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Abstract A novel dissimilatory iron-reducing bacteria,
Klebsiella sp. IR21, was isolated from the anode biofilm of
an MFC reactor. Klebsiella sp. IR21 reduced 27.8 % of
ferric iron to ferrous iron demonstrating that Klebsiella sp.
IR21 has electron transfer ability. Additionally, Klebsiella
sp. IR21 generated electricity forming a biofilm on the
anode surface. When a pure culture of Klebsiella sp. IR21
was supplied into a single chamber, air—cathode MFC fed
with a mixture of glucose and acetate (500 mg L™' COD),
40-60 mV of voltage (17-26 mA m™~ of current density)
was produced. Klebsiella sp. IR21 was also utilized as a
biocatalyst to improve the electrical performance of a
conventional MFC reactor. A single chamber, air—cathode
MFC was fed with reject wastewater (10,000 mg L!
COD) from a H, fermentation reactor. The average volt-
age, current density, and power density were
142.9 + 25.74 mV, 60.5 & 11.61 mA m 2, and
8.9 & 3.65 mW m ™2, respectively, in the MFC without
inoculation of Klebsiella sp. IR21. However, these elec-
trical performances of the MFC were significantly
increased to 204.7 + 40.24 mV, 87.5 & 17.20 mA Infz,
and 18.6 £+ 7.23 mW m_z, respectively, with inoculation
of Klebsiella sp. IR21. The results indicate that Klebsiella
sp. IR21 can be utilized as a biocatalyst for enhancement of
electrical performance in MFC systems.
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Introduction

Microbial fuel cells (MFCs) are devices that can directly
convert chemical energy to electrical energy due to the
degradation of organic compounds by microorganisms as
biocatalysts [1-3]. Microorganisms in MFCs oxidize
organic compounds producing electrons and transferring
electrons to the anode electrode [1, 3]. MFCs are able to use
various organic matter ranging from simple carbon sources
such as glucose, acetate, and lactose to complex carbon
compounds such as organic waste, food industry based
wastewater, agricultural wastes and renewable biomass [2,
4]. MFCs are recognized as environmentally friendly sys-
tems because MFCs are able to treat organic waste and do not
generate additional pollutants such as sludge [2]. MFCs can
be applied in various environments such as water treatment,
bioremediation, and biosensor [5-8]. MFCs convert the
chemical energy in wastewater into electrical energy [5, 6],
and it can be used for nutrient removal such as nitrogen and
phosphorus in wastewater [7]. In addition, MFCs are also
widely used as biosensor for monitoring DO and BOD in
environment water because of its high sensitivity [8].

The electrochemical performances of MFCs are mainly
based on three factors: the physico-chemical, operating, and
biological components of systems [2]. Among these factors,
biological components, especially biocatalysts are the most
important factor which is controlling overall MFC performance
[2]. Among the microorganisms used in MFCs, Geobacter and
Shewanella were the most widely used as biocatalysts in the
early stages of this type of research [3]. However, they produce
electricity by oxidizing simple molecular carbon sources such
as acetate or lactate. Thus, it is difficult to decompose complex
carbon compounds using them [3, 9]. MFCs have been applied
for organic wastewater treatment as well as electricity pro-
duction [9]. Therefore, microorganisms, which can utilize only
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simple molecular carbon, are not suitable for wastewater
because it contains various complex organic compounds [3].
Since 2004, fermentative facultative anaerobes have been used
as biocatalysts to oxidize complex organic carbon [3, 9]. Zhang
et al. utilized a fermentative facultative anaerobe, Klebsiella
pneumonia, as a biocatalyst in a two chamber MFC reactor [3].
Their research demonstrated that the K. pneumoniae strain has
electrocatalytic activity in oxidizing complex starch molecules
and produced a maximum power density of 218.51 mW m™>
[3]. Clostridium is also a fermentative facultative anaerobe that
can be used as a biocatalyst for converting organic compounds
into electric energy [10]. Clostridium has the capability to
oxidize various ranges of substrates from simple molecules like
lactate to complex molecules including starch or sucrose [10].
In 2004, Niessen et al. investigated electricity production using
C. butyricum [10]. They inoculated C. butyricum in a two
chamber MFC and utilized starch and molasses as substrates
[10]. C. butyricum quickly started fermenting starch and
molasses upon inoculation and generated a power density of
1.1-1.3 mA cm™? in a fed batch system [10]. In addition,
Clostridium can reduce CO, to organic compounds using
electrons at the cathode in MFC [11]. In another study, a fer-
mentative bacterium, Enferobacter aerogenes, was used as a
biocatalyst in a single-chamber MFC without additional
mediators [12]. E. aerogenes can also grow using various
substrates ranging from low molecular compounds such as
lactate to complex carbohydrates such as starch and cellulose
[12]. Zhuang et al. demonstrated that E. aerogenes possesses
electron transfer ability through cyclic voltammetry analysis
and it produced a maximum power density of
1.79-2.51 W m ™ from glucose [12]. Several microorganisms
such as P. aeruginosa and Desulfovibrio vulgaris secrete self-
mediators such as pyocyanin and pyoverdine and these
endogenous mediators [2]. Therefore, it is important to find new
microorganisms that can be utilized as biocatalysts in MFC
systems without artificial mediators.

