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 Microbial communities of cathodic bioﬁlm and plankton were analyzed with 454-pyrosequencing.
 Exoelectrogens with low abundance were revealed.
 Valuable microbial information was provided to improve the performance of system and to isolate cathodic exoelectrogens.
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a b s t r a c t
Microbes play irreplaceable role in oxygen reduction reaction of biocathode in microbial fuel cells (MFCs).
In this study, air-diffusion biocathode MFCs were set up for accelerating oxygen reduction and microbial
community analysis. Linear sweep voltammetry and Tafel curve conﬁrmed the function of cathode bioﬁlm to catalyze oxygen reduction. Microbial community analysis revealed higher diversity and richness
of community in plankton than in bioﬁlm. Proteobacteria was the shared predominant phylum in both
bioﬁlm and plankton (39.9% and 49.8%) followed by Planctomycetes (29.9%) and Bacteroidetes (13.3%) in
bioﬁlm, while Bacteroidetes (28.2%) in plankton. Minor fraction (534, 16.4%) of the total operational taxonomic units (3252) was overlapped demonstrating the disproportionation of bacterial distribution in
bioﬁlm and plankton. Pseudomonadales, Rhizobiales and Sphingobacteriales were exoelectrogenic orders
in the present study. The research obtained deep insight of microbial community and provided more
comprehensive information on uncultured rare bacteria.
Ó 2013 Elsevier Ltd. All rights reserved.

1. Introduction
Microbial fuel cell (MFC) has attracted increasing attention during the past decade because it converts chemical energy to electric
power and simultaneously treats wastewater. Exoelectrogens play
irreplaceable role in MFCs, thus revealing the composition of exoelectrogenic populations is with great signiﬁcance to improve the
performance of MFCs, especially for the biocathode systems for
which the microbial community was not yet well discovered
(Clauwaert et al., 2007; Chen et al., 2010; Zhang et al., 2011).
Traditional method cannot provide comprehensive information
on microbial community composition since the sequencing method failed to capture species with a relative abundance less than 1%
(Zhang et al., 2011; Li et al., 2012; Xia et al., 2012). It has been suggested that rare bacteria in anodic bioﬁlm would greatly contribute
to the electric power generation and they are also important to the
eco-physiology of the entire microbial community (Kiely et al.,
2010); however, rare bacteria was easy to be ignored since their
abundance was lower than the detection limitation of conventional
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sequencing method. Due to large read length (>400 bp), 454pyrosequencing technique can identify exoelectrogens with low
abundance in bioﬁlm. Couples of researches discovered rare exoelectrogens in anodic bioﬁlm with 454-pyrosequencing technique
(Lee et al., 2010; Lu et al., 2012; Miyahara et al., 2013; Wang
et al., 2013), however, only a few studies reported microbial community of cathodic bioﬁlm (Zhang et al., 2012a; Sayess et al., 2013).
Therefore, this study aimed to get comprehensive information
on microbial community in an aerobic biocathode system with
highly parallel 454-pyrosequencing technique. To obtain bioﬁlm
samples, an air-diffusion biocathode was incubated in the present
study (Xia et al., 2013). The oxygen reduction reaction was tested
with electrochemical methods, and the microbial contribution to
power generation was also determined in bioﬁlm and plankton.

