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ABSTRACT

Enrichment of bacteria capable of growing with electrochemical reducing power and CO, was accomplished using a
plate-type electrochemical bioreactor (PEB). A bacterial source obtained from wastewater treatment reactant and forest
soil was cultivated on carbonate-based mineral agar medium prepared in the PEB (PEB-carbonate agar). According to
the pyrosequencing analyses, the abundance of Betaproteobacteria and Gammaproteobacteria at the phylum level, and
Achromobacter, Alcaligenes, and Pseudomonas at the genus level were selectively increased after the electrochemical
enrichment culture. Finally, one genus of bacterium that was autotrophically grown on the PEB-carbonate agar was
identified as Alcaligenes. This bacterium may be useful to fix atmospheric CO, with electrochemical energy obtained

from the solar cell.
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1. Introduction

Atmospheric carbon dioxide has been increased and was
reached approximately to 392 mg/L by volume as of
2011 [1]. The balance between the CO, generated by
heterotrophs and that fixed by autotrophs is unlikely to
be profoundly altered in natural ecosystem; however, the
concentration of CO, in the atmosphere has been in-
creased continuously via fossil fuel combustion and in-
crease of desertification. Very little of solar energy reached
to Earth surface is converted to chemical energy (organic
compounds) by phototrophs but most of that is disap-
peared from Earth as radiant heat. The solar light is most
plentiful and clean energy that can be converted to elec-
tric energy without increase of atmospheric CO; balance.
Electric energy can be converted to biochemical reducing
power through electrochemical redox reaction of neutral
red (NR) [2,3]. The atmospheric CO, generated from
fossil fuel combustion may be fixed by the CO,-fixing
bacteria capable of growing with the electro-chemical
reducing power. The bacterial cells cultivated using the
electrochemical reducing power and atmospheric carbon
dioxide may be not useful for industrial, nutritional, and
pharmacological purpose but may be effective for con-
version of carbon dioxide to the chemically stable bio-
polymers without combustion of fossil fuel and occupa-
tion of ecological habitats.
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Chemoautotrophic bacteria regenerate NAD(P)H in
coupling with the oxidation of NH;, SO, or H, [4-9].
NAD(P)H functions as a driving force for the assimila-
tion of CO, into biomolecules in both autotrophic and
heterotrophic (mixotrophic) organisms [10-13]. The re-
generation of NADH can also be catalyzed in coupling
with the oxidation of the electrochemically reduced NR
without resorting to enzymatic catalysis [2,14]. The elec-
trochemically reduced NR activated the ethanol produc-
tion of Zymomonas mobilis, the denitrification metabo-
lism of Ochrobactrum sp., and the metabolic ammonium
oxidation of Nitrosomonas sp. [3,15,16]. All of these
reactions may be activated in proportion to high
NADH/NAD" balance. The NADH/NAD" balance in the
bacterial cytoplasm can’t be measured biochemically, but
may be estimated based on the types and production of
metabolites. The electrochemically reduced NR cata-
lyzed the regeneration of NADH in vitro test [17] and
induced the increase of metabolites generated in coupling
with NADH oxidation in the bioreactor [18]. The objec-
tive of this study is to isolate the bacteria capable of
growing autotrophically with electrochemical reducing
power and CO,, as well as to compare the variations in
the bacterial community before and after the electro-
chemical enrichment culture. The NR was employed as
an electron mediator to induce transfer of electrochemi-
cal reducing power from electrode to bacterial cells. Py-
rosequencing technique was employed to monitor the
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enriched bacteria and to minutely analyze the bacterial
community variations before and after the electrochemi-
cal enrichment culture.

2. Materials and Methods
2.1. Plate Type Electrochemical Bioreactor

The PEB was prepared to charge electrochemical reduce-
ing power to agar medium by modification of glass petri
dish (diameter 120 mm, height 12 mm), as is shown in
Figure 1. A sintered glass filter (pore 1 m - 1.6 m, di-
ameter 30 mm, thickness 2 mm, Duran) modified with
cellulose acetate film (thickness 35 m, Electron Micro-
scopy Science) was placed between anode and cathode
compartment to limit water transfer while permitting
proton transfer. DC-2 V of electricity was charged to the
titanium plate cathode (0.89 mm thickness, 99.7% purity,
VWR) equipped in the PEB bottom to induce the electro-
chemical reduction reaction of neutral red (NR) con-
tained in a carbonate-based mineral agar medium (car-
bonate agar), which was composed of 4.2 g/L of Na-
HCOs, 2 g/L of NH,CI, 1 g/L of K,HPO,, 1 g/L of
KH,PO,, 0.00058 g/L (200 M) of NR, 20 g/L of agar, and
2ml/L of trace mineral stock solution that was prepared by
previously described method [15].