In this study, a novel fermentative facultative anaerobic
bacterium, Klebsiella sp. IR21, was isolated as a biocata-
lyst in MFC reactors used to treat organic wastewater in the
absence of artificial mediators. The direct electron transfer
and electricity generation of Klebsiella sp. IR21 were
evaluated in a MFC system inoculated with only its pure
culture. Additionally, the performance enhancement of a
conventional MFC reactor by the inoculation of Klebsiella
sp. IR21 was investigated.

Methodology
Isolation and identification of strain IR21

A new fermentative facultative anaerobe was isolated from
an air—cathode MFC (AC-MFC) inoculated with anaerobic
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sludge (3565 & 91.9 mg L™! MLVSS) from a sewage
treatment plant in Seoul, South Korea. After operating the
AC-MFC reactor with 3.5 g of glucose (20 mM) for
80 days, a 0.5 x 0.5 cm? anode biofilm from the AC-MFC
was sampled. The biomass detached from the anode bio-
film was inoculated 120 mL of serum. A mineral salt
solution was supplemented with 20 mM glucose as a car-
bon source and electron donor, and 50 mM iron
pyrophosphate [Fe,(P,O,);] as an electron acceptor [14].
The mineral salt solution contained 0.31 g L™' NH,CI,
0.13 g L7'KCl, 21.84 gL' Na,HPO,-12H,0, and
6.08 g L! NaH,PO,4-2H,0 (pH 7). The bottle was purged
with N, gas and then sealed with a rubber stopper to
maintain anaerobic conditions. The bottle was incubated at
35 °C under shaking (200 rpm) for 4 days. The culture
broth was serially diluted and then spread onto a glucose
medium with 1.5 % agar. The plates were cultivated at
35 °C for 4 days in an anaerobic chamber while being
purged with 99 % N, gas. Among the colonies on the
plates, the ivory colony, which dominated the plates, was
isolated and named strain IR21. Strain IR21 was identified
by 16S rRNA gene sequencing analysis. To identify the
strain IR21, PCR was performed using a bacterial universal
primer set consisting of 341F (5-CCTACGGGAGG
CAGCAG-3) and 907R (5'-CCCCGTCAATTCATTT
GAGTTT-3'). The PCR mixture included 5 pL of 10x
PCR buffer (Genenmed Inc., Seoul, Korea), 4 pL. of
2.5 mM dNTPs, 1 pL of each forward/reverse primer, 1 U
of ACE TagMan polymerase (Genenmed Inc., Seoul,
Korea), and 2 pL. of DNA template in a total reaction
volume of 50 uL. PCR was conducted by using a 2700®
PCR system (Applied Biosystems, Foster City, USA).
Initial denaturation was performed at 95 °C for 4 min
followed by 30 cycles of denaturation at 95 °C for 30 s,
annealing at 55 °C for 30 s, extension at 72 °C for 30 s,
and final extension at 72 °C for 5 min. The DNA sequen-
ces of the PCR products were analyzed by Macrogen
Incorporation (Seoul, Korea) and compared with the
National Center for Biotechnology Information (NCBI)
GenBank database nucleotide BLAST (http://blast.ncbi.
nlm.nih.gov/Blast.cgi). The strain IR21 was assigned under
the accession number, KR351311 under NCBI GenBank
database, and deposited in the Korean Collection for Type
Cultures (KCTC) under accession number KCTC12571BP.

