
of (8) was used.] The O atom is inserted into 
the OH bond of HOOH. Comparison with an 
ab initio calculation gives agreement that is 
as good as can be expected, considering that 
the calculated frequencies are harmonic fre- 
quencies, whereas the measured ones are the 
1 <- 0 transitions. Some of the H203 bands 
appear as doublets (Fig. 1). We do not know 
if this is due to the presence of two different 
trapping sites or to tunneling between the two 
torsion minima, as has been observed for 
HOOH (19). 

The strongest bands of H203 are the tor- 
sions, the OH stretches, and the antisymmet- 
ric HOO bends. All of these bands are found 
in regions where the water absorption is very 
strong, which will make them difficult to 
observe. The antisymmetric 00 stretch, 
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which we observed at 776 cm-1, is approxi- 
mately half as strong as the OH stretches, but 
because it is found in a region that is rela- 
tively free from atmospheric absorptions, it 
may be used to detect the presence of H203. 

References and Notes 
1. D. J. McKay, J. S. Wright,J. Am. Chem. Soc. 120, 1003 

(1998). 
2. J. L. Arnau, P. A. Giguere, J. Chem. Phys. 60, 270 

(1974). 
3. M. Horvath, L. Bilitzky, J Huttner, Ozone (Elsevier, 

Amsterdam, Netherlands, 1985), p. 47. 
4. B. Plesnicar, J. Cerkovnik, T. Tekavec, J. Koller, Chem. 

Eur. J. 6, 809 (2000). 
5. P. Wentworth Jr. et al., Science 293, 1806 (2001). 
6. J. Cerkovnik, B. Plesnicar, J. Am. Chem. Soc. 115, 

12169 (1993). 
7. M. Speranza, Inorg. Chem. 35, 6140 (1996). 
8. C. F. Jackels, J. Chem. Phys. 99, 5768 (1993). 

REPORTS 

which we observed at 776 cm-1, is approxi- 
mately half as strong as the OH stretches, but 
because it is found in a region that is rela- 
tively free from atmospheric absorptions, it 
may be used to detect the presence of H203. 

References and Notes 
1. D. J. McKay, J. S. Wright,J. Am. Chem. Soc. 120, 1003 

(1998). 
2. J. L. Arnau, P. A. Giguere, J. Chem. Phys. 60, 270 

(1974). 
3. M. Horvath, L. Bilitzky, J Huttner, Ozone (Elsevier, 

Amsterdam, Netherlands, 1985), p. 47. 
4. B. Plesnicar, J. Cerkovnik, T. Tekavec, J. Koller, Chem. 

Eur. J. 6, 809 (2000). 
5. P. Wentworth Jr. et al., Science 293, 1806 (2001). 
6. J. Cerkovnik, B. Plesnicar, J. Am. Chem. Soc. 115, 

12169 (1993). 
7. M. Speranza, Inorg. Chem. 35, 6140 (1996). 
8. C. F. Jackels, J. Chem. Phys. 99, 5768 (1993). 

9. M. A. Vincent, I. A. Hillier, J. Phys. Chem. 99, 3109 
(1995). 

10. T. H. Lay, J. W. Bozzelli, J. Phys. Chem. 101, 9505 
(1997). 

11. W. B. DeMore,J. Phys. Chem. 86, 121 (1982). 
12. D. W. Toohey, J. G. Anderson, J. Phys. Chem. 93, 1049 

(1989). 
13. C. Gonzalez et al.,J. Phys. Chem. 95, 6784 (1991). 
14. B. Nelander, A. Engdahl, T. Svensson, Chem. Phys. 

Lett. 332, 403 (2000). 
15. A. Engdahl, B. Nelander, J. Chem. Phys. 91, 6604 

(1989). 
16. ,___ G. Karlstrom, J. Phys. Chem. A105, 8393 

(2001). 
17. A. Engdahl, B. Nelander, in preparation. 
18. I. Schwager, A. Arkell, J. Am. Chem. Soc. 89, 6006 

(1967). 
19. M. Pettersson, S. Touminen, M. Rasanen, J. Phys. 

