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A bacterial isolate, designated strain SZ, was obtained from noncontaminated creek sediment microcosms based
on its ability to derive energy from acetate oxidation coupled to tetrachloroethene (PCE)-to-cis-1,2-dichloroethene
(cis-DCE) dechlorination (i.e., chlororespiration). Hydrogen and pyruvate served as alternate electron donors for
strain SZ, and the range of electron acceptors included (reduced products are given in brackets) PCE and
trichloroethene [cis-DCE], nitrate [ammonium], fumarate [succinate], Fe(IlI) [Fe(I)], malate [succinate],
Mn(1V) [Mn(I)], UVI) [U(IV)], and elemental sulfur [sulfide]. PCE and soluble Fe(III) (as ferric citrate) were
reduced at rates of 56.5 and 164 nmol min~" mg of protein™', respectively, with acetate as the electron donor.
Alternate electron acceptors, such as U(VI) and nitrate, did not inhibit PCE dechlorination and were consumed
concomitantly. With PCE, Fe(IIl) (as ferric citrate), and nitrate as electron acceptors, H, was consumed to
threshold concentrations of 0.08 = 0.03 nM, 0.16 = 0.07 nM, and 0.5 %= 0.06 nM, respectively, and acetate was
consumed to 3.0 = 2.1 nM, 1.2 = 0.5 nM, and 3.6 *= 0.25 nM, respectively. Apparently, electron acceptor-specific
acetate consumption threshold concentrations exist, suggesting that similar to the hydrogen threshold model, the
measurement of acetate threshold concentrations offers an additional diagnostic tool to delineate terminal electron-
accepting processes in anaerobic subsurface environments. Genetic and phenotypic analyses classify strain SZ as
the type strain of the new species, Geobacter lovleyi sp. nov., with Geobacter (formerly Trichlorobacter) thiogenes as the
closest relative. Furthermore, the analysis of 16S rRNA gene sequences recovered from PCE-dechlorinating con-
sortia and chloroethene-contaminated subsurface environments suggests that Geobacter lovieyi belongs to a distinct,
dechlorinating clade within the metal-reducing Geobacter group. Substrate versatility, consumption of electron
donors to low threshold concentrations, and simultaneous reduction of electron acceptors suggest that strain

SZ-type organisms have desirable characteristics for bioremediation applications.

Environmental pollutants, such as chlorinated solvents, toxic
metals, and radionuclides (e.g., uranium), are strictly regulated
due to their negative effects on ecosystem function and human
health. Tetrachloroethene (PCE) and trichloroethene (TCE)
are frequently used as solvents and degreasing agents. As a
result of extensive usage, improper disposal, and accidental
spills, PCE and TCE became widely distributed, pervasive
groundwater contaminants. Uranium was released in signifi-
cant amounts from nuclear weapon complexes managed by the
U.S. Department of Energy (DOE) during the Cold War arms
race. It was estimated that more than 80% of DOE sites have
radionuclide contamination and at least 27% have volatile
organic hydrocarbons as cocontaminants (47).

The considerable knowledge that has accrued on the fate of
specific contaminants and the bacteria involved in the trans-
formation and degradation pathways has led to successful
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bioremediation field studies. For instance, acetate additions to
stimulate dissimilatory metal-reducing organisms promoted re-
duction of soluble U(VI) to insoluble U(IV) and contributed
to plume containment (2, 15, 21). Biostimulation and bioaug-
mentation approaches were also successfully implemented at
chloroethene-contaminated sites (13, 29, 39). The majority of
sites, however, contain multiple contaminants, and mixed-
waste scenarios are a major challenge that successful remedies
must address. Many U(VI)-impacted DOE sites have elevated
concentrations of nitrate, sulfate, chlorinated solvents (e.g.,
PCE and TCE), and other chloroorganic pollutants, including
polychlorinated biphenyls (47). Unfortunately, mixed-waste
scenarios received little attention, and the effects of cocontami-
nants on desired biotransformation processes are unclear. Ob-
viously, populations that consume toxic electron acceptors
(i.e., oxidized radionuclides and chloroorganic compounds)
under a range of redox conditions (e.g., in the presence of
alternate, energetically favorable oxidants) are desirable at
sites impacted by nitrate, uranium, and chlorinated solvents.
In this study, we report the isolation and characterization of
a novel Geobacter species, strain SZ, capable of coupling the
oxidation of acetate and H, to the reduction of a variety of
electron acceptors, including PCE, TCE, nitrate, and uranium.
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MATERIALS AND METHODS

Isolation procedure and growth conditions. Su-Zi Creek sediment was col-
lected near a suburban residential area with no reported contamination in June
2002 near Seoul, South Korea. Sterile 50-ml plastic containers were filled com-
pletely with sediment, capped, and shipped to the laboratory at ambient tem-
perature. Inside a glove box (Coy Laboratory Products Inc., Grass Lake, MI),
approximately 2 g of sediment was transferred to 20-ml (nominal capacity) glass
vials, and 9 ml of sterile, anoxic, reduced, bicarbonate-buffered (30 mM) medium
amended with 10 mM acetate was added (46). All the vials received 0.5 pl neat
PCE as the electron acceptor and were sealed with Teflon-lined rubber stoppers.
Sediment-free, nonmethanogenic, PCE-dechlorinating cultures were obtained
after sequential transfers (1% [vol/vol]) to fresh medium. Dilution-to-extinction
series were established in liquid and semisolid medium (0.5% [wt/vol] SeaPlaque
agarose; Cambrex Bio Science Rockland, Inc., Rockland, ME). PCE (2 pl dis-
solved in 100 wl hexadecane) was added by syringe after the agarose had solid-
ified. The vials were incubated upside down, and PCE was available to the
bacteria only via the headspace.