Reduction of ferric iron by strain IR21

Strain IR21 was cultivated in 120 mL serum bottles to
investigate the electron transfer ability. First, to obtain cells
of strain IR21, a colony of strain IR21 was cultivated in
120 mL serum bottles with a mineral salt solution con-
taining 20 mM glucose and 50 mM iron pyrophosphate
[Fe4(P,O5)s] [13, 14]. After 4 days, the culture medium
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became turbid and the cells were centrifuged at 10,000 rpm
for 10 min to collect the cells. The collected cells were
washed once with a mineral salt solution. After that, 10 mL
of the cells in the mineral salt medium was mixed with
90 mL of a mineral salt solution with an identical com-
position containing 20 mM glucose as a carbon source and
50 mM iron pyrophosphate as an electron acceptor in
500 mL serum bottles. A serum bottle containing the
medium without inoculation of IR21 was prepared as a
control. All serum bottles were purged with 99 % N, gas
and sealed with a rubber septum to maintain anaerobic
conditions. The bottles were incubated in a shaking incu-
bator at 35 °C and 200 rpm. All experiments were con-
ducted in triplicate.

Reduced ferric iron was measured by a ferrozine method
[15, 16]. First, 0.5 mL of sample was mixed with 0.5 mL
of 0.5 N HCI. Then, 0.1 mL of the mixture was removed
and mixed with 4.9 mL of a 0.1 % (wt/wt) ferrozine
solution in 50 mM N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid (HEPES) buffer (pH 7.0 with NaOH)
for 15 s. The solution was filtered using a filter (0.45-um
pore diameter) and the absorbance was measured at
562 nm.

Electricity generation by strain IR21 and its
dynamics in a MFC reactor

MFC reactor structure and operation

Single chamber, air—cathode MFCs were constructed from
acrylic with an inner volume of 7 L x 15 H x 10 W cm”.
13 x 9 cm? anode carbon felt (CaraMaterials, Port Jervis,
USA) was pretreated at 450 °C for 30 min and it was
connected with an air diffusion cathode (ADE75, MEET,
Ilsan, Korea) using titanium wire at an external resistance
of 100 Q. 1 L of the MFC reactor was filled with 500 mL
of strain IR21 in a culture broth and 500 mL of the mineral
salt medium containing 20 mM glucose and 50 mM Fe,.
0,,Ps. A control MFC reactor was filled with 1 L of the
mineral salt medium with the same amount of glucose and
Fe,0,,Pg. The reactors were operated in a fed-batch system
for 34 days. 5 mL of concentrated glucose was added to all
reactors (final concentration of 20 mM) when the glucose
concentration decreased below 5 mM. The glucose con-
centration was analyzed using a glucose monitor (Inforpia
Co., Ltd., Anyang, Korea). All materials and medium were
sterilized before use.

Quantification of strain IR21 through quantitative
real-time PCR (qRT-PCR)

To quantify strain IR21 in the biofilm and suspended cells
in the pure culture AC-MFC reactor, quantitative real-time

PCR (qRT-PCR) was conducted. 0.5 x 0.5 cm? of anode
carbon felt was removed using a sterilized cutter in tripli-
cate to quantify strain IR21 on the anode biofilm. 2 mL of
the medium was sampled in triplicate in an Eppendorf tube
to quantify strain IR21 in the suspended cells. The samples
were centrifuged at 11,000 rpm for 2 min and then the
supernatant was eliminated. DNA was extracted by a
NucleoSpin® Soil Kit (Macherey—Nagel GmbH, Diiren,
Germany) and a BeadBeater-8 system (Biospec, Bartles-
ville, USA). DNA samples were eluted in 50 pL elution
buffer and quantified by ASP-2680 (ACTGene Inc., Pis-
cataway, USA). Extracted DNA samples were kept at
—20 °C before use.

To detect strain IR21 in the biofilm and suspended cells,
two sets of specific forward/reverse primers were designed
based on the DNA sequence of strain IR21. The specific
primer sets were Kleb_F1 (5-GGCAGGCTGGAGTCTTG
TAG-3’) and Kleb_R1 (5'-GCCACTCCTCAAGGGAACA
A-3), and Kleb_F2 (5-GGCAGGCTGGAGTCTTGTA
G-3’) and Kleb_R2 (5-AAGCCACTCCTCAAGGGAA
C-3"). PCR was conducted using a 7300 Real-time PCR
system (Applied Biosystems, Foster City, USA). The PCR
mixture contained 2.5 pL. of 10x PCR buffer (Genenmed
Inc., Seoul, Korea), 2 pL of 2.5 mM dNTPs (Genenmed Inc.,
Seoul, Korea), 0.5 pL of forward primer, 1 pL of reverse
primer, 0.2 puL SYBR (50x), 0.5 phL ROX dye (50%), 1 Uof
ACE Tagq polymerase (Genenmed Inc., Seoul, Korea), and
2 pL of DNA template in a 25 pL reaction volume. Initial
denaturation was performed at 95 °C for 4 min followed by
30 cycles of denaturation at 95 °C for 30 s, annealing at
57 °C for 30 s, extension at 72 °C for 30 s, and finally, the
reading step was performed at 82 °C for 30 s.