Connect to
gas reservoir (20L)

Sealing with butyl rubber ring

2.2. Source of Bacterial Community

50 g of wet humus soil that was obtained from Bukhan
mountain national park (Seoul, Korea) was suspended in
50 ml of aerobic wastewater treatment reactant that was
obtained from a terminal disposal plant of sewage (Seoul,
Korea), and filtered with Whatman No. 1 filter paper.
Precipitant obtained from the filtrate by centrifugation
for 30 min at 4°C and 5000 xg (relative centrifugal force)
was suspended in 5 ml of phosphate-buffered saline, whi-
ch was employed as a bacterial source for the electroch-
emical enrichment culture. 300 uL of the bacterial source
was inoculated into 5 of PEB-carbonate agars by spread-
ing method and then cultivated for 10 days in a CO, in-
cubator (Figure 1) at 25°C. 99% of CO, was initially
charged into the CO,-incubator (20 L) and CO,-reservoir
(10 L) and periodically exchanged with fresh CO, at 24 h
intervals.

2.3. ldentification of Enriched Bacterium

30 of the bacterial colonies grown on the PEB-carbo-
nate agars after enrichment culture were randomly picked
and transferred to fresh PEB-carbonate agars, then culti-
vated under a 99% CO, atmosphere for 10 days. The
chromosomal DNA was directly extracted from the bac-

lﬁ
02%
(Out of incubator)

Platinum wire anode —

Anolyte
— (broth medium)

Titanium DC 2V of electric power

Glass filter

plate cathode
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Figure 1. Schematic structure of a plate-type electrochemical bioreactor (inside part) for the electrochemical culture of bac-
teria and a CO, incubator for maintenance of CO, atmosphere around the plate-type electrochemical bioreactor.

Copyright © 2012 SciRes.
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teria grown autotrophically on the fresh PEB-carbonate
agar. 16S-rDNA was amplified via the PCR technique
that was previously employed [19]. The amplified 16S-r
DNA was sequenced by a professional sequencing sys-
tem (Macrogen, Seoul, Korea). The species-specific
identity of the amplified 16S-rDNA was determined us-
ing the GenBank database system.

2.4. Analysis of Bacterial Community

All of the bacterial colonies grown on 5 of the PEB-
carbonate agars were collected using autoclaved phos-
phate-buffered saline. Bacterial pellets were obtained
from the bacterial source before the enrichment culture
and bacterial suspension collected from the PEB-carbo-
nate agar after the enrichment culture by centrifugation
for 30 min at 5000 xg and 4°C. DNAs were extracted
from the pellets using a DNA isolation kit (Ultra Clean
Water DNA Isolation Kit, Mo Bio Laboratories, USA),
which were used as the template for pyrosequencing. The
pyrosequencing was conducted using a 454 Life Sciences
GS FLX series genome sequencer (Roche, Manheim,
Germany) at the Macrogen Bioinformatics Research Ins-
titute (http://macrogen.co.kr/eng, Seoul, Korea) via a
turnkey-based project. A GS FLX fusion primer designed
for the 454 pyrosequencing was composed of primer A
(5’-CGTATCGCCTCCCTCGCGCCA-3’), primer B
(5’-CTATGCGCCTTGCCAGCCCGCTC-AG-37), linker
(5’-TCAG-3"), bar codes (5’-ATCAGACACG-3’;
5’-ACG CTCGACA-3’), and template-specific sequence
(27F and 518R). The bacterium-specific forward primer
27F (5’-primer A-linker-barcode-
GAGTTTGATCMTGGCTCAG-3’) and reverse primer
518R (5’-primer B-linker-bar-code-
WTTACCGCGGCTGCTGG-3") were employed to am-
plify the variable region of the 16S-rDNA. Only those
sequences that were >300 bp in length with a quality
score of >20 with no ambiguous characteristics were in-
cluded in the analysis [20]. The classifiable sequences
obtained by the pyrosequencing were identified using the
Ribosomal Database Project.