Chem. A101, 1166 (1997). 
20. Supported by the Swedish Natural Science Research 

Council, Forskningsradsnamden, OK miljostiftelse, 
and Carl Tryggers Stiftelse. 

18 October 2001; accepted 3 December 2001 

9. M. A. Vincent, I. A. Hillier, J. Phys. Chem. 99, 3109 
(1995). 

10. T. H. Lay, J. W. Bozzelli, J. Phys. Chem. 101, 9505 
(1997). 

11. W. B. DeMore,J. Phys. Chem. 86, 121 (1982). 
12. D. W. Toohey, J. G. Anderson, J. Phys. Chem. 93, 1049 

(1989). 
13. C. Gonzalez et al.,J. Phys. Chem. 95, 6784 (1991). 
14. B. Nelander, A. Engdahl, T. Svensson, Chem. Phys. 

Lett. 332, 403 (2000). 
15. A. Engdahl, B. Nelander, J. Chem. Phys. 91, 6604 

(1989). 
16. ,___ G. Karlstrom, J. Phys. Chem. A105, 8393 

(2001). 
17. A. Engdahl, B. Nelander, in preparation. 
18. I. Schwager, A. Arkell, J. Am. Chem. Soc. 89, 6006 

(1967). 
19. M. Pettersson, S. Touminen, M. Rasanen, J. Phys. 

Chem. A101, 1166 (1997). 
20. Supported by the Swedish Natural Science Research 

Council, Forskningsradsnamden, OK miljostiftelse, 
and Carl Tryggers Stiftelse. 

18 October 2001; accepted 3 December 2001 

The organic matter stored in anoxic subsurface 
environments and aquatic sediments represents 
a large potential source of energy. Although 
some of this organic matter, most notably pe- 
troleum, is in a concentrated form that can 
readily be extracted and used, most of the or- 
ganic matter cannot be converted to useful en- 
ergy by current technologies. However, anaer- 
obic microorganisms capable of using organic 
matter inhabit anoxic subsurface environments 
and continually tap into this energy reservoir. 

It was recently shown that electrical current 
could be harvested from anoxic marine sedi- 
ments by embedding an electrode (the anode) 
into the sediment and connecting it through 
electronic circuits to a similar electrode in the 
overlying aerobic seawater (the cathode) (1). 
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Even with a simple, unmodified graphite elec- 
trode, the magnitude of current produced, 
-0.01 W/m2, was sufficient to theoretically 
power marine-deployed electronic instrumenta- 
tion. Killing the microorganisms in the sedi- 
ments inhibited current flow (1). 

To further evaluate the potential role of 
microorganisms in electron transfer to the an- 
ode, we constructed sediment batteries in labo- 
ratory aquaria in a manner similar to that de- 
scribed in (1), with graphite anodes in the an- 
oxic marine sediment and graphite cathodes in 
overlying aerobic water (2). Electrical power 
output from these batteries was continuous, av- 
eraging 0.016 W per square meter of electrode 
surface area in three independent experiments 
during 6 months of current harvesting. After 
this energy-harvesting phase, microbial com- 
munities attached to the anodes were com- 
pared to communities on identical control 
electrodes that had been placed in the same 
sediments for the same length of time but 
were not electrically connected to the elec- 
trode in the overlying water. 
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Analysis of 16S ribosomal DNA (rDNA) 
genes (3-6) demonstrated that there was a pro- 
nounced enrichment of microorganisms from 
the 8-subgroup of the Proteobacteria colonizing 
energy-harvesting anodes (7). Whereas only 
17 ? 4.3% (mean + SD, n = 3) of 16S rDNA 
sequences from control electrodes were in the 
s-subgroup of the Proteobacteria, 71.3 ? 9.6% 
(mean + SD, n = 3) of the 16SrDNA sequenc- 
es from microorganisms colonizing anodes of 
the current-producing batteries were in this sub- 
group. Furthermore, 70% of the increase in 
8-Proteobacterial sequences was due to a single 
cluster of bacteria in the family Geobacter- 
aceae, a group of anaerobic microorganisms 
that can couple the oxidation of organic com- 
pounds to reduction of insoluble Fe(III) oxides 
(8, 9). The organism in pure culture most close- 
ly related to the sequences repeatedly enriched 
on anodes (7) was Desulfuromonas acetoxi- 
dans, a marine microorganism known to 
grow anaerobically by oxidizing acetate with 
concomitant reduction of elemental sulfur 
(10) or Fe(III) (11). Enumeration of Desulfu- 
romonas 16S rDNA sequences by a most- 
probable-number polymerase chain reaction 
(MPN-PCR) technique (12) revealed that 
Desulfuromonas target sequences on anodes 
from current-generating batteries were en- 
riched by a factor of 100 relative to those on 
anodes from control batteries. 