To evaluate whether strain IR21 was successfully
attached on the anode biofilm for power production, the
relative amounts of strain IR21 in the biofilm and sus-
pended cells were investigated. The amount of strain IR21
in the biofilm was estimated using the total DNA elution
buffer volume, anode surface area, and organic contents.
The amount of strain IR21 in the suspended cells was
estimated considering the DNA elution buffer volume,
internal medium volume of the anode chamber, and
organic contents.

Inoculation effect of strain IR21 in a conventional
MFC reactor

Electricity production and COD removal

To evaluate the inoculation effects of strain IR21 in a MFC
reactor, a single chamber, air—cathode MFC reactor was used,
as described above. Anaerobic sludge (3.565 + 91.9
mg L™' MLVSS) from a sewage treatment plant (Seoul,
Korea) was used as the initial inoculum. 450 mL of anaerobic
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sludge and 450 mL of a mineral salt solution (pH 7) were
mixed for the initial inoculation. 5 mL of the concentrated
solution of glucose:acetate (1:1, w/w, 1 g Lfl) was used as
the substrate and electron donor, and the final concentration
was 500 mg L~! COD. After the substrate addition, the
voltage production was observed. When the voltage
decreased below 10 mV, substrate was supplied into the
reactor. This operation was repeated ten times to obtain a
stable electrical capacity of the MFC reactor. Then, the
internal medium was replaced with reject wastewater
(10,000 mg L' COD) from a hydrogen reactor fed molasses
wastewater. The reactor was operated for 71 days in contin-
uous mode with a hydraulic retention time (HRT) of 2 days
and the electrochemical performance data were collected at
steady state.

After operation with reject wastewater from the hydrogen
reactor, strain IR21 was inoculated into the identical AC-
MEC reactor to evaluate the effects of strain IR21. 20 mL of
the culture broth of strain IR21 (6 g cell dry weight L™") in
the mineral salt solution containing 20 mM glucose and
50 mM iron pyrophosphate was inoculated in the AC-MFC
reactor fed with reject wastewater (10,000 mg L™ COD)
from a hydrogen reactor fed molasses wastewater. The AC-
MEC reactor was operated for 130 days in continuous mode
with a HRT of 2 days. 20 mL of the culture broth of strain
IR21 in the mineral salt solution was supplied into the AC-
MEFC reactor at an interval of 2 days. All performance data
were collected at steady state.

The voltage was monitored by a digital multimeter
GL220 (Graphtec Co., Yokohama, Japan) at an interval of
1 h. The current and power were calculated according to:

I=V/R (1)
P=VxI, (2)

where I (A) is the current, V (V) is the voltage, R (Q) is the
external resistance, and P (W) is the power. The obtained
current and power were divided by the anodic surface area
(m?) to obtain the current density and power density,
respectively. Polarization and power density curves were
used to characterize the MFC systems as a function of
voltage. The voltage values were obtained by changing the
external resistances at 10, 100, 500, 1000, 2000, and
10,000 Q. The current and power densities in the curves
were calculated as described above.

The chemical oxygen demand (COD) was measured
using a COD Test Kit (Hach Co., Loveland, USA) and a
thermostat reactor (DRB200, Hach Co., Loveland, USA).
2 mL of the sample was added into the COD test kit and
heated at 150 °C for 2 h using the DRB 200 thermostat
reactor. The COD concentration was evaluated using a
COD colorimeter (Thermo Fisher Scientific, Inc., Wal-
tham, USA). The COD removal rate was calculated based
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on the difference between the influent and effluent COD
concentrations as follows:

Ecop(%) = [(Icop — Ocop)/Icop] % 100, (3)

where Icop is the influent COD and Ocqp is the effluent
COD.

Comparison of Klebsiella sp. abundance by qRT-
PCR

To demonstrate whether inoculated strain IR21 formed a
biofilm on the anode surface of the conventional MFC
reactor, the abundance of strain IR21 was analyzed by
quantitative real-time PCR (qRT-PCR) using ribosomal
RNA. 0.5 x 0.5 cm? of the anodic biofilm was sampled at
67 days after operation of the AC-MFC without strain IR21
and at 89 days after operation with strain IR21. The anode
biofilm was sampled using a sterilized cutter. RNA
extraction and cDNA synthesis were conducted, as previ-
ously described [17]. qRT-PCR was conducted using
specific primer sets, the Kleb_primer set 1 and Kleb_pri-
mer set 2 (described above). The amount of strain IR21 in
the biofilm was estimated from the total DNA elution
buffer volume, anode surface area, and organic contents.