16S rRNA gene sequencing and phylogenetic analysis. Genomic DNA was
obtained from PCE-acetate-, Fe(IlI)-acetate-, and nitrate-acetate-grown cul-
tures. Individual genomic DNA was extracted with a QIAamp DNA mini kit
(QIAGEN, Santa Clarita, CA). 16S rRNA genes were PCR amplified using a
universal bacterial primer pair (8F and 1525R) and 50 ng of genomic DNA as the
template and sequenced as described previously (31, 43). Related 16S rRNA
gene sequences from cultured organisms and environmental clones were iden-
tified by BLAST analysis and obtained from GenBank. Distance matrices and
phylogenetic trees were generated following sequence alignment using the
MegAlign program of the Lasergene software package (DNA Star Inc., Madison,
MI). Bootstrap values were calculated for 1,000 replicates with the MEGA
software program (27). Geobacter sulfurreducens and Geobacter metallireducens
were kindly provided by Kelly Nevin, University of Massachusetts, Amherst, and
Benjamin Griffin, Michigan State University, East Lansing, provided a culture of
Geobacter (formerly Trichlorobacter) thiogenes strain K1 (10, 22). Desulfuromo-
nas michiganensis strain BB1 was isolated in our laboratory (46).

RFLP analysis of PCR-amplified 16S rRNA genes. Genomic DNA was ex-
tracted from acetate-fed cultures amended with Fe(III) citrate, nitrate, PCE, or
fumarate as the electron acceptor. PCR with primer pair 8F and 1525R and
restriction fragment length polymorphism (RFLP) analysis of the amplicons
using Hhal, Mspl, and Rsal were performed as described previously (31, 43).
Controls included genomic DNA from G. thiogenes, G. sulfurreducens, and D.
michiganensis strain BB1.

DNA-DNA hybridization. Genomic DNA was isolated from fumarate-acetate-
grown strain SZ and G. thiogenes cultures using a French pressure cell and
chromatographic purification on hydroxyapatite (5). DNA-DNA hybridization
was carried out as described previously (8) under consideration of the modifi-
cations introduced by Huss et al. (23), using a model Cary 100 Bio UV/Vis
spectrophotometer equipped with a Peltier-thermostatted 6 X 6 multicell
changer and a temperature controller with an in situ temperature probe (Var-
ian). DNA-DNA hybridization was performed at the Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH (Braunschweig, Germany).

Rep-PCR. To discriminate between strain SZ and its closest relative, G. thio-
genes, repetitive extragenic palindromic PCR (Rep-PCR) was conducted using
the REP-1R/REP-2I primer pair and 100 to 150 ng of genomic DNA as the
template as described previously (42, 48). PCR-amplified fragments were re-
solved on 1.5% agarose gels run in 1X Tris-acetate-EDTA buffer at 100 V (3.3
V/em of gel length) for 6 h. The fragments were visualized with UV light
following staining for 30 min with aqueous ethidium bromide solution (3 pg/ml)
and destaining for 20 min in distilled water.

G+C content. The mole percent G+C content was determined by a modifi-
cation of the method described by Mesbah et al. (41). DNA (6 to 11 pg) obtained
from acetate-fumarate-grown (10 mM each) cultures of strain SZ and G. thio-
genes was diluted to a final volume of 70 wl with sterile distilled water. The
solution was heated in a boiling water bath for 2 min and then immediately
placed on ice. Then, 5 ul of 0.3 M sodium acetate buffer (pH 5.0), 5 wl of 20 mM
ZnSO,, and 5 pl S1 nuclease (0.2 U pl™! in 30 mM sodium acetate buffer) were
added. The samples were incubated at 37°C for 2 h, and 10 ul of bovine intestinal
mucosal alkaline phosphatase (0.1 U pl™") in 0.1 M glycine hydrochloride buffer
(pH 10.4) was added. The samples were incubated at 37°C overnight, centrifuged
at 14,000 rpm for 4 min, and stored at —20°C until chromatographic analysis.

