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Fe(IIl)-reducing soil enrichment cultures can tolerate 100 pM Cu and Cd, 150 pM Co, 600 M Ni, and 2,500
M Zn. Metal-tolerant cultures were dominated by Geobacter-related Deltaproteobacteria and Gram-positive
Firmicutes spp. (Clostridia and Sedimentibacter). A Cd- and Cu-tolerant Fe(III)-reducing coculture of Desul-
fosporosinus and Desulfitobacterium indicated the importance of the Firmicutes for Fe(III) reduction in the

presence of metals.

Toxic metals can be immobilized on surface sorption sites of
soil Fe(III) minerals or can be included in the mineral struc-
ture (4, 29). Fe(Ill)-reducing bacteria (FeRB) can facilitate
the release of these metals by reductive dissolution of Fe(III)
oxides (9, 17) and bioreduction of Fe(III) oxide-bound trace
metals (42). This release might enhance metal stress, suggest-
ing that metal tolerance should be an important attribute for
FeRB. Acidophilic FeRB can tolerate millimolar concentra-
tions of Cd, Cu, Ni, and Zn (12), which might be a prerequisite
to survival in habitats where low pH facilitates high metal
solubility. In contrast, neutrophilic FeRB like Shewanella spp.
tolerate only uM concentrations (34, 36). Geobacter spp. have
not been tested to the best of our knowledge, but metal toler-
ance proteins are expressed during growth in uranium-contam-
inated sediments, which might be connected to metal resis-
tance (19).

Near Ronneburg (Thuringia, Germany), uranium mining
caused severe environmental contamination with metals and
radionuclides (20). In creek bank alluvial soils of the Gessen-
bach, a main drainage system of upstream mining sites (41),
high heavy metal concentrations occur both in solid phase and
in the pore water of a ground- and surface water-influenced,
oxidized, iron-rich Btlc horizon of a Luvic Gleysol. We dem-
onstrated the solubilization of Co, Ni, Zn, As, and U in Btlc
soil microcosms during biostimulated microbial Fe(III) reduc-
tion that was associated with the activity of microorganisms
related to Delta- and Betaproteobacteria, Acidobacteria, and
Firmicutes (7). The aims of this study were to (i) determine the
heavy metal fraction of the solid phase, which could be re-
leased during reductive dissolution of Fe(III) oxides, (ii) esti-
mate the effect of heavy metals on the activity of FeRB in the
Gessenbach creek bank soil, and (iii) identify metal-tolerant
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FeRB, because the permanent exposure to contaminants dur-
ing the last 50 years should have promoted metal tolerance.

Soil geochemistry. Putative binding forms of heavy metals in
the Btlc soil solid phase were determined by sequential extrac-
tion (8, 43) in samples collected in August 2006. Metal con-
centrations were analyzed with either ICP-MS (inductively
coupled plasma-mass spectrometry) or ICP-OES (optical
emission spectrometry) (8). Most metals (20 to 40%) and even
80% of As in Btlc soil were detected in fraction 5, which is
representative for amorphous Fe(III) oxides (Fig. 1). A con-
siderable amount of uranium (30%) was recovered in the spe-
cifically adsorbed fraction, whereas only Zn and Ni were pri-
marily recovered in the mobile fraction. Zn and Ni also
dominated the heavy metal pore water concentration of the
creek bank soil, which was sampled monthly from June to
November 2007 (7). Pore water heavy metal and As concen-
trations always peaked in the Btlc horizon (see Fig. S1 in the
supplemental material) and reached maximum concentrations
of 38.6, 16.4, 3.9, 1.5, 0.6, and 0.3 pM for Zn, Ni, Al, Cu, Co,
and Cd, respectively. Pore water Fe(II) concentrations, mea-
sured as previously described (7), increased with depth, start-
ing at the transition between the horizons Btlc and Brl (see
Fig. S1). In the deeper horizons Brl and Br2, pore water
concentrations of heavy metals and As were low, although the
solid phase was enriched with heavy metals (data not shown)
caused by the permanent contact of contaminated groundwa-
ter and creek water.

Metal tolerance of Fe(IlI)-reducing enrichment cultures.
Based on in situ concentrations, four concentrations of Cd, Cu,
Ni, or Zn were added to Btlc soil suspensions cultured in
media selective for Fe(III) reducers (Table 1). In addition,
mixes of metals representing Btlc pore water concentrations
(mix 1) or Btlc bioavailable concentrations (mix 2), which are
assumed to be represented by fractions 1 and 2, were added.
For the enrichment cultures, 1 ml of soil suspension (9 ml of
0.7% NaCl solution added to 1 g of soil) derived from Btlc soil
obtained in April 2008 was added to 9 ml of a basal medium
(23), with 1 mM each of ethanol and lactate as carbon sources,
14 mM amorphous Fe(OH); (24) as the electron acceptor, and
0.5 mM FeCl, as the reductant. Uninoculated controls re-
ceived only 1 ml of NaCl solution. The final pH was 6.5 to 6.8.
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FIG. 1. Concentrations of selected metals obtained by sequential
extraction from Btlc soil in different fractions, which can be correlated
to the following putative binding forms: mobile (fraction 1), specifically
adsorbed (fraction 2), bound to manganese oxides (fraction 3), bound
to organic material (fraction 4), bound to amorphous Fe(III) oxides
(fraction 5), bound to crystalline Fe(III) oxides (fraction 6), and bound
to the residual fraction, presumably mainly silicates (fraction 7).