Results
Identification of strain IR21

The DNA sequence of the strain IR21 was compared with the
National Center for biotechnology Information (NCBI) Gen-
Bank database nucleotide BLAST (http://blast.ncbi.nlm.nih.
gov/Blast.cgi). The strain IR21 had 99 % of similarity with
Klebsiella michiganensis strain AG-57 16S ribosomal RNA
gene, partial sequence (accession number, KF817669.1) under
NCBI GenBank database. Phylogenetic analysis of strain IR21
sequence based on the GenBank database showed that strain
IR21 belongs to genus Klebsiella with K. michiganensis
(KF817789.1, bootstrap value of 92.4 %), K. oxytoca
(KF254665.1, bootstrap value of 70.2 %), and K. planticola
(NR119279.1, bootstrap value of 70.2 %) (Fig. 1).

Klebsiella michiganensis was isolated from a tooth brush
holder in 2013 [18]. It is a glucose fermenter and can also
utilize citrate as a carbon source under facultative anaerobic
conditions [18]. The electron transfer ability and applicability
in MFC systems of K. michiganensis have not been reported
yet. K. oxytoca, which is known as citrate fermenting bacteria,
was isolated from sediments under an iron mat [19, 20]. K.
oxytoca produces exopolysaccharide (EPS) which binds with
Fe(Ill) under anaerobic environments [20]. The binding
Fe(IIT)-EPS precipitates and thus, K. oxyfoca can tolerate a
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high iron concentration [20]. During citrate fermentation, K.
oxytoca reduced Fe(III), which did not bind with EPS, to Fe(Il)
[19, 20]. K. planticola was isolated from salt marsh sediments
[21]. K. planticola is a cadmium-resistant bacteria and it is
tolerant of other toxic metals such as Cr(VI), As(V), Co(Il),
Zn(1I), and Pb(II) [21].

Ferric iron reduction of strain IR21

First, 50 mM ferric iron was added into a serum bottle to
evaluate the ferric iron reduction ability of strain IR21. A
day after cultivation, Klebsiella sp. IR21 started to reduce
Fe(II) at 4.9 £+ 0.40 mg L~ and the Fe(Il) concentration
increased up to 11.6 #+ 0.47 mg L™ 'after 9 days (Fig. 2).
Klebsiella sp. IR21 reduced approximately 27.8 % of
Fe(III) to Fe(Il), demonstrating that Klebsiella sp. IR21 has
the capacity for electron transfer. There was no abiotic
Fe(IlI) reduction in the control group.

Electrical performance of strain IR21 in a MFC
reactor

The voltage generated by Klebsiella strain IR21 in an AC-
MEFC reactor is shown in Fig. 3. The AC-MFC with
Klebsiella sp. IR21 was monitored for 34 days and 20 mM
glucose was added when the glucose concentration
decreased below 100 mg L™" (data not shown). The AC-
MEFC with the inoculation of Klebsiella sp. IR21 started to
generate approximately 35 mV of voltage (current density

Ij Geobacter uraniireducens
1000 Geobacter daltonii

—— Control
—v— Klebsiella sp. IR21

Fe2+ concentration (mM)

| @ | | | Py |
0 2 4 6 § 10 12 14 16 18 20
Time (d)

Fig. 2 Concentration of ferrous iron reduced by Klebsiella sp. IR21
in serum bottles (n = 3)

of 15 mA m™%) within 3 days; 30-35 mV of voltage
(current density of 13—15 mA m~ %) was maintained and a
maximum voltage of 50-55 mV (current density of
21-24 mA m~?) was generated during operation. Voltage
production did not occur in the control reactor without the
inoculation of Klebsiella sp. IR21. The voltage production
results indicate that Klebsiella sp. IR21 participated in
electron transfer in the MFC reactor.

To quantify Klebsiella sp. IR21 in the anode biofilm and
suspended cells in the AC-MFC reactor, qRT-PCR was
conducted using two primer sets targeting Klebsiella sp.
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Voltage (mV)

40
Time (d)

Fig. 3 The voltage production profile of a MFC reactor with
Klebsiella sp. IR21. Klebsiella sp. IR21 was used as the initial
inoculum and the reactor was operated in fed-batch mode. The arrows
indicate the addition of 20 mM glucose as a substrate

genes. 3.8 x 10° £ 6.9 x 10* gene copy number g
biomass~' was detected in the anode biofilm while
2.3 x 10° & 7.2 x 10° gene copy number gbiomass ™' was
quantified in the suspended cells when primer set 1 was used
(p < 0.05, Table 1). Additionally, 3.8 x 10° £ 5.5 x 10*
gene copy number g biomass~'was measured in the anode
biofilm while 2.2 x 10° &+ 6.9 x 10’ gene copy number g
biomass ™' was quantified in the suspended cells when using
primer set 2 (p < 0.05, Table 1). The results indicate that
Klebsiella sp. IR21 successfully formed a biofilm on the
anode surface and thus, the voltage production shown in
Fig. 3 was generated by Klebsiella sp. IR21 on the anode
surface and not by the suspended cells.