2. Methods
2.1. Experimental set-up
The start-up of the biocathode was performed in a electrochemical cell made of plexi-glass with a volume of 137.5 cm3
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(5 cm  5 cm  5.5 cm) using a three-electrode conﬁguration with
air-diffusion cathode as working electrode, carbon cloth as counter
electrode, and Ag/AgCl (3 M KCl) as reference electrode. Both working and counter electrode had a projected surface area of 16 cm2
(4 cm  4 cm). The air-diffusion working electrode was prepared
with carbon cloth as substrate according to previously report
(Cheng et al., 2006), while reduced the air-diffusion layer from 4
to 2 layers and adjusted the PTFE concentration from 30% to 10%
to allow more oxygen to diffuse through.
The two-chambered MFC reactor was constructed by separating
the chambers with cation exchange membrane. The anode was carbon cloth with a projected surface area of 16 cm2 (4 cm  4 cm),
and the air-diffusion electrode as cathode. The cathode potential
(Pc) was recorded against an Ag/AgCl (3 M KCl), and all the potential will be reported versus Ag/AgCl.
2.2. Incubation and operation
The biocathode was incubated with aerobic sludge collected
from Jimei Wastewater treatment plant (Xiamen, China) in a
three-electrode conﬁguration. The electrolyte contained (per liter):
KH2PO4 6.28 g, K2HPO4 10.0 g, NaHCO3 2.0 g, NaCl 0.5 g, Na2SO4
0.5 g and MgSO47H2O 0.2 g. To promote the formation of bioﬁlm,
0.82 g/L CH3COONa was added to the electrolyte for two cycles
(Jeremiasse et al., 2012). The potential of the working electrode
was held at 0.3 V. To incubate the anode, 10 mL anaerobic sludge
was mixed with 120 mL electrolyte containing 0.82 g/L CH3COONa
as an electron donor, and 32.94 g/L K3[Fe(CN)6] buffered with
8.81 g/L Na2HPO412H2O and 41.05 g/L NaH2PO42H2O (pH 6) as
an electron acceptor. After the anode and the biocathode were successfully incubated, they were connected together with cation exchange membrane between them as a separator forming the airdiffusion biocathode MFC. To avoid substrate limitation, 4.1 g/L
CH3COONa was used as fuel for anodic bioﬁlm during the MFC
operation.
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10 bp barcode for further data analysis. Each PCR reaction was carried out with 20 ll reaction mixtures containing 10 ng of DNA,
5 lM of each primer, and TransGen AP221-02 TransStart Fastpfu
DNA polymerase in order to obtain the following ﬁnal concentrations: 2.5 mM dNTPs, and 5 of the Fastpfu buffer. An ABI GeneAmpÒ 9700 thermal cycler was used for the PCR as follows: (1)
an initial denaturation step at 95 °C for 2 min, (2) 25 cycles of
annealing and extending (each cycle occurred at 95 °C for 30 s followed by 55 °C for 30 s and an extension step at 72 °C for 30 s), and
(3) the ﬁnal extension at 72 °C for 5 min. After the PCR ampliﬁcation, the amplicons were recovered with AxyPrepDNA Gel extraction kit (AXYGEN Com., China) and rinsed with Tris–HCl solution.
After amplication and quantiﬁed, the amplicons was used for
pyrosequencing analysis on a Roche GS FLX Plus following the
sequencing method manual_XLR70 kit. The data were optimized
through removing low-quality sequences, i.e. not exactly match
to the forward primer, un-recognized reverse primer, with any
ambiguous base calls, with an average quality score <25 and length
<200 nucleotides.
2.4.2. Microbial community and classiﬁcation
Pyrosequencing reads were clustered into operational taxonomic units (OTUs) at 0.03 sequence distances using the QIIME
program. Based on the clusters, the Shannon diversity index, Chao1
index of rarefaction curves, and phylogenetic diversity index for
diversity and richness estimation were calculated for the samples.
According to the Green genes database, representative reads were
extracted from the clusters with a conﬁdence threshold of 80% at
phylum, class, and order level. Venn diagram was mapped to determine the overlapped OTUs between the bacterial samples (http://
www.cs.kent.ac.uk/people/staff/pjr/EulerVennCircles/EulerVenn
Applet.html).
3. Results and discussion

2.3. Measurement and analysis

3.1. Performance of the biocathode and MFCs

The current of the three-electrode system was recorded with
time using a potentiostat (CHI 1000B, CHI). Tafel curves were recorded with potentiostat (CHI 600D, CHI). The slope of the Tafel
curve was obtained by ﬁtting the linear part using originÒ 8. Electrochemical impedance spectroscopy (EIS) and linear sweep voltammetry (LSV) were performed with Autolab (Metrohm,
Switzerland). Both Tafel curve and LSV were performed at a scan
rate of 10 mV/s from +0.4 to 0.4 V.
Polarization curves were obtained by change the external resistance from 10 k to 100 X. Voltage (V) was recorded with a fuel cell
test system (Maccor, USA). The power density (Pden) was normalized to the cathode surface area or volume of catholyte as previously reported (Wang et al., 2010). Anode potential (Pa) was
calculated as Pa = Pc  V. During the polarization measurements,
the slits between the stoppers and the reactor were sealed with
vaseline.