Characterization of substrate utilization and growth conditions. Electron
acceptor utilization was tested in bicarbonate-buffered medium amended with 5
mM acetate. The following compounds were added to duplicate 160-ml serum
bottles containing 100 ml of medium (aqueous concentrations are given in
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parentheses): PCE (0.17 to 0.33 mM), TCE (0.32 to 0.63 mM), cis-1,2-dichloro-
ethene (DCE) (0.28 mM), trans-1,2,-dichloroethene (0.21 mM), 1,1,-dichloro-
ethene (0.19 mM), vinyl chloride (0.1 mM), carbon tetrachloride (0.1 mM),
1-chloroethane (0.1 mM), 1,1-dichloroethane (0.1 mM), 1,2-dichloroethane (0.1
mM), 1,1,1-trichloroethane (0.1 mM), 1,1,2-trichloroethane (0.1 mM), 1,1,2,2-
tetrachloroethane (0.1 mM), trichloroacetate (0.5 to 2 mM), trifluoroacetate (1
mM), U(VI) (0.1 to 2 mM), Fe(III) citrate (5 to 10 mM), NO;~ (5 to 10 mM),
NO,™ (1 to 10 mM), fumarate (5 to 10 mM), malate (5 mM), SO,>~ (5 to 10
mM), SO;~ (0.5 to 5 mM), poorly crystalline Fe(IIT) oxide (4 to 12 mM, nominal
concentration), MnO, (1 to 2 mM), and oxygen (5 to 10% [vol/vol]). Liquid
chloroethenes were added undiluted or from autoclaved hexadecane stock solu-
tions 1 day prior to inoculation (46). All other halogenated solvents were added
undiluted using a gas-tight Hamilton syringe (1800 series; Hamilton, Reno, NV).
Gaseous compounds were added by plastic syringe. Nonvolatile compounds were
added from aqueous, anoxic, neutralized, sterilized stock solutions by syringe.
Oxygen was added as sterilized air (breathing quality) (Airgas, Inc., Randor, PA)
to medium that did not receive reductants and resazurin. Elemental sulfur was
added as an aqueous, repeatedly pasteurized (at 90°C), and powdered S° sus-
pension. Soluble ferric iron was added from an aqueous, neutralized, and auto-
claved ferric citrate stock solution (0.5 M). Poorly crystalline Fe(IIT) oxide and
MnO, were synthesized and added as described previously (36, 37). A U(VI)
stock solution was prepared by dissolving 0.635 g uranyl acetate in 50 ml of a 30
mM bicarbonate solution (17). All cultures received a 1% (vol/vol) inoculum
from an acetate-PCE-grown culture that had consumed all PCE.

The ability of the new isolate to use alternate electron donors was evaluated
with duplicate bottles amended with 0.33 mM PCE or 5 mM Fe(III) citrate. The
following substrates were tested at the concentrations given in parentheses: H,
(50,000 ppmv, 123 wmol), pyruvate (5 mM), yeast extract (0.01 to 0.1%, wt/vol),
formate (10 mM), propionate (10 mM), lactate (10 mM), citrate (5 mM), suc-
cinate (5 mM), butyrate (10 mM), benzoate (10 mM), glucose (10 mM), meth-
anol (0.08 to 0.4 mM), toluene (0.5 mM), benzene (0.5 mM), and ethanol (0.1 to
0.3 mM). Sodium salts were added from anoxic, sterile stock solutions before
inoculation. Sterile H, gas was added by syringe, and undiluted alcohols, toluene,
and benzene were added with a Hamilton syringe. Electron donor oxidation was
judged by its consumption and/or the reduction of PCE or Fe(III) compared to
that of control cultures that received no electron donor. All cultures received a
1% (volivol) inoculum from an acetate-PCE-grown culture that had consumed
all acetate.

Possible carbon sources were examined in duplicate cultures amended with
PCE or Fe(III) citrate and H, (50,000 ppmv, 123 pmol). Formate, propionate,
lactate, citrate, succinate, butyrate, glucose (5 mM each), and yeast extract
(0.1%, wt/vol) were tested. The reduction of PCE and Fe(III) was monitored and
compared with that of duplicate control cultures that did not contain H,. The
bottles received a 1% (vol/vol) inoculum from an acetate-PCE-grown culture
that had consumed all acetate.

Temperature and pH optima were determined in 27-ml anaerobic culture
tubes containing 15 ml medium amended with acetate and fumarate (5 mM
each). Triplicate vials were incubated at temperatures of 4, 10, 15, 22, 30, 35, and
40°C. To test the effect of pH on the growth of strain SZ, bicarbonate-free
medium was amended with 20 mM MES [2-(N-morpholino)ethanesulfonic acid]
or 20 mM HEPES. The medium pH values were adjusted to 5.5, 6.0, and 6.5
(MES) and 7.0, 7.5, and 8.0 (HEPES). All vials received a 1% (vol/vol) inoculum
from an acetate-fumarate-grown culture and were incubated at 35°C. Growth
was judged by measuring the consumption of fumarate and associated succinate
formation in triplicate cultures.

PCE dechlorination by phylogenetically related species. G. thiogenes, G. sul-
furreducens, and G. metallireducens were tested for their abilities to dechlorinate
PCE. Duplicate cultures were amended with 0.1 mM PCE as the electron ac-
ceptor and 5 mM acetate as the electron donor. Experiments were initiated by
adding 5% (vol/vol) inoculum from Fe(III) citrate-acetate-grown G. sulfurredu-
cens and G. metallireducens cultures or fumarate-acetate-grown G. thiogenes
cultures. Reductive dechlorination of PCE was monitored over a 3-month
incubation period. All cultures were incubated statically at room temperature
in the dark.