Enhancement of electrochemical performance
by inoculation with strain IR21

Figure 4 shows the COD removal and voltage production of
an AC-MFC without and with the inoculation of Klebsiella
sp. IR21. When reject wastewater (10,000 mg L™ COD)
from a H,-producing reactor was fed into the AC-MFC
reactor without the inoculation of Klebsiella sp. IR21, the
effluent concentration was 1300-2500 mg L™' and the
voltage production increased gradually from 60 up to
120 mV within 30 days. After 30 days of operation with
reject wastewater, the effluent COD concentration decreased
to 700-1800 mg L™" and the voltage production increased
to 120-250 mV. On the 70th day, Klebsiella sp. IR21 was
inoculated into the same AC-MFC fed with identical reject
wastewater (10,000 mg L' COD). After inoculation of

Without Klebsiella sp. IR21 With Klebsiella sp. IR21
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% 12000 | O Influent
|
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Fig. 4 Time profiles of the a COD removal and b voltage in AC-
MEC reactors fed with reject wastewater (10,000 mg L~" COD) from
a H,-producing reactor fed with molasses wastewater

Klebsiella sp. IR21, the effluent COD concentration was
maintained in the range of 700-2000 mg L™" and the volt-
age production increased to 130-300 mV.

The electrochemical characteristics of the AC-MFC are
shown in Table 2. The electrical performance including the
average voltage, current density, and power density were
measured at an external resistance of 100 Q with a HRT of
2 days. Each performance value was analyzed when the AC-
MEFC reactor became stable. The average voltage, current
density, and power density were 1429 £ 25.74 mV,
60.5 + 11.61 mA m~?, and 8.9 + 3.65 mW m™ >, respec-
tively, in the AC-MFC without the inoculation of Klebsiella
sp. IR21. However, the electrical performance efficiencies
increased after inoculation of Klebsiella sp. IR21 (p < 0.05).
The average voltage, current density, and power density
increased up to0 204.7 + 40.24 mV, 87.5 £ 17.20 mA m2,
and 18.6 + 7.23 mW m™2, respectively, in the AC-MFC
with the inoculation of Klebsiella sp. IR21. However, there
was not a significant difference of the COD removal rate
between the AC-MFC without and with the inoculation of
Klebsiella sp. IR21 (p > 0.05).

The COD removal rates were 86.7 =591 and
86.1 &+ 4.70 % in the AC-MFC without and with the inoc-
ulation of Klebsiella sp. IR21, respectively. To characterize
the cell voltage and power density as a function of current in
the AC-MFC with the inoculation of Klebsiella sp. IR21, the

Table 1 Relative abundance of
Klebsiella sp. IR21 in biofilm
and suspended cells (n = 3)

Primer set

Biofilm (gene copy number
g biomass™")

Suspended cells (gene copy number
g biomass™")

Kleb_primer set 1
Kleb_primer set 2

3.8 x 106 £ 6.9 x 104*
3.8 x 106 £ 5.5 x 104*

23 x 10° £ 7.2 x 10°
22 x 10° +£ 6.9 x 10°

* Significant difference (p < 0.05)
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Table 2 AC-MFC characteristics of effluent (10,000 mg L™' COD) fed from a hydrogen reactor using molasses wastewater
(10,000-12,000 mg L™' COD)

Characteristics AC-MFC without Klebsiella sp. IR21 AC-MFC with Klebsiella sp. IR21
Average voltage (mV)* 1429 £ 25.74 204.7 £ 40.24*

Average current density (mA m™~2)? 60.5 £ 11.61 87.5 £ 17.20%

Average power density (mW m™%)* 8.9 £+ 3.65 18.6 £ 7.23*

COD removal rate (%) 86.7 £ 591 86.1 £ 4.70

* Significant difference (p < 0.05)

* Values were measured using reject wastewater (10,000 mg L™' COD) from a H,-producing reactor fed with molasses wastewater at an
external resistance of 100 Q. The MFCs reactors were operated at a HRT of 2 days