Electrochemical methods including LSV, Tafel and EIS were carried out to conﬁrm the effect of the bioﬁlm on electrochemical response of the biocathode. LSV demonstrated that the current of
oxygen reduction reaction was signiﬁcantly enhanced after the
cathode surface was occupied by the bioﬁlm (Fig. 1a); a maximum
reduction current of 5.13 mA was generated by the biocathode at
239 mV (inset of Fig. 1a), in comparison to that of 0.39 mA of
the abiotic-cathode. The increase in oxygen reduction current
demonstrated the existence of microbes with the function of transferring electrons donated by the electrode to oxygen (Rosenbaum
et al., 2011), and thus accelerating the reduction of oxygen. Tafel
curve provides information on the activation losses of redox reaction, through which the exchange current density and the electron
transfer coefﬁcient can be determined (Bard and Faulkner, 2000).
Low Tafel slope and high exchange current indicate high electron
transfer coefﬁcient. In this research, the reduction slope was determined as 129.1 mV/dec and 182.9 mV/dec, and the exchange current was 228.75 lA/cm2 and 6.89 lA/cm2 for the biocathode
and abiotic-cathode, respectively (Fig. 1b). The Tafel analysis further revealed that the bioﬁlm facilitated the electron transfer from
the cathode to the oxygen, increasing the reduction rate of oxygen,
and thus decreased the charge transfer resistance from 174.6 X of
the abiotic-cathode to 15.4 X of the biocathode (Fig. S1). Charge
resistance was generally considered as the main composition of
biocathode’s internal resistance.
Polarization curves were achieved to evaluate the contribution
of the biocathode to the power output in an MFC. A maximum
power density of 102.9 mW/m2 (1.27 W/m3) was achieved for

2.4. Microbial community analysis
2.4.1. DNA extraction, PCR, and pyrosequencing
Samples were collected from catholyte and cathode bioﬁlm for
microbial community analysis. The genomic DNA was extracted
using a previously reported protocol with CTAB and proteinase K
(Yang et al., 2007) and puriﬁed with a DNA puriﬁcation kit (Cat.
#DP1501, BioTeke, Beijing).
The following universal 16S rRNA primers were used for the
PCR reactions: 533R (50 -TTACCGCGGCTGCTGGCAC-30 ) and 27F
(50 -AGAGTTTGATCCTGGCTCAG-30 ). The 533R was labeled with a
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Fig. 1. Electrochemical performance of the biocathode. (a) Linear sweep voltammetry at a scan rate of 10 mV/s; the background current was deducted from the
biocathode; inset demonstrates part of the biocathode’s LSV for observation of
reductive peak; (b) Tafel analysis at a scan rate of 10 mV/s.

the air-diffusion biocathode MFC, compared to 7.3 mW/m2
(0.09 W/m3) of the abiotic-biocathode MFC (Fig. 2a). The difference
in performance of the biocathode and abiotic-cathode MFC was
caused by the different performance of the cathodes, but not the
anode (Fig. 2b). The open circuit potential of the air-diffusion biocathode was monitored as 274.8 mV, in comparison to 23.6 mV of
the abiotic biocathode; when the external resistance was lowered
to 100 X, the cathode potential of the air-diffusion biocathode was
decreased to 295 mV, while that of the abioctic cathode decreased to 522.1 mV. The cathode potential demonstrated that
the formation of electroactive bioﬁlm was helpful to decreasing
the over potential of oxygen reduction, as revealed with Tafel analysis, and thus increased the power output of the biocathode MFC.
The enhanced performance of biocathode was closely related to
the exoelectrogens. Thus, microbial community needs analyzing
to discover the exoelectrogenic species contributing to the increase
in cathode performance.

Fig. 2. Polarization curve (a) and electrode potential (b) as a function of current for
the biocathode and abiotic-cathode microbial fuel cells. Pden—power density, V—cell
voltage, Pc—cathode potential and Pa—anode potential.

10,000, demonstrating the emergence of new microbial species.
The Shannon diversity index provides information on the species
diversity in a sample. In the present study, Shannon index for
plankton and bioﬁlm were 7.5 and 7.1, respectively (Fig. 3b), indicating higher microbial diversity in plankton than in the bioﬁlm.
This was also conﬁrmed by the phylogenetic diversity analysis
(Fig. 3d). Chao1 richness estimator yielded total OTUs of 3935
and 3182 for the plankton and bioﬁlm respectively, suggesting that
the plankton had greater richness than the bioﬁlm (Fig. 3c). It was
probably because that electron domination and insufﬁcient illumination to the cathode reduced the microbial diversity of the bioﬁlm
compared to that of the plankton, since it has been veriﬁed that
niche was a factor affecting the structure and function of sulfatereducing populations in bioﬁlm (Santegoeds et al., 1998). These results demonstrated that higher bacteria diversity was revealed
with 454-pyrosequencing than that of previous biocathode systems studied with DGGE and clone library analysis (Clauwaert
et al., 2007; Chen et al., 2010).
3.3. Microbial taxonomic identiﬁcation

