methods (Fig. 4). All iso-
lates of the genus Acidithiobacillus were obtained from the
acidic top zones of the Deep and North basins of the lake, but
Acidithiobacillus spp.-related sequences were not detected in
the clone library. From the other Gammaproteobacteria family
Xanthomonadaceae, 8 isolates and 15 clones were obtained
only from the top sediment zones. These 15 clones were closely
related to those obtained from the river Rio Tinto, Spain

pHO
Water | ‘_,z
Zone I Fe(II) oxidizer Fe(I1I) reducer
v Acidithiobacillus spp. / \ Acidiphilium spp.
Leptospirillum Fe(ID) Fe(Ill) unknown Dyella-like-genus sp.
. . Ferrimicrobium sp.
Ferrimicrobium sp. Acidocella spp.
unknown Dyella-like-genus sp. Acidithiobacillus Spp.

Acidobacteriaceae sp.

FIG. 4. Schematic of the key microbial players involved in Fe cycling in the acidic lignite mine Lake 77 ecosystem. Microbial players detected
by isolation and 16S rRNA gene cloning included Fe(II) oxidizers and Fe(III) reducers. The oxygen content declined sharply to 0 at 2 to 10 mm
below the water-sediment interface, and the pH increased from 3 in the water and the top sediment zone I to ca. 5 in zone IV.
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(GenBank sequence accession number DQ303270) (22), from
acid mine drainage (GenBank sequence accession numbers
DQ480485 and AY096032) (15, 29), and also from the top
sediment zone of a manipulated lignite mine lake (KacFeR1-3,
GenBank sequence accession number EF544680) (61). Isolate
YE3-D1-10-CH showed Fe(II)-oxidizing and Fe(III)-reducing
capacities, a trait shared with the closely related strain WJ2
(27). Additional clones were related to the well-known Fe(II)
oxidizer Leptospirillum from the Nitrospiraceae family.

Groups of Fe(III)-reducing bacteria varied in their distribu-
tion over sediment zones (Fig. 4). All of the 13 Acidocella
isolates were obtained from the top acidic zones, matching the
pH optimum of the more thoroughly investigated isolate YE4-
N1-5-CH. This isolate could reduce schwertmannite similarly
to the other four isolates tested (15) but did not oxidize Fe(II).
Clones related to the known Fe(III)-reducing genus Acidiphi-
lium (15, 51) were only detected in the Bacl library (Fig. 3), but
isolates of this genus, with high capacities to reduce schwert-
mannite under strictly anoxic conditions, could be obtained
from all sediment depths and sites. Since at least one Acidiphi-
lium isolate can reduce Fe(III) at a pH of up to 5 (6), bacteria
of the genus Acidiphilium might be important drivers for
Fe(III) respiration in acidic sediments.

Acidobacteria occurred at higher relative abundances in the
deeper sediment zones, and the majority of clones were affil-
iated with the Acidobacteria subdivision 1, which contains
known Fe(III) reducers. Despite the dominance of subdivision
1 Acidobacteria in various habitats, including uranium-contam-
inated subsurface sediments (4), mine tailings (74), the soil
surrounding iron-manganese nodules (28), extremely acidic,
metal-rich streams (65), and acidic lignite mine lakes (7, 48),
their ecological roles remain poorly documented. Acidobacte-
rium capsulatum DSM 11244T and other related isolates
(PK35, RIT23, KP3, and WJ7) are capable of dissimilatory
Fe(III) reduction (7, 15, 27) under strict anoxic or microoxic
conditions, similar to our isolate YE3-D1-20 that was closely
related to strain PK35. The genome study of Acidobacteria
strains, including an A. capsulatum strain, strain Ellin345 (sub-
division 1), and strain Ellin6076 (subdivision 3), provides some
evidence for a probable Fe(III) reduction pathway (73).