Determination of electron donor consumption threshold concentrations. Trip-
licate bottles were amended with an excess electron acceptor [0.33 mM PCE, 5
mM Fe(III) citrate, or 5 mM nitrate], H, as the sole electron donor (8,333 ppmv,
20.4 pmol), and 5 mM lactate as a carbon source. One set of triplicate control
cultures was amended with each electron acceptor and lactate as the carbon
source and had N, and CO,, but no hydrogen, in the headspace. The inoculum
(1%, vol/vol) was transferred from dechlorinating cultures that had consumed all
acetate. Concentrations of chlorinated compounds, Fe(III), Fe(II), nitrate, am-
monium, and H,, were monitored over time. After a constant H, threshold
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FIG. 1. Micrographs of Geobacter lovieyi strain SZ. Light micrographs of silver nitrate-stained cells grown with PCE and acetate (A) and nitrate
and acetate (B). The arrows indicate silver-stained flagella. (C) Scanning electron micrograph of cells grown with fumarate and acetate.

concentration was reached, another 20.4 pmol of H, was added to all cultures,
and H, consumption was monitored again.

The acetate consumption threshold concentration for strain SZ was deter-
mined using the same three terminal electron acceptors, PCE, Fe(III) citrate,
and nitrate. Strain SZ cultures were amended with 0.1 mM acetate and 0.33 mM
PCE, 7.5 mM Fe(III) citrate, or 2 mM nitrate. The cultures were incubated at
room temperature until reduction of the respective electron acceptor ceased due
to electron donor limitation. For the dechlorinating cultures, ['*Clacetate (59
wCi/mmol; Sigma-Aldrich, MO) was added to triplicate cultures at concentra-
tions of 447 nM and 894 nM. Triplicate cultures amended with Fe(III) or nitrate
received 894 nM ['*Clacetate as the electron donor. After no further acetate
consumption occurred in dechlorinating cultures, an additional 894 nM ['“C]ac-
etate was added and its consumption monitored. All cultures were incubated at
room temperature in the dark without agitation.

Rate and yield measurements. Reduction rates were determined in triplicate
100-ml cultures amended with 5 mM acetate and 0.33 mM PCE, 3 mM Fe(III)
citrate, or 3.5 mM NO;~ that had received a 3% (vol/vol) inoculum from
acetate-PCE-, Fe(III) citrate-, or nitrate-pregrown cultures, respectively. After
reduction of the electron acceptor provided was complete, reduced products
(cis-DCE, ferrous iron, and ammonium) and acetate concentrations were deter-
mined, and the protein increase (difference between initial and final protein
concentrations) was estimated.

Influence of different electron acceptors on PCE dechlorination. To test the
influence of alternate electron acceptors on PCE reductive dechlorination, du-
plicate cultures amended with PCE (0.33 mM) plus Fe(III) citrate (5 mM), PCE
plus U(VI) (0.3 mM), and PCE plus nitrate (5 mM), with acetate (10 mM) as the

electron donor, were established. The experiments were initiated by adding a 3%
(vol/vol) inoculum of a strain SZ culture grown with PCE and acetate that had
consumed all PCE. Control cultures were amended with the same electron
acceptors but received the same amount of filter-sterilized inoculum. Consump-
tion of electron acceptors and production of cis-DCE, Fe(II), and ammonium
were monitored over time. In addition, the effects of sulfur oxyanions (sulfate, up
to 10 mM; and sulfite, up to 5 mM) on reductive dechlorination were examined.

Microscopy. Light micrographs were obtained with an Olympus BX40 micro-
scope after the cells and flagella were stained with silver nitrate (51). Cells were
collected by centrifugation (1,288 X g for 20 min at room temperature) from
cultures grown with soluble (nitrate, PCE, and fumarate) and insoluble [poorly
crystalline Fe(IIT) oxide, elemental sulfur, and MnO,] electron acceptors. Scan-
ning electron micrographs were obtained from fumarate-grown cultures as de-
scribed previously (18).

Analytical procedures. Chloroethenes, chloroethanes, and volatile fatty acids
were quantified by gas chromatography as described previously (19). Dehaloge-
nation of trichloroacetic acid (TCA) and trifluoroacetic acid was monitored by
chloride and fluoride ion releases. Oxygen concentrations in the headspace were
measured with a Hewlett-Packard (HP) model 5890 GC equipped with a thermal
conductivity detector and a Chrompack Molsieve 5-A fused silica column (10 m
by 0.53 wm). For analysis of ['“CJacetate, 1 ml of culture suspension was made
basic by adding 10 ul of 1 M NaOH and pushed through a 0.2-pm Millipore
cellulose membrane filter. Radiolabeled acetate was quantified with an HP 1050
high-performance liquid chromatography system equipped with a C-610H carbo-
hydrate Supelcogel column (Supelco, Bellefonte, PA) and a 500 TR series flow
scintillation analyzer (Packard Instrument, Meriden, CT). The solvent system
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FIG. 2. Dechlorination of PCE to cis-DCE with the intermediate
formation of small amounts of TCE by strain SZ, with acetate as the
electron donor. Data were averaged from triplicates, and error bars
depict the standard deviations. [J, PCE; @, cis-DCE; and ¢, TCE.