3.2. Microbial richness and diversity
Two 16S rRNA gene libraries were constructed for the bacteria
samples based on pyrosequencing. The qualiﬁed sequences of
10,050 and 9610 with an average length of 468 nucleotides were
obtained for the bioﬁlm and plankton, respectively. The sequences
were clustered to represent operational taxonomic units (OTUs)
with 0.03 distances. The total OTUs observed for bioﬁlm and plankton were 1464 and 1788, respectively (Fig. 3a). However, the OTUs
illustrated increasing trend even the sequencing reads achieved at

To identify the microbial diversity in bioﬁlm and plankton, the
qualiﬁed reads were assigned with known phyla, classes, and orders. Proteobacteria was the most abundant phylum in both bioﬁlm
and plankton with a relative abundance of 39.9% and 49.8%, followed by Planctomycetes (29.9%) and Bacteroidetes (13.3%) in the
bioﬁlm, and Bacteroidetes (28.2%) in the plankton, respectively
(Fig. 4a). Proteobacteria was comprised of a- (bioﬁlm 31.7%, plankton 37.8%), b- (2.5% and 7.5%), d- (1.1% and 0.3%), and c- (3.8% and
2.5%) classes. a-Proteobacteria, the most abundant class in the
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Fig. 3. Rarefaction curves (a), Shannon index (b), Chao1 index (c), and Phylogenetic diversity index (d) based on pyrosequencing of bacterial community of plankton and
bioﬁlm. The OTUs were deﬁned by 0.03 distances.

present study, was not found by Rabaey et al. (2008); however, it
changed to the dominant species after modiﬁed the cathode surface with conductive polymers (Li et al., 2012). The low abundance
of b- and c-Proteobacteria seems due to the lack of ammonia in the
present system because these two classes are the most well-known
ammonia-oxidizing bacteria, and were discovered as predominant
classes in cathodic bioﬁlm of ammonia containing MFCs (Sayess
et al., 2013; Wang et al., 2013). Bacteroidetes was the shared dominant phylum in bioﬁlm and plankton. It was also revealed as dominant species in cathodic bioﬁlm by other researches (Chen et al.,
2008; Rabaey et al., 2008; Li et al., 2012), suggesting that this species is common existing phylum at aerobic conditions. Classes of
Flavobacteria and Sphingobacteria from Bacteroidetes demonstrated
larger fraction in plankton (10.5% and 14.8%) than in bioﬁlm (5.4%
and 7.2%). Planctomycetes, the second most abundant phylum with
a fraction of 29.9% in bioﬁlm, was decreased to 4.5% in the plankton. The larger fraction of Planctomycetes in bioﬁlm than in plankton demonstrated that this species respire better in the bioﬁlm,
suggesting that the species might contribute to transfer electrons
to oxygen; however, Planctomycetes was not general dominant
species in cathode bioﬁlm (Chen et al., 2008; Rabaey et al., 2008;
Zhang et al., 2011; Li et al., 2012). The dominant phylum composition of the present study differed from a topsoil inoculated biocathode with dominant phylum of 79.2% Proteobacteria (c-, b-,
and a-), 7.1% Bacteroidetes, and 3.3% Actinobacteria (Zhang et al.,
2012a), however, Rabaey et al. (2008) revealed that Bacteroidetes
(52%) and Proteobacteria (16% of c- and b-) were dominant. In an
MFC, couples of factors, such as electrode material, source of inoculum, substrate, operation parameters, and system conﬁguration,
could affect the microbial community structure (Li et al., 2012).