To further investigate the specific enrich- 
ment of microorganisms on anodes, we inocu- 
lated the anoxic side of a two-chambered mi- 
crobial battery with sediment; the seawater was 
periodically changed with fresh acetate-amend- 
ed anoxic seawater (13). Replacing the medium 
diluted the sediment and microorganisms from 
the inoculum that were not growing, while re- 
supplying acetate, the primary intermediate in 
the degradation of organic carbon in anoxic 
sediments (14). After 85 days, 165S rDNA se- 
quences from bacteria attached to the anode 
were examined. All of the anode-attached bac- 
teria detected were members of the s-Pro- 
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Energy in the form of electricity can be harvested from marine sediments by 
placing a graphite electrode (the anode) in the anoxic zone and connecting it 
to a graphite cathode in the overlying aerobic water. We report a specific 
enrichment of microorganisms of the family Geobacteraceae on energy- 
harvesting anodes, and we show that these microorganisms can conserve 
energy to support their growth by oxidizing organic compounds with an 
electrode serving as the sole electron acceptor. This finding not only pro- 
vides a method for extracting energy from organic matter, but also suggests 
a strategy for promoting the bioremediation of organic contaminants in 
subsurface environments. 

Electrode-Reducing 
Microorganisms That Harvest 

Energy from Marine Sediments 
Daniel R. Bond,1 Dawn E. Holmes,1 Leonard M. Tender,2 

Derek R. Lovley'* 

Energy in the form of electricity can be harvested from marine sediments by 
placing a graphite electrode (the anode) in the anoxic zone and connecting it 
to a graphite cathode in the overlying aerobic water. We report a specific 
enrichment of microorganisms of the family Geobacteraceae on energy- 
harvesting anodes, and we show that these microorganisms can conserve 
energy to support their growth by oxidizing organic compounds with an 
electrode serving as the sole electron acceptor. This finding not only pro- 
vides a method for extracting energy from organic matter, but also suggests 
a strategy for promoting the bioremediation of organic contaminants in 
subsurface environments. 

483 483 



teobacteria, with the majority (70%) of the se- 
quences most closely related to the genus 
Desulfuromonas. 

When a pure culture of D. acetoxidans 
was placed in the anaerobic compartment of 
the two-compartment cell, with only sterile 
oxygenated buffer in the aerobic compart- 

Fig. 1. Electricity production by D. ace- 
toxidans in a two-chambered fuel cell, 
using only a solid graphite electrode as 
the electron acceptor. Cells (180 mg of 
protein per liter) were placed directly into 
the anaerobic anodic chamber and pro- 
vided with 1 mM sodium acetate. AQDS 
was added as an electron shuttling com- 
pound where indicated. The aerobic 
chamber was sterile, and the two elec- 
trodes were connected by a 500-ohm 
resistor. 

Fig. 2. Growth of D. acetoxidans in 
a two-chambered poised-potential 
system, using only a graphite elec- 
trode as the electron acceptor and 
acetate as the electron donor. The 
working electrode was poised at 
+200 mV versus an Ag/AgCl refer- 
ence electrode, and a 3% inoculum 
(grown with fumarate as the elec- 
tron acceptor) was introduced to 
initiate the experiment. No electron 
mediator compounds were added in 
the medium. 