was 0.1% H;PO, at a flow rate of 0.5 ml/min. Inorganic anions and cations were
analyzed with an ion chromatograph equipped with a CD 20 conductivity detec-
tor and two AS11-HC 2-mm columns for anions and a CS12A column for cations
(Dionex, Sunnyvale, CA). Formation of N,O, a potential denitrification product,
was monitored on an HP 6890 gas chromatograph equipped with an HP-1
column (30-m length, 0.32-mm diameter, and 0.25-wm film thickness) and a ®*Ni
electron capture detector. Sulfide was determined colorimetrically as described
previously (7). Fe(IT) production was measured using the ferrozine method (45).
The decrease of Mn(IV) and U(VI) was monitored spectrophotometrically (4,
25). Growth was monitored by measuring electron acceptor consumption or
protein increase. The Coomassie Plus protein assay reagent kit (Pierce Biotech-
nology, Rockford, II) was used in accordance with the manufacturer’s recom-
mendations to estimate the protein content (18).

Nucleotide seq e accessi ber. The nearly complete 16S rRNA gene
sequence (1,478 bp) of strain SZ has been deposited in GenBank under accession
number AY914177.

RESULTS

Enrichment and isolation. Microcosms established with
Su-Zi Creek sediment amended with acetate and H, com-
pletely dechlorinated PCE to ethene after 6 weeks of incuba-
tion. A sediment-free, nonmethanogenic, and cis-DCE-pro-
ducing culture was obtained after 20 sequential transfers (1%
[vol/vol]) to completely synthetic, defined bicarbonate-buffered
medium, with acetate as the electron donor and PCE as the
electron acceptor. Isolation of a dechlorinating organism, des-
ignated strain SZ, was achieved through three consecutive
dilution-to-extinction series in semisolid medium. Small (diam-
eter, <0.2 mm) ellipsoid-shaped, white colonies formed in
1077 dilution tubes after 2 months with PCE provided as the
electron acceptor. Larger (diameter, 2 to 3 mm) ellipsoid-
shaped, reddish colonies developed down to the 10~ ° dilution
tubes within 2 weeks with fumarate as the electron acceptor.
Isolated colonies grown with PCE and fumarate were trans-
ferred to liquid medium, and PCE-to-cis-DCE dechlorination,
Fe(IIT)-to-Fe(II) reduction, and nitrate-to-ammonium reduc-
tion activities were recovered within 1 week of incubation at
room temperature.

Culture purity. Microscopic uniformity, recovery of PCE,
Fe(III), and nitrate reduction activities from single colonies,
identical 16S rRNA gene sequences obtained with genomic
DNA extracted from PCE-, Fe(IIl)-, and nitrate-grown cul-
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FIG. 3. Reduction of soluble ferric iron by strain SZ, with acetate
as the electron donor. Data from triplicate cultures were averaged, and
the error bars depict the standard deviations. m, Fe(II); and [J, Fe(III).

tures, and indistinguishable RFLP patterns that matched those
predicted from in silico digests suggested culture purity. RFLP
patterns of Mspl- and Rsal-digested amplicons generated from
G. thiogenes, G. metallireducens, and G. sulfurreducens genomic
DNA showed patterns different from those of strain SZ. Hhal-
digested amplicons corroborated culture purity but failed to
distinguish strain SZ from G. thiogenes, G. metallireducens, and
G. sulfurreducens.

Morphology of strain SZ. Cells were rod shaped and 1 to 1.4
pm long and 0.4 wm wide. Cell morphology was constant under
different growth conditions and during different growth phases.
Motility was observed under all growth conditions, including in
cultures grown with insoluble electron acceptors [i.e., poorly
crystalline Fe(III) oxide and MnO,]. Figures 1A and B illus-
trate silver nitrate-stained flagella of cells grown with PCE and
nitrate, respectively. Scanning electron micrographs revealed
flagellated, rough-surface, and rod-shaped cells in the expo-
nential growth phase (Fig. 1C). Spores were never observed.

Substrate utilization. Strain SZ coupled acetate oxidation to
the reduction of PCE (Fig. 2), TCE, Fe(Ill) citrate (Fig. 3),
poorly crystalline Fe(III) oxide, nitrate, fumarate, malate, el-
emental sulfur, U(VI), and Mn(IV). cis-DCE was the only
product detected from PCE and TCE dechlorination. Succi-
nate accumulated in cultures that received fumarate and
malate, and sulfide was produced in cultures amended with
sulfur flower. Nitrate was reduced to ammonium, and the in-
termediate formation of nitrite was not observed. No N,O
formation occurred during growth with nitrate. Strain SZ did
not reduce TCA, trifluoroacetic acid, cis-DCE, trans-DCE, 1,1-
DCE, vinyl chloride, 1-chloroethane, 1,1-dichloroethane, 1,2-
dichloroethane, 1,1,1-trichloroethane, 1,1,2-trichloroethane, 1,2-
dichloropropane, nitrite, sulfate, thiosulfate, or sulfite, with
acetate as the electron donor, under the conditions tested. In
addition to acetate, pyruvate and H, served as alternate electron
donors. The following compounds were not utilized as electron
donors for PCE and Fe(III) reduction: yeast extract, formate,
propionate, lactate, citrate, succinate, butyrate, benzoate, glucose,
toluene, benzene, methanol, and ethanol. Sustained PCE and
Fe(III) reduction with H, as the electron donor required the
presence of acetate or lactate. H, oxidation and electron acceptor
reduction ceased in cultures lacking acetate (or lactate) and could
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FIG. 4. Concomitant reduction of PCE and U(VI) by strain SZ,
with acetate as the electron donor. Control cultures received a filter-
sterilized inoculum. @, cis-DCE formation; O, cis-DCE formation in
control cultures; m, U(VI) depletion; and OJ, U(VI) depletion in con-
trol cultures. Data are averaged from duplicate cultures, and the error
bars depict the standard deviations.