3. Results and Discussion

Only 2 of the 30 bacterial colonies that were transferred
to the fresh PEB-carbonate agar grew autotrophically
with the electrochemical reducing power and CO,. Both
of them were identified as genus Alcaligenes based on
16S-rDNA sequence homology. The isolates were regis-
tered in the GenBank database system, from which the
accession numbers (HQ738483 and HQ738484) were
obtained. The bacteria grown with the electrochemical
reducing power and CO, on the fresh PEB-carbonate agar
must be an autotroph because the fresh PEB-carbonate
agar is impossible to be contaminated with the organic
compounds originated from the bacterial source. Some of

Copyright © 2012 SciRes.

the genus Alcaligenes was reported to autotrophically
grow [4,6,21,22] and metabolically oxidize H, to regen-
erate the biochemical reducing power during autotrophic
growth under an H,-CO, atmosphere [23]. Genus Alcali-
genes grown on the fresh PEB-carbonate agar is sup-
posed to grow autotrophically with the electrochemical
reducing power instead of H, under CO, atmosphere.

The community diversity and richness after the enrich-
ment culture were reduced greatly in comparison with
those before the enrichment culture based on the number
of pyrotags, operational taxonomic units (OTUs), and the
results of Chao’s study [24,25], as is shown in Table 1.
The 16S rRNA pyrotags obtained by the pyrosequencing
were a little lower before than after the enrichment culture;
however, the OTUs’ diversity and Chao’s richness were
decreased greatly after the enrichment culture. Based on
the OTUs and Chao’s results, most of bacteria originated
from the humus soil and the wastewater treatment reactant
may be died out but some of bacteria are presumed to
grow or survive during enrichment culture with the elec-
trochemical reducing power under CO, atmosphere.

Practically, the number of bacterial phyla analyzed at a
sequence similarity level above 95% was 19 before the
enrichment culture but was decreased to be 2 after the
enrichment culture. Betaproteobacteria and Gammapro-
teobacteria were enriched selectively but other bacterial
phyla were not detected after the enrichment culture, as
is shown in Table 2. However, the bacteria with physio-
logical functions related to the metabolism for CO,-fix-
ing can’t be verified based on the phyla analysis.

Evaluation at the genus level revealed that members of
the bacterial genera included in the bacterial source were
greatly simplified after the enrichment culture, as is
shown in Table 3. Fifty four of bacterial genera before
the enrichment culture but 4 of them after the enrichment
culture were identified with 16S rDNA pyrotags ana-
lyzed at a sequence similarity level above 99%. The ge-
nus Bacillus (38.35%) was the highest predominant bac-
terial group before the enrichment culture but was not
detected after the enrichment culture. The abundances of
genera Achromobacter, Alcaligenes, and Pseudomonas
were profoundly increased after the enrichment culture;
however, the abundance of genus Stenotrophomonas was
reduced after the enrichment culture. The genus Achro-
mobacter, a facultative chemoautotroph [26-28], is ex-
pected to grow mixotrophically with organic compounds,

Table 1. Bacterial diversity analyzed at 3% of genetic dis-
tance level and 95% sequence similarity level before and
after enrichment culture.

Bacterial community  Pyrotags OTUs Chao
Before enrichment 4.055 253 424.2
After enrichment 5.129 88 107.7

JEP



58 Enrichment and Isolation of CO,-Fixing Bacteria with Electrochemical Reducing Power as a Sole Energy Source

Table 2. Phyla diversity of the bacterial community ana-
lyzed at higher than 95% sequence similarity level before
and after enrichment culture.

Table 3. Genera diversity of the bacterial community ana-
lyzed at higher than 99% sequence similarity level before
and after enrichment culture.