Fe(II) formation was measured at selected time intervals (7,
22). Dissolved metal concentrations were measured to check
for precipitation or adsorption in selected treatments by
ICP-MS (7) or ICP-OES (8). In a subsequent experiment,
more concentrations were tested to specify the metal toler-
ance, if necessary.

Metal amendment affected Fe(II) formation rates (Table 1
and data not shown). Maximum pore water metal concentra-
tions (mix 1) had no effect, but bioavailable solid-phase con-
centrations (mix 2) completely inhibited Fe(III) reduction.
Also, addition of 150 pM Cu or 1,000 pM Ni caused complete
inhibition of Fe(II) formation. In the presence of 100 wM Cu,
150 or 600 uM Ni, or 2,500 uM Zn, Fe(II) formation rates
were reduced. Additionally, the lag phase was extended by
about 2 weeks in cultures with 2,500 uM Zn. The addition of
Co did not decrease Fe(II) formation rates, but the time before
Fe(II) formation started was delayed by 1 week in the presence
of 150 uM Co compared to that in the presence of controls
with no metals added. Cd was tolerated at 100 wM, but at 500
M, no Fe(II) formation was observed. For Al, Cr, and Pb, no
toxic effects with up to 10 mM Al, 100 uM Cr, and 1,000 p.M
Pb were observed. The presence of As at up to 800 uM did not
inhibit Fe(II) formation, but rates decreased at 1,600 uM As.
These data indicated that Cu and Ni should be the main in-
hibitive contaminants in Btlc soil in situ. However, multiple
effects of metal combinations cannot be ruled out.

Metal tolerances were comparable to those reported for
Shewanella strains that cannot grow in the presence of 150 pM
Co, 150 to 400 pM Zn, 75 to 150 uM Cd, or 150 to 400 pM Cu
when cultivated aerobically in 10% LB broth (36). Anoxic
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hematite bioreduction by Shewanella putrefaciens is 50% inhib-
ited by 210 pM Zn but not by 1.63 mM Ni (27). Clostridia,
which can use Fe(IlI) as a sink for excess electrons from
fermentation (16), can grow in the presence of 24 uM Cd but
not 24 pM Cu (14). Cd solution concentrations of 2.8 to 1,503
uM can inhibit 50% of the Fe(III) reduction rate in different
soils, depending on soil type (38). However, metal tolerances
of those FeRB might be lower than those reported due to

TABLE 1. Rates of Fe(II) formation in metal-amended
Fe(I1I)-reducing Btlc soil enrichment cultures in
the presence and absence of metals

Fe(II) formation rate = SD

Treatment Concn added (pM) [nmol Fe(IT) day ' ml '
Control No metal added 509.17 = 1.66 A/AB
Mix 14 Low 416.20 = 51.92B
Mix 2° High -3.27+256C
CdcCl, 0.15 358.33 + 33.38B
0.3 392.13 = 9.06 A,B
15 337.83 + 11.76 B
30 279.30 + 104.08 B
CoCl, 0.15 497.10 = 47.72 AB
0.35 551.57 £ 39.37 A
50 428.70 = 39.02 AB
150 382.47 + 89.73 B
CuCl, 0.5 389.37 + 52.05B
1.1 (0.8/0.02)¢ 481.47 £ 43.16 A
150 19.90 = 3.56 C
1,500 17.97 £ 8.56 C
NiCl, 10 434.63 + 18.07 B
20 527.47 £ 3333 A
150 (73/35)* 290.70 + 31.19 C
1,000 7.50 = 0.17D
CrCl4 0.06 404.07 = 29.98 A
1 454.63 + 43.92 A
10 334.57 = 144.03 A
100 420.50 + 24.18 A
ZnCl, 20 463.00 = 57.77 A
40 479.03 = 34.46 A
500 464.77 + 42.05 A
2,500 (114/35)¢ 245.67 = 95.64 B
AlCl, 2 531.43 £ 23.13 A
4 403.87 + 16.97 BC
100 378.97 + 67.02 C
1,500 386.67 + 42.67 C
PbCl, 3 384.80 + 19.70 A
6 44423 + 68.35 A
20 399.17 + 57.64 A
100 411.03 = 87.65 A

¢ Components of mix 1: 0.3 pM CdCl,, 0.35 pM CoCl,, 1.1 uM CuCl,, 20 pnM

NiCl,, 0.06 uM CrCls, 40 uM ZnCl,, 4 pM AICl,, and 6 wM PbCl,.