not be stimulated through the addition of formate, propionate,
citrate, succinate, butyrate, glucose, or yeast extract, suggesting
that these organic compounds cannot fulfill the carbon source
requirements of strain SZ.

Under the conditions applied, strain SZ dechlorinated PCE
at a maximum rate (average = standard deviation) of 56.5 *
0.84 nmol min~' mg of protein~! with acetate as the electron
donor. Soluble Fe(III) was reduced at a maximum rate of 164 *
43 nmol min~! mg of protein—'. Closely related species, in-
cluding G. thiogenes, G. metallireducens, and G. sulfurreducens,
were unable to dechlorinate PCE. Optimum growth of strain
SZ occurred between pH 6.5 and 7.2 and a temperature of
35°C. Growth was also observed at 10 and 40°C.

Electron donor consumption threshold concentrations. In
the presence of excess PCE, Fe(III) citrate, and nitrate, strain
SZ consumed H, to concentrations (averages = standard de-
viations) of 0.08 = 0.03, 0.16 = 0.07, and 0.5 = 0.06 nM,
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respectively. No cis-DCE, Fe(II), or ammonium formation was
observed in control cultures that did not receive H,. Consistent
residual acetate concentrations (averages * standard devia-
tions) of 3.0 = 2.1, 1.2 = 0.5, and 3.6 = 0.25 nM were observed
when PCE, Fe(Ill) citrate, and nitrate, respectively, were
present in excess.

Dechlorination in presence of alternate electron acceptors.
As depicted in Fig. 4, the presence of U(VI) did not inhibit
PCE dechlorination, and both electron acceptors were reduced
simultaneously. At day 6, both PCE and U(VI) were com-
pletely consumed. Neither PCE nor U(VI) reduction was ob-
served in control cultures. Similarly, strain SZ reduced Fe(I1I)
or nitrate concomitantly with PCE (data not shown). Sulfate
(10 mM) and sulfite (5 mM) did not affect PCE dechlorination,
whereas the presence of oxygen completely inhibited growth of
strain SZ.

Phylogeny and taxonomy of strain SZ. Analysis of strain
SZ’s 16S rRNA gene sequence indicated an affiliation with the
genus Geobacter (Fig. 5). The 16S rRNA molecule of strain SZ
shares the secondary structure characteristics of the 16S rRNA
molecule typical for members of the Geobacter cluster (33).
The closest relative, the TCA dechlorinator G. thiogenes,
shares a 98.4% similar 16S rRNA gene sequence. Rep-PCR
performed on G. thiogenes and strain SZ genomic DNA re-
vealed unique fingerprints (Fig. 6), and a DNA-DNA similarity
value of 25.4% = 5.8% also suggested that G. thiogenes and the
new isolate were different Geobacter species. Phenotypic char-
acteristics further corroborate classifying strain SZ as a distinct
species within the Geobacter cluster. Table 1 summarizes prop-
erties of G. thiogenes and the new isolate, strain SZ.

DISCUSSION

The Geobacter group attracts considerable attention because
its members are widespread in anoxic environments and play
key roles in environmentally relevant processes (34). Geobacter
species affect iron geochemistry in anoxic subsurface environ-

Geobacter lovleyi strain SZ (AY914177)

160 e KB-11 (AY780563) ¥ Dechlorinating
82 TDC-418 (AF447133) ¥¢ Geobacter clade
64 Geobacter thiogenes (AF223382)
TANBI142 (AY667270) 3¢
88 FTLM68 (AF529127) ¥

73

75

Geobacter bremensis (U96917)

100—— FTLpost101 (AF529129) ¥¢
L——— Geobacter chapelli (U41561)

98 Geobacter sulfurreducens (U13928)
_|:Geobacrer metallireducens (L07834)
KB-1 2 (AY780557) v¢
Desulfuromonas michiganensis (AF357915)

0.01

FIG. 5. Inferred phylogenetic tree of strain SZ and related species and environmental clones based on 16S rRNA gene sequences. The
bootstrap values at the nodes are based on 1,000 replicates, and only values of >50% are shown. The tree was generated for 1,290-bp aligned
positions using Clustal W (MegAlign). Stars indicate environmental clone sequences retrieved from dechlorinating enrichment cultures or
chloroethene-contaminated sites. The scale bar represents a 1-bp substitution per 100 nucleotides.
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FIG. 6. Rep-PCR fingerprint patterns of Geobacter lovleyi strain SZ
(A) and Geobacter thiogenes strain K1 (B). The first lane shows the
1-kb Plus size marker (Invitrogen).