Fig. 5 a Polarization and 500 500 20
power density curves, and b cell () ] (b) +: POlarizaﬁon. curve (cell voltage) -~
voltage as a function of 400 | 400 Fower density (\I‘E
resistance in an AC-MFC with > > 715 3
Klebsiella sp. IR21 E E =
o 300 o 300 A =
& g H0 £
— — w)
S 200 S 200 | g
= = w
) < 15 -
© 100 - © 100 | S
=}
‘ A
0 | | | | 0 0
0 2000 4000 6000 8000 10000 0 50 100 150 200 250 300
External resistance (ohm) Current density (mA-m'z)
Table 3 Relative abundance of - - ; . .
Kiebsiella sp. IR21 in a Primer set Without Klebsiella sp. IR21 With Klebsiella sp. IR21
?O“V‘“f;‘)“ona‘ MEC reactor Kleb_primer set 1 3.6 x 10° £ 1.9 x 10° 7.7 % 10° £ 7.8 x 10°*
n =
Kleb_primer set 2 42 x 10°+ 5.7 x 10° 9.3 x 10° + 7.4 x 10**
* Significant difference (p < 0.05)
polarization and power density curves are shown in Fig. 5.  gene copy number g biomass ' to 9.3 x 10° £ 7.4 x 10*

To obtain the polarization curve, the voltage was measured ~ gene copy number g biomass™' (p < 0.05). The results
at a series of different resistances, as shown in Fig. 5a. The = demonstrate that Klebsiella sp. IR21 was successfully
maximum cell voltage was 444 mV at an external resistance  attached on the anode surface forming a biofilm and it
of 10,000 Q (Fig. 5a) and the voltage in the AC-MFC with  acted as a biocatalyst to enhance the electrochemical per-
inoculation of Klebsiella sp. IR21 was maintained as a  formances in the AC-MFC system.

function of the current density production (Fig. 5b). The

maximum power density was 15.04 mW m™~ at an external

resistance of 100 Q (Fig. 5b). Discussion
To demonstrate that the inoculation of Klebsiella sp.
IR21 improved the reactor performance, relative quantifi-  Dissimilatory iron-reducing bacteria (DIRB) are microor-

cation of Klebsiella sp. IR21 was accessed using qRT-PCR  ganisms that reduce ferric iron to ferrous iron by trans-
(Table 3). In the AC-MFC reactor without the inoculation  ferring electrons from organic compounds under anoxic or
of Klebsiella sp. IR21, 3.6 x 10° &+ 1.9 x 10° gene copy  anaerobic conditions [22, 23]. In the past, DIRB have been
number g biomass™' was detected when primer set 1 was utilized for the bioremediation of soils contaminated with
used. However, after inoculation of Klebsiella sp. IR21 into metals, radionuclides, and organics because Fe(IIl) reduc-
the identical reactor, the gene copy number increased to  tion can occur with catabolism of organic contaminants
7.7 x 10° £ 7.8 x 10° gene copy number g biomass ™' [22]. Recently, many DIRB have demonstrated that they
(p < 0.05). When primer set 2 was used, the amount of  have the ability to generate electrical energy in microbial
Klebsiella sp. IR21 increased from 4.2 x 10° + 5.7 x 10°  fuel cell (MFC) systems through their capacity for electron
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transfer [24]. Among Klebsiella species, K. pneumoniae is
a representative fermentative DIRB [25, 26]. Li et al.
demonstrated that K. pneumoniae reduced various Fe(III)
oxides such as HFO, a-FeOOH, y-FeOOH, and o-Fe,O3
using a fermentable substrate [25]. 0.07-0.50 mM Fe(II)
was produced by K. pneumonia from 50 mM Fe(Ill) oxides
[25]. The Fe(Il) concentration increased significantly up to
0.45-4.80 mM when an artificial mediator, anthraquinone-
2,6-disulfonate (AQDS), was added [25]. In other research,
K. pneumoniae produced 0.426 mM Fe(Il) without addi-
tional mediators from 30 mM o-FeOOH and a 4.5-fold
higher concentration of Fe(II) with artificial mediators [26].
In previous research, K. pneumoniae reduced <2 % of
Fe(IIl) and the efficiency of iron reduction did not exceed
6—10 % although artificial mediators were added [25, 26].
In this study, a novel DIRB, Klebsiella sp. IR21, was iso-
lated from the anode biofilm of a MFC reactor. Klebsiella
sp. IR21 reduced about 27 % of Fe(Ill) to Fe(Il) without
any artificial mediators (Fig. 2). When compared to values
obtained in other studies which used K. pneumonia, the
new fermentative DIRB, Klebsiella sp. IR21, demonstrated
a higher efficiency of iron reduction than other Klebsiella
species. This result indicates that Klebsiella sp. IR21 can
be effectively utilized as an electron shuttle.