> Components of mix 2: 30 uM CdCl,, 150 pM CoCl,, 1,500 pM CuCl,, 1,000
M NiCl,, 10 pM CrCls, 2,500 pM ZnCl,, 1,500 pM AICl;, and 20 pM PbClL,.

¢A, B, C, and D indicate groups with significant (P < 0.05) differences in
Fe(II) formation rates within the concentration range tested. The control is
included in all treatments as a metal concentration of 0. Each metal and mix were
tested separately. The control belongs to group A for the Cd, Cr, Zn, Pb, Cu, Ni,
and mixed metal treatments and to groups A and B for the Co and Al treatments.

4 Values shown in parentheses are the concentrations measured by ICP-MS at
the end of the incubation in noninoculated controls/concentrations measured by
ICP-MS at the end of the incubation in inoculated cultures.



3134 BURKHARDT ET AL.

Migration direction
11 2

Y

Zn 2500 uM
Ni 150 uM
Cu1.1uM

FIG. 2. Microbial community DGGE patterns generated from met-
al-amended cultures. The main bands that were identified by sequenc-
ing are labeled, and the top BLAST hit is given with its GenBank
accession number and percent identity. Band 1, Sedimentibacter clone
VE117 (GenBank accession no. EF681724.1) with 99% identity; band
2, Clostridiales bacterium clone D10_24 (GenBank accession no.
EU266794.1) with 99% identity.

interactions of the amended metals with Fe(III) oxides or
other medium components and due to metal sorption on cell
surfaces (36, 37). When metal concentrations were checked at
the end of our experiment, only 49, 5, or 73% of amended Ni,
Zn, or Cu, respectively, were still dissolved in the medium of
noninoculated controls, and even 23, 1, or 2% of those were
dissolved in the inoculated cultures. Therefore, FeRB suppos-
edly did not face the total concentration of amended metals,
and their tolerance to dissolved metals should be much lower.
Similarly, a previous study reported that the Cu tolerance of
Shewanella varies between 75 and 750 mM depending on the
nutrient load of the medium (36).

Identification of metal-tolerant microorganisms. To identify
metal-tolerant FeRB, samples of three cultures, containing the
highest concentrations tested of each metal that still allowed
Fe(II) formation (1.1 uM Cu, 150 uM Ni, and 2,500 pM Zn),
were pooled for clone library construction (see the supplemen-
tal material). The 16S rRNA gene-based clone library almost
exclusively contained sequences related to Deltaproteobacteria
(69%) and the Firmicutes (29%) (see Table S1 in the supple-
mental material). The importance of these groups is similar to
that found in biostimulated soil microcosm studies (7). All
Deltaproteobacteria clones were related to Geobacter, a genus
that dominates during uranium reduction in bioremediation
experiments (3, 18). Within the Firmicutes, several genera
which are known to reduce Fe(III) by shunting electrons from
fermentation to Fe(IIT) were detected (16). Microbial commu-
nity fingerprints of these cultures generated by denaturing gra-
dient gel electrophoresis (DGGE) (see the supplemental ma-
terial) demonstrated that some prominent bands were present
in all cultures but that more bands were present in Cu-amended
cultures than in Zn- and Ni-amended cultures. By sequencing the
three main DGGE bands of the Zn-amended culture, all were
identified as Firmicutes spp. related to Gram-positive ferment-
ers of Sedimentibacter and Clostridiales strains that have not
been reported for Fe(III) reduction (Fig. 2). One sequence was
closely related to Sedimentibacter strains found in dechlorinat-
ing enrichments (5, 10). The Clostridiales-related sequence
shared the highest identity with a clone obtained from a tar
oil-impacted aquifer (40); the closest cultured relative was
Clostridium aminobutyricum (95% identity). The same bands
were also observed in the 150 uM Ni and 1.1 pM Cu treat-
ment, indicating that the Firmicutes might also be important in
those cultures. Studies of bacterial metal sorption indicated
that isolated cell walls from Gram-positive organisms bind
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more metal than isolated envelopes of Gram-negative bacteria
(37). Due to cellular metal sequestration, fermentative Firmi-
cutes spp. may be important for ameliorating metal toxicity to
FeRB within a community, as was seen in a bacterial consor-
tium from metal-contaminated sediments (25). However, it
cannot be ruled out that Firmicutes spp. might have survived as
spores in the soil (5, 39) and were activated after nutrient
addition in the enrichment cultures.