ments, reduce toxic metals and radionuclides, and oxidize a
variety of organic compounds (e.g., toluene and phenol) (1,
34). Although Geobacter species display versatility with regard
to electron donor and electron acceptor utilization, metabolic
reductive dechlorination (chlororespiration) has been de-
scribed for only one species to date: G. thiogenes coupled
growth to the reductive dechlorination of TCA to dichloro-
acetic acid (10). The new isolate, strain SZ, is the first
Geobacter species that uses PCE and TCE as metabolic elec-
tron acceptors. Growth with PCE as the electron acceptor has
been demonstrated previously for members of the Desulfu-
romonas cluster (i.e., Desulfuromonas chloroethenica and Desul-
furomonas michiganensis [26, 46]), and the discovery of strain
SZ suggests that metabolic reductive dechlorination is more
widely distributed among the family Geobacteraceae.
Microbial reduction of soluble U(VI) to insoluble U(IV) is
a promising strategy for containment of uranium plumes. Lab-
oratory and field studies demonstrated that adding acetate can
promote activity of native Geobacter species and result in
U(VI) reduction and immobilization (2, 15, 21). PCE and ni-
trate are frequently encountered cocontaminants at uranium-con-
taminated sites. The changes in free energy under standard
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conditions associated with PCE-to-cis-DCE dechlorination, ni-
trate reduction to ammonium, and U(VI) reduction to U(IV)
are —72.5, —61.9, and —37.0 kJ per mol of electrons trans-
ferred, respectively (free energy of formation values are from
references 11, 28, and 50). Electron acceptors are typically
oxidized sequentially, with the energetically more favorable
electron acceptor consumed first. Hence, one would predict
that PCE dechlorination precedes ammonification and U(VI)
reduction. Although standard conditions apply rarely to real-
world conditions, thermodynamic calculations, assuming envi-
ronmentally relevant concentrations of reactants and products
and low pH values (e.g., groundwater at the Natural and Ac-
celerated Bioremediation Research Field Research Center
[www.Ibl.gov/NABIRY]), predict the same sequence of terminal
electron-accepting processes (TEAPs). Such patterns of se-
quential reduction of electron acceptors have been observed at
field sites and confirmed in pure culture studies (3, 16, 49).
Strain SZ reduced nitrate, Fe(III) citrate, or U(VI) and PCE
simultaneously, suggesting no tight control over consumption
of reducing equivalents in less-favorable TEAPs. It is currently
unclear whether energy is captured from all simultaneously
operating reductive pathways, and the significance of this elec-
tron acceptor utilization pattern is unclear. From an ecological
point of view, however, this type of behavior might give strain
SZ an edge over competing populations in oligotrophic, het-
erogeneous subsurface environments with periodically chang-
ing influx/availability of substrates.

Strain SZ exhibited flagellar motility when grown with insolu-
ble (i.e., amorphous ferric iron and MnO,) and soluble electron
acceptors. This contrasts with observations made for G. thiogenes,
which never displayed motility, and G. metallireducens. Childers
et al. (6) suggested that flagellar synthesis in G. metallireducens
is regulated by the available electron acceptor and occurs only
when insoluble substrates are used. Apparently, the synthesis
of the flagellar apparatus underlies different regulatory mech-
anisms in members of the Geobacter group, and further re-
search is warranted to elucidate motility controls and how
motility affects contaminant transformation.

Acetate and H, are key intermediates in the anaerobic deg-
radation of organic matter, and fluxes of both H, and acetate
control microbial redox processes in subsurface environments.
A variety of materials have been suggested and used for de-
livery of reducing equivalents to support a desired TEAP, such
as reductive dechlorination (14). Biostimulation ultimately in-
creases the flux of H, and acetate (19), but competition for

TABLE 1. Properties of Geobacter thiogenes strain K1 and Geobacter lovleyi strain SZ*

. Sulfur- . Acetate G+C
Electron Chlorinated Formation .
o . sulfide consumption Cell morphology . content *=
rganism donor(s) for electron of sulfur . Motility Source
V) redo: threshold for and size SD (mol%)
dechlorination  acceptor(s) b granules L _
cycl chlororespiration (n=4)
Geobacter lovleyi Acetate, H, PCE, TCE ND No 3nM Curved, rod shaped, 1  Flagellar =~ Noncontaminated 56.7 = 0.3
strain SZ to 1.4 um by 0.4 pm motility freshwater
sediment
Geobacter thiogenes ~ Acetate TCA Yes Yes 0.1 mM Curved, rod shaped? Nonmotile Contaminated 55.1 +0.3¢

strain K1¢

soil

“ The table lists only properties for which data for both species are available.

® Apparently, a sulfur-sulfide redox cycle functions as an electron shuttle between acetate and the chlorinated electron acceptor (TCA). ND, not detected.

¢ Data from De Wever et al. (10).