All of the 20 Alicyclobacillus-related isolates were obtained
from deep, slightly acidic sediment zones despite their Fe(II)-
oxidizing capacities. Characterization of these acidophilic iron-
and sulfur-oxidizing Firmicutes shows that they are aerobes or
facultative anaerobes with considerable metabolic versatility
(46, 75). Thirteen of our tested isolates could oxidize Fe(II)
and reduce schwertmannite, but the extent of Fe(II) formation
was not enhanced under strictly anoxic conditions. Several
Alicyclobacillus strains can utilize Fe(III), and one Alicycloba-
cillus isolate, GSM, is able to couple Fe(III) reduction with cell
growth under anoxic conditions (75). Isolate FeSo-D4-20-CH,
which probably represents a new species, could grow within a
pH range of 1.5 to 6, suggesting a high adaptability to geo-
chemical gradients. Surprisingly, none of the molecular tech-
niques detected members of the Alicyclobacillaceae family, al-
though these organisms were cultivated in abundance. This
missing overlap might be due to the inherent biases of molec-
ular techniques and/or to their low in situ abundance.

Geobacter-related sequences were obtained from the deep
but not from the top acidic sediment zone, a result which was
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supported by Geobacter-specific quantitative PCR. Sixteen of
17 clones were closely related to Geobacter sp. G02 or Geobacter
chapellei strain 172 (54), suggesting that some Geobacteraceae
species may be more acid tolerant than previously thought.
However, attempts to isolate Fe(III) reducers at pH 5 from
zone IV under strictly anoxic conditions failed. Sulfate reducer
sequences from the families Desulfuromonadaceae, Desulfo-
bulbaceae, Desulfobacteraceae, and Desulfovibrionaceae were
not closely related to strains known for Fe(III) reduction.

In contrast to previous work (7), archaeal sequences were
obtained, which might be due to the different primer set used
in this study. Unfortunately, no archaeal strain could be iso-
lated. Both libraries were dominated by Euryarchaeota, includ-
ing known methanogens. In addition, one clone was affiliated
with the family Archaeoglobaceae, which contains strains capa-
ble of sulfur reduction (67), a process that appears to be re-
stricted to the deeper, moderately acidic sediment zone of this
lignite mine lake (59). Picrophilaceae and Thermoplasmatales-
like phylotypes (but not Ferroplasma related) were detected
which were related to sequences from an extremely acidic,
metal-rich stream in Spain (65). This result is similar to those
from other acid mine drainage sites where Thermoplasmatales
represent a dominant group (3, 20, 22, 62) but contrasts with
the results for other sites where Ferroplasma spp. appear to be
responsible for pyrite leaching (20, 21).

Collectively, these results demonstrate that cultivation re-
vealed a much broader diversity of microorganisms with the
capacity to reduce Fe(IIl) under both acidic and moderately
acidic conditions (Fig. 4). These findings broaden our previous
understanding of the lignite mine Lake 77 ecosystem obtained
from a molecular-based study (7). In this work, molecular
methods showed that 13 of 101 distinctive phylotypes obtained
in the bacterial clone libraries were closely related to our
isolated strains. The presence of Fe(II) oxidizers appeared to
be restricted to the top acidic sediment zone, where oxygen is
present after lake water mixing (Fig. 4). Fe(III)-reducing bac-
teria included many genera, such as Acidobacterium, Acido-
cella, Alicyclobacillus, and an unknown Dyella-like genus, which
are not commonly found in moderately acidic habitats. The
isolates studied in more detail showed an average pH range for
growth from 2.5 to 5 with a maximum range of 1.5 to 6,
suggesting that they can inhabit a wide ecological niche. In
addition to this broad pH tolerance, the isolates obtained re-
duced Fe(III) under ecosystem-relevant conditions. We found
that the isolates preferred microoxic conditions to reduce
Fe(III) and were unable to reduce chelated forms of Fe(III),
which is in contrast to the results for the commonly studied
neutrophilic Fe(IIT) reducers. Since other acidophilic Fe(III)
reducers have been shown to reduce Fe(III) in the presence of
oxygen (41) or even to corespire Fe(III) and oxygen (52), the
presence of low oxygen concentrations will not inhibit the
reduction of Fe(IIl) in acidic sediments. Thus, the order of
redox processes might differ at the sediment-water interface of
acidic ecosystems compared to the order of these processes in
neutral-pH sediments, with pH acting as a major driving force
in shaping biogeochemical redox processes.
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