Fig. 3. Growth of G. metalliredu- 
cens in a two-chambered poised- 
potential system, using only a 
graphite electrode as the electron 
acceptor and benzoate as the elec- 
tron donor, with the working elec- 
trode poised at +200 mV versus 
an Ag/AgCl reference electrode. 
Cells for inoculation were grown in 
a similar device under identical 
conditions, and a 10% inoculum of 
electrode-grown bacteria was used 
to initiate growth in the experi- 
ment shown. 
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ment (15), addition of acetate resulted in 
immediate current flow at a density (0.014 
W/m2) comparable to that observed in the 
sediment microbial batteries (Fig. 1). The 
addition of anthraquinone-2,6-disulfonate 
(AQDS), a known electron transfer mediator 
between Geobacteraceae and Fe(III) oxides 
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(16), increased current production only 24%, 
even though the electrode readily accepted 
electrons from reduced AQDS in cell-free 
controls. Killing the culture by heating to 
65?C rapidly inhibited current production. 

We found that D. acetoxidans conserved 
energy to support growth from electron transfer 
to the electrode (17), as evidenced by an in- 
crease in electrical current, and growth of the 
organism over time (Fig. 2). The increase in cell 
protein (12.4 mg/liter) was accompanied by the 
consumption of 1.05 mM acetate and the har- 
vesting of 6.92 meq (per liter) electrons. The 
cell yield from growth with the electrode as the 
electron acceptor (1.79 mg of protein per mil- 
liequivalents of electrons) was similar to yield 
values observed when D. acetoxidans was 
grown on more common electron acceptors. 
There was no growth in incubations containing 
electrodes and acetate in the absence of electri- 
cal current harvesting. The oxidation of acetate 
to carbon dioxide yields eight electrons; thus, 
82% of the acetate loss could be accounted for 
as acetate oxidation with the electrode serving 
as the terminal electron acceptor. When it is 
considered that some acetate is required for cell 
biosynthesis, this finding demonstrates that D. 
acetoxidans was growing as a result of acetate 
oxidation coupled to reduction of the electrode. 
Similar studies with Geobacter sulfurreducens, 
a member of the Geobacteraceae family that 
grows in freshwater environments, demonstrat- 
ed that this close relative also oxidized acetate 
with the electrode serving as the sole electron 
acceptor. 

Another close relative, Geobacter metallire- 
10 5D. ducens, was previously shown to oxidize a va- 
?; l0^ ' riety of aromatic contaminants with the reduc- 

(0 tion of Fe(III) (18). When G. metallireducens 
was inoculated into a vessel containing benzoate 

~ 5 as the electron donor and only a graphite elec- 
trode as the electron acceptor, current was pro- 

- A- duced and benzoate was consumed. When a 
05 6 ? portion (10%) of this culture was transferred to 

a new vessel containing only benzoate and an 
electrode, current production and benzoate oxi- 
dation were again initiated (Fig. 3). In these 

0.7 experiments, benzoate (0.48 mM) was com- 
pletely oxidized to CO2, and 84% of the elec- 

6 trons derived from benzoate oxidation were re- 
i covered with the electrode. 

This ability of Geobacteraceae to oxidize 
0.5 M 

organic compounds with an electrode serving as 
o the electron acceptor has implications for har- 

0.4 . vesting energy from waste organic matter, and 
(D also suggests a means for bioremediation of 

0.3 - subsurface environments contaminated with or- 
\ ganic compounds. Production of electricity by 

0.2 bacteria has previously been reported, but only 
\ in highly artificial systems amended with medi- 

0. 1 > ators such as neutral red, potassium ferricyanide, 
or thionine, which shuttle electrons from the 

0 cells to the surface of the electrode (19-21). It 
15 would be impractical to maintain sufficient con- 

centrations of electron-shuttling compounds for 
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long-term electricity harvesting in open systems 
such as sedimentary environments. 