Relative abundance (%) Abundance (%)
Phylum Genus
Before enrichment After enrichment Before enrichment After enrichment
Unclassified class 7.03 0.00 Bacillus 38.35 0.00
Acidobacteria 0.32 0.00 Stenotrophomonas 8.50 2.35
Actinobacteria 1.68 0.00 Castellaniella 5.94 0.00
Alphaproteobacteria 15.19 0.00 Acidovorax 3.84 0.00
Bacilli 41.31 0.00 Devosia 2.34 0.00
Bacteroidia 0.30 0.00 Alcaligenes 1.85 13.66
Betaproteobacteria 19.43 79.61 Brevundimonas 1.45 0.00
Clostridia 1.60 0.00 Delftia 1.31 0.00
Cyanobacteria 0.42 0.00 Rhodococcus 1.03 0.00
Deinococci 0.76 0.00 Sphingopyxis 0.87 0.00
Fibrobacteria 0.15 0.00 Sphingobacterium 0.69 0.00
Flavobacteria 0.47 0.00 Achromobacter 0.62 73.39
Gammaproteobacteria 9.15 20.34 Sphingosinicella 0.49 0.00
Gemmatimonadetes 0.20 0.00 Anaerovirgula 0.47 0.00
Lentisphaeria 0.02 0.00 Anaerovirgula 0.47 0.00
Planctomycetacia 0.10 0.00 Hydrogenophaga 0.30 0.00
. . Hydrogenophaga 0.30 0.00
Sphingobacteria S 0.00 Hyphomicrobium 0.22 0.00
Subdivision 3 0.02 0.00 Prevotella 0.22 0.00
Thermomicrobia 0.12 0.00 Bosea 0.20 0.00
Ochrobactrum 0.20 0.00
electrochemical reducing power, and CO, based on the Streptococeus 0.19 0.00
results that it was predominant on the PEB-carbonate 22:%2?;?&””1 g'g 8'88
agar for the enrichment culture but was not grown after Pseudomonas 0.14 786
transferred to the fresh PEB-carbonate agar. The genera Propionibacterium 0.12 0.00
Pseudomonas and Stenotrophomonas, which are typical Sedimentibacter 0.12 0.00
heterotrophs, are assumed to grow limitedly or maintain Fibrobacter 0.11 0.00
themselves on the PEB-carbonate agar with the organic Curvibacter 0.07 0.00
compounds originated from the bacterial source. Acinetobacter 007 0.00
L. . . Herminiimonas 0.07 0.00
Variations of d|_ver5|ty analyzed at the_ phylum and ge- Comamonas 0.07 0.00
nus level, along with Chao’s richness estimates (Table 1), Agromyces 007 0.00
indicated that a substantial fraction of the heterotrophic Aquabacterium 0.07 0.00
bacteria included in the bacterial source is possible to be Pseudobutyrivibrio 0.05 0.00
died and consumed as nutrients for the survived hetero- Sphaerobacter 0.05 0.00
trophic (mixotrophic) bacteria during enriched; however, Shinella 0.05 0.00
the bacteria capable of assimilating CO, with the elec- ;?gfgg‘;iterium 8'8‘21 8'88
trochemical reducing power may be _enrlched pre_doml— Staphylococcus 0.02 0.00
nantly and some heterotrophic bacteria may survive by Aeromicrobium 002 0.00
exploiting the low concentration of organic compounds Brevibacterium 0.02 0.00
originated from the bacterial source composed of waste- Enterococcus 0.02 0.00
water, humus soil, and microbial biomass. Ethanoligenens 0.02 0.00
Sphingomonas 0.02 0.00
. Megamonas 0.02 0.00
4. Conclusion Mitguokella 0.02 0.00
Genus Alcaligenes was not grown autotrophically with- Neisseria 0.02 0.00
out chemical electron donor that is hydrogen but grew E'art‘qb?c;"t:"“m g'gg 8'88
with the electrochemical reducing power under CO, at- R;?Zzg]i'upm' um 0.02 0.00
mosphere. The plate type electrochemical bioreactor de- Sphingobium 0.02 0.00
signed to enrich and isolate the autotrophic bacteria with Steroidobacter 0.02 0.00
electrochemical reducing power and CO, was first devel- Subdoligranulum 0.02 0.00

Copyright © 2012 SciRes.
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oped in this preliminary research. Thus, we suggest that
bacteria grown with the electrochemical reducing power
as a sole energy source and CO, as a sole carbon source
may be classified as “electroautotroph”. The electroauto-
troph may be useful to fix atmospheric CO, with the
electrochemical reducing power but without combustion
of fossil fuel. Practically, liquid medium may be substi-
tuted for agar plate medium and a cylinder type electro-
chemical bioreactor [29] may be substituted for the plate
type electrochemical bioreactor to apply the electroauto-
troph to a system for bioelectrochemical fixation of at-
mospheric CO,.
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