4 Size has not been reported; our studies suggested that G. thiogenes cells are slightly smaller that strain SZ cells.

¢ Determined in this study.
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FIG. 7. Conceptual acetate consumption threshold model. Analo-
gous to the hydrogen consumption threshold model, the energetics of
the TEAP control the minimum acetate concentration (i.e., the thresh-
old) that can be consumed. Acetate is consumed to a lower threshold
concentration as the change in Gibbs free energy associated with the
TEAPs increases.

reducing equivalents, in particular for H,, often limits its suc-
cess. Obviously, organisms with greater electron donor versa-
tility, in particular those that utilize acetate and H,, are more
desirable for bioremediation applications aimed at stimulating
reductive processes. To our knowledge, strain SZ is the first
chlorinated ethene-dechlorinating organism described as uti-
lizing both H, and acetate as electron donors. This physiolog-
ical feature offers a distinct advantage in subsurface environ-
ments where competition for reducing equivalents is fierce.
Further, strain SZ consumes H, and acetate to low concentra-
tions. It has been shown previously that hydrogenotrophic
chloroethene-respiring populations exhibit low H, consump-
tion threshold concentrations and maintain H, concentrations
below those needed to sustain other TEAPs, such as metha-
nogenesis, acetogenesis, and sulfate reduction (30, 32, 40, 44,
53). Indeed, the H, consumption threshold of 0.08 nM mea-
sured in PCE-fed cultures of strain SZ is in agreement with
reported threshold values for chlororespiration (30, 32). Anal-
ogously, acetate consumption threshold concentrations de-
pend on the thermodynamics of the TEAP (Fig. 7). Although
obviously relevant, information on acetate threshold concen-
trations is scarce. Lovley and Phillips (35) showed that acetate
threshold concentrations were lower in Fe(III)-reducing sedi-
ments than in sulfate-reducing and methanogenic sediments.
Under mesophilic conditions, the acetate threshold concentra-
tion for aceticlastic methane formation ranged from 69 to
1,180 pM (52). Desulfobacter postgatei, an acetate-oxidizing
sulfate reducer, consumed acetate to concentrations below 1
uM (24). Recently, He and Sanford (20) determined acetate
threshold concentrations in Anaeromyxobacter dehalogenans
strain 2CP-C cultures for two different TEAPs. Strain 2CP-C
consumed acetate to concentrations of 69 nM with 2-chloro-
phenol as the electron acceptor (chlororespiration) and an
even lower value (<1 nM) when grown with soluble ferric iron.
The observed acetate threshold value of 3.0 nM in strain SZ
cultures grown with PCE is at least 3 orders of magnitude
lower than those reported for methanogens and sulfidogens.
According to the threshold model, acetate-oxidizing dechlori-
nators should outcompete acetotrophic methanogens and sulfi-
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dogens for acetate. Hence, analogous to the H, consumption
threshold model, acetate consumption threshold concentrations
could serve as a diagnostic tool for the presence and activity of
acetotrophic dechlorinators and for the delineation of TEAPs
in subsurface environments.

Interestingly, 16S rRNA gene sequences with high similarity
to strain SZ were detected in a TCE-contaminated, deep frac-
tured basalt (38) and in two PCE-to-ethene-dechlorinating
mixed cultures, including consortium KB-1 (Fig. 5) (9, 12). The
KB-1 consortium was maintained for many years with PCE as
the electron acceptor, suggesting that the Geobacter organisms
present are capable of capturing energy from chloroethene
reductive dechlorination. Although we failed to detect PCE
dechlorination in other available Geobacter isolates, further
studies are needed to explore whether the ability to dechlori-
nate is more widely distributed among the Geobacter cluster or
restricted to a single clade, currently comprising two isolates,
G. thiogenes strain K1 and Geobacter lovleyi strain SZ.

Description of Geobacter lovleyi sp. nov. Geobacter lovleyi was
named to recognize the contributions of Derek R. Lovley to
our understanding of microbial metal and radionuclide reduc-
tion. Geobacter lovleyi is a rod-shaped, motile, gram-negative,
and anaerobic bacterium with cell dimensions of 1 to 1.4 wm by
0.4 pm. The G+C content of strain SZ is 56.7 = 0.3 mol%.
Electron donors include acetate, pyruvate, and H,. PCE, TCE,
nitrate, soluble and insoluble forms of ferric ion, manganic ion,
sulfur, fumarate, malate, and U(VI) are used as electron ac-
ceptors. PCE is reduced to cis-DCE as the final product. Op-
timum growth occurs at 35°C and pH 6.8. Strain SZ was iso-
lated from noncontaminated freshwater sediment collected
from Su-Zi Creek, South Korea. Phylogenetic, genotypic, and
phenotypic characteristics place strain SZ in the Geobacter
cluster within the family Geobacteraceae in the §-subclass of
the Proteobacteria and warrant classifying strain SZ as the type
strain of a new species, Geobacter lovleyi sp. nov. Strain SZ has
been deposited at the Deutsche Sammlung von Mikroorganismen
und Zellkulturen GmbH (DSM 17278) and the ATCC (BAA-
1151).
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