Microbial communities consisting of fer- 
mentative microorganisms and Geobacteraceae 
are capable of degrading complex assemblages 
of organic matter (22). Thus, it seems likely that 
Geobacteraceae could aid in the harvesting of 
energy not only from aquatic sediments and 
subsurface environments, but also from a wide 
variety of organic waste materials. Molecular 
studies have shown that microorganisms in the 
Geobacteraceae are important members of the 
microbial community involved in the anaerobic 
degradation of aromatic hydrocarbons in petro- 
leum-contaminated aquifers (23, 24), but this 
metabolism is often limited by the availability of 
Fe(III) (25). It may be possible to simply use 
electrodes to increase the electron-accepting ca- 
pacity of contaminated sediments and enhance 
bioremediation of the subsurface. Further study 
of the mechanisms for electron transfer from the 
Geobacteraceae to electrodes should aid in de- 
signing strategies to optimize these processes. 
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Immigrants to habitats occupied by conspecific organisms are usually expected 
to be competitively inferior, because residents may be locally adapted. If 
residents are inbred, however, mating between immigrants and residents results 
in offspring that may enjoy a fitness advantage from hybrid vigor. We dem- 
onstrate this effect experimentally in a natural Daphnia metapopulation in 
which genetic bottlenecks and local inbreeding are common. We estimate that 
in this metapopulation, hybrid vigor amplifies the rate of gene flow several 
times more than would be predicted from the nominal migration rate. This can 
affect the persistence of local populations and the entire metapopulation. 
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Gene flow between populations can be both a 
creative and a constraining force in evolution 
(1-3). The introduction of new genetic material 
into a population increases local genetic diver- 
sity and helps the spread of favorable alleles 
across metapopulations. On the other hand, it 
reduces genetic variation between populations 

'Zoologisches Institut, Universitat Basel, Rheinsprung 
9, 4051 Basel, Switzerland. 2Tvarminne Zoological 
Station, SF-1090.0 Hanko, Finland. 3Universite de Fri- 
bourg, Departement de Biologie, Unite d'Ecologie et 
Evolution, Chemin du Musee 10, 1700 Fribourg, Swit- 
zerland. 4Section of Integrative Biology, University of 
Texas, Austin, TX 78712, USA. 5Division of Population 
Biology, Department of Ecology and Systematics, Uni- 
versity of Helsinki, Post Office Box 17 (Arkadiankatu 
7), SF-00014 University of Helsinki, Finland. 

*These authors contributed equally to this work. 
tTo whom correspondence should be addressed. E- 
mail: dieter.ebert@unifr.ch 

Gene flow between populations can be both a 
creative and a constraining force in evolution 
(1-3). The introduction of new genetic material 
into a population increases local genetic diver- 
sity and helps the spread of favorable alleles 
across metapopulations. On the other hand, it 
reduces genetic variation between populations 

'Zoologisches Institut, Universitat Basel, Rheinsprung 
9, 4051 Basel, Switzerland. 2Tvarminne Zoological 
Station, SF-1090.0 Hanko, Finland. 3Universite de Fri- 
bourg, Departement de Biologie, Unite d'Ecologie et 
Evolution, Chemin du Musee 10, 1700 Fribourg, Swit- 
zerland. 4Section of Integrative Biology, University of 
Texas, Austin, TX 78712, USA. 5Division of Population 
Biology, Department of Ecology and Systematics, Uni- 
versity of Helsinki, Post Office Box 17 (Arkadiankatu 
7), SF-00014 University of Helsinki, Finland. 

*These authors contributed equally to this work. 
tTo whom correspondence should be addressed. E- 
mail: dieter.ebert@unifr.ch 

and hinders local adaptation. In inbred popula- 
tions, the consequences of migration may be 
particularly important: If the hybrid offspring of 
immigrants and residents are competitively su- 
perior, their hybrid vigor will amplify the gene 
flow caused by migration (4-6). Furthermore, 
the demographic consequences of increased 
vigor could prevent the decline and even the 
extinction of populations (7-12). The magni- 
tude of hybrid vigor is, however, controversial. 
Highly inbred populations may have low genet- 
ic loads because inbreeding exposes recessive 
deleterious alleles to purging by natural selec- 
tion (13-1 7). 

In subdivided populations with local ex- 
tinctions and colonizations, genetic bottle- 
necks can be frequent, leading to increased 
homozygosity (15, 16, 18). If homozygosity 
results in a fitness reduction (inbreeding de- 
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