Electron transfer between microorganisms and the
anode electrode occurs through three different mecha-
nisms: oxidation-reduction mediators, redox enzyme on
the cell membrane, and direct transfer by pili [27]. K.
pneumoniae, which is the most well-known fermentative
DIRB, transfers electrons through pili like G. sulfurre-
ducens and S. oneidensis [3, 27]. They establish a biofilm
by pili on the anode surface and it acts as an electron
shuttle from the substrate to electrode where they are
attached [3]. Zhang et al. demonstrated that K. pneumoniae
established a biofilm on the anode surface and it is a key
factor for electron transfer [3]. The anode surface which K.
pneumoniae covered with pili was observed by a scanning
electron microscope (SEM) [3]. In other research, it was
reported that K. pneumoniae secreted 2,6-di-tert-butyl-p-
benzoquinone (2,6-DTBBQ) which functioned as an redox
mediator [28]. Among Klebsiella species, mechanisms of
electron transport have only been investigated for K.
pneumoniae while other Klebsiella species have not been
evaluated to determine whether they have electrochemical
capabilities. Therefore, this study accessed whether Kleb-
siella species other than K. pneumoniae have electron
transfer and electricity production capabilities.

It is difficult to directly compare electrical efficiencies
of MFCs because the performances of MFCs are different
as various factors such as system designs, operation con-
dition, and biological components [2]. In general, the
power densities of MFCs have various range from tens to
thousands as conditions [29]. The power densities obtained
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in this study were relatively lower than other researches
[29, 30]. The most likely reason for the low power density
was due to the large inner volume of the MFCs. In this
study, the MFCs had comparatively larger anode inner
volume of 1 L than other systems. Generally, a large inner
volume of the MFC causes high internal resistance, thus it
reduces average power density [31].

During the past decade, interest in MFC systems has
increased because it is considered a sustainable technique for
simultaneous energy production and organic waste treatment
[2]. Since the 1990s, MFC systems have been reported and
interest in MFC systems has rapidly increased recently [2]. In
accordance with these interests, various trials have been
conducted to improve the efficiency of MFCs [2, 32]. Most
strategies to improve the performance of MFC systems have
focused on changing the structure, materials, or operating
conditions [2, 32]. On the other hand, the effects of biocatalyst
inoculation in MFC systems have rarely been reported
although the biocatalyst is considered the most important
component controlling overall MFC performance [2]. How-
ever, investigations in which artificial catalysts are supplied
into MFC systems to enhance reactor performance are readily
available [33]. Rahimnejad et al. demonstrated that the arti-
ficial catalyst of methylene blue enhanced the power genera-
tion of a MFC reactor by a factor of two [33]. In other research,
the voltage production increased by a factor of four after
artificial resazurin was supplied into a MFC reactor [34]. In
research using Klebsiella species in a MFC system, it was
demonstrated that K. pneumoniae produced endogenous cat-
alyst 2,6-DTBBQ, which acted as an electron shuttle between
K. pneumoniae and the electrode [28]. Although the exact
mechanism for electron transfer for isolated strain IR21 has
not been investigated, it may be possible to secrete an
endogenous mediator as with K. pneumoniae [28]. Thus, it
may act as a performance enhancer for MFC systems. In our
study, when comparing the electrochemical performance
before and after inoculation of Klebsiella sp. IR21, the COD
removals were not significantly different, but the electrical
performances significantly increased after inoculation. That
is, before inoculation of Klebsiella sp. IR21, the microbial
anode biofilm community could utilize wastewater as a sub-
strate, but it had a low efficiency of electron transfer to the
electrode. However, the increasing electrical performance
demonstrates improved efficiency of electron transfer to the
electrode, indicating that inoculated Klebsiella sp. IR21 may
be used as a catalyst for electron transfer.

Conclusions
A novel facultative fermentative DIRB, Klebsiella sp. IR21,

was isolated from an anode biofilm of a MFC reactor.
Klebsiella sp. IR21 could successfully form a biofilm on the
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anode and generate voltage from a single-chamber MFC
reactor without any additional artificial electron shuttles. In
addition, Klebsiella sp. IR21 could improve the electrical
performance of a MFC reactor treating reject wastewater.
When Klebsiella sp. IR21 was added into the MFC reactor,
the efficiency of electron transfer to the electrode increased.
The combined results indicated that Klebsiella sp. IR21 has
potential as a biocatalyst for application in MFC systems.
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