Establishment of a metal-tolerant FeRB coculture. The metal-
amended Fe(III)-reducing enrichment cultures were used for
isolation attempts, with a modified agar shake technique (see
the supplemental material). An isolated colony composed of
uniform rod-shaped cells under a light microscope was ob-
tained after the fifth transfer. When transferred to liquid me-
dium, 25% of the supplemented Fe(IIl) was reduced, with
lactate and ethanol as the electron donors. Consumption of
lactate and ethanol resulted in the accumulation of propionate
and acetate (data not shown). Although the isolate was thought to
be a pure culture, 16S rRNA sequence analysis revealed that it
was actually a coculture of two strains. The two strains, DA-1
and DA-2, were affiliated with the family Peptococcaceae
within the Firmicutes, with strain DA-1 being most closely
related to the Desulfosporosinus lacus strain STP12T (GenBank
accession no. AJ582757) and an uncultured bacterium clone,
GIF4 (GenBank accession no. AF407196), derived from
monochlorobenzene-contaminated groundwater (1) (98%
sequence similarity to both). Strain DA-2 was most closely
related to Desulfitobacterium dichloroeliminans strain LMG
(GenBank accession no. AJ565938) (96% sequence similarity).

Members of the Peptococcaceae were detected previously in
biostimulated Fe(III)-reducing Btlc microcosms at the end of
incubation when sulfate reduction also occurred (7). D. lacus
can reduce sulfate and, unlike other strains, also Fe(III) in the
presence of lactate and can grow fermentatively with pyruvate
and lactate (28, 33). Since sulfate was not present in the en-
richment cultures, DA-1 had to grow either fermentatively on
lactate or by coupling growth to Fe(III) reduction. Although
D. lacus was isolated from a pristine environment, members of
this genus have regularly been detected in various contami-
nated sites, including radionuclide-contaminated sediment (26,
30, 35). D. lacus tolerates 2 mM As but is inhibited by 10 mM
As, 10 pM Cd, 0.4 mM Cr, and 10 pM Zn (28). These con-
centrations are similar to the dissolved metal concentrations
shown in our enrichments. DA-2 was distantly related to
Desulfitobacterium spp., which are typically isolated from
contaminated environments where they dechlorinate halo-
genated compounds or respire metals, such as As(V),
Fe(I1II), Mn(IV), and Cr(VI) (14, 33).

Potential Fe(III) reduction rates of creek bank soil. Since
the presence of Fe(II) in the pore water suggested ongoing in
situ Fe(I1I) reduction, we incubated soil obtained from the Btlc
and the deeper permanently reduced Brl and Br2 horizons as
slurries under anoxic conditions (7, 32) and calculated Fe(I1I)
reduction rates from the regression slope during the linear
increase of Fe(II). Initial Fe(II) formation rates in Btlc micro-
cosms were negligible or did not exceed 2 wmol day ' g (wet
weight) soil ! despite the high Fe(I1I) and carbon contents of
this horizon (Fig. 3). Biostimulation with lactate or ethanol
increased initial Fe(I) formation rates by up to four times,
suggesting that an additional energy source is necessary to
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FIG. 3. Fe(II) formation rates obtained in anoxic soil microcosms
in relation to the initial Fe(II) concentrations. Initial Fe(II) formation
rates were determined in carbon-unamended soil microcosms of hori-
zons Btle, Brl, and Br2, whereas biostimulated Fe(II) formation rates
were determined in carbon-amended Btlc microcosms.

drive energy-consuming detoxification processes, like ATP-driven
efflux pumps or the production of metal-binding compounds
(2, 6, 11, 31). In contrast, the Brl and Br2 horizons showed
higher Fe(Il) formation rates of up to 6 wmol day™ ' g (wet
weight) soil ! independent of carbon amendment (Fig. 3),
which corresponded with the higher Fe(II) concentrations de-
tected in the pore water of the Brl and Br2 horizons. The low
heavy metal pore water concentrations in these horizons sug-
gest effective metal attenuation processes. S tracer studies
recently demonstrated that both of the reduced horizons have
ongoing sulfate-reducing activity (32) and that the release of
sulfide may have lead to the retention of metals as metal
sulfides (13, 15, 21). Therefore, metabolically diverse sulfate
reducers that can switch to Fe(III) reduction could fill an
important niche in stratified contaminated soils. In addition,
FeRB, like Geobacter spp. and fermentative FeRB, might
profit from metal sulfide precipitation as a by-product of sul-
fate reduction. All together, in the presence of metal contam-
inants, microbial Fe(III) reduction may be dependent on (i)
the presence of a sufficient carbon source to fuel detoxification,
(ii) metal scavenging by cellular metal sequestration, and (iii)
the metabolic diversity of nonclassical FeRB.
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