Low abundant phyla, such as Actinobacteria (3.0% in bioﬁlm and
4.2% in plankton), Chlorobi (2.6% and 3.1%), Chloroﬂexi (1.2% and
0.6%), Cyanobacteria (1.6% and 1.4%), Gemmatimonadetes (1.3%
and 0.3%), Verrucomicrobia (0.5% and 0.9%) were also revealed as
important component of bacterial communities in the present
study. Besides the classiﬁed phyla, 4.9% and 6.2% of the total reads
for bioﬁlm and plankton were unclassiﬁed on the phylum level,
suggesting that the bacteria are uncultured species.
The order of Rhodospirillales, a species of photosynthetic bacteria from a-Proteobacteria with the greatest abundance presenting
as 15.9% in the plankton, was decreased to 2.1% in the bioﬁlm
(Fig. 4b). Xiao et al. (2012) also discovered that the genus Rhodobacter belonging to Rhodospirillales was dominant in the catholyte
while not in the cathodic bioﬁlm. The larger fraction of Rhodospirillales in catholyte than in bioﬁlm was possibly caused by more
illumination to the catholyte compared to the bioﬁlm for Rhodospirillales to carry out photosynthetic reaction. Another dominant order of Rhizobiales, also from a-Proteobacteria, had a fraction of
15.6% in plankton, however, was enriched to 20.0% in the bioﬁlm
as the most abundant order. Species from Rhizobiales were revealed
as the dominant exoelectrogen of a biocathode (Clauwaert et al.,
2007; Zhang et al., 2011), however, Rhizobiales was also discovered
in an anode bioﬁlm with a fraction of 2.43% (Zhang et al., 2012b),
demonstrating that this species are exoelectrogen source for both
anodic and cathodic reaction. Pseudomonadales, a member of cProteobacteria, accounting for 0.3% in plankton and 1.1% in the bioﬁlm, was a source of exoelectrogens, such as Pseudomonas ﬂuorescens and Pseudomonas Aeruginosa with the function of catalyzing
oxygen reduction (Cournet et al., 2010). Sphingobacteriales belonging to Sphingobacteria from Bacteroidetes accounted for 14.8% in the
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Fig. 4. Distribution of bacterial communities at the level of phylum (a) and order (b) between cathodic bioﬁlm and plankton. ‘‘Others’’ indicated species with abundance less
than 1% and 0.1% for the level of phylum and order, respectively; (c) coexisting orders in plankton and cathodic bioﬁlm.

plankton, while decreased to 7.2% in the bioﬁlm. Sphingobacterium
sp. of Sphingobacteriales isolated from H2/O2 fed biocathode was reported capable of increasing the power output by 3-fold in comparison to an abiotic control (Rabaey et al., 2008). The result
suggested that exoelectrogens were not always with a larger fraction in bioﬁlm than in plankton. Flavobacteriales of Bacteroidetes
was discovered with a fraction of 4.8% in bioﬁlm and 9.7% in plankton. Flavobacteriaceae of Flavobacteriales was also revealed with a
relative abundance of 1.11% in cathodic bioﬁlm using 454-pyrosequencing (Zhang et al., 2012a). In the cathode bioﬁlm, the order of
Phycisphaerales and Planctomycetales belonging to Planctomycetes
accounted for 15.0% and 9.7%, respectively (0.3% and 3.5% in the
plankton). As discussed above, Planctomycetes might be an important source of exoelectrogen, while there was no related report.
Addition to the dominant orders, small amount of species with
special characteristics was also discovered in the present study.
For example, the Hydrogenophilales belonging to b-Proteobacteria,
a species of bacteria capable of oxidizing hydrogen to water was
presented as 2.7% in the plankton (0.4% in the bioﬁlm). Orders with
fractions lower than 0.1% accounted for 17.6% and 20.6% of the total abundance of bioﬁlm and plankton, indicating the vast amount

of species in the bacteria communities revealed with 454-pyrosequencing. Oxygen reduction might be boosted by only small
amount of exoelectrogens, however, non-exoelectrogen, even with
very low abundance, is still important to synergistically support
the performance of oxygen reducing bacteria and sustain the stable
and healthy ecosystem. The co-existence of exoelectrogens and
some synergetic bacteria enhanced the oxygen reduction, resulted
in lowered overpotential of oxygen reduction, reduced charge
transfer resistance and thus increased current, as revealed with
electrochemical methods mentioned in Section 3.1.
To further compare the bacterial community compositions,
Venn diagram was constructed. It was demonstrated that 534
OTUs were overlapped between the two bacterial samples
(Fig. S2), accounting for 36.5% of the bioﬁlm’s OTUs (1464), 29.9%
of the plankton’s OTUs (1788), and 16.4% of the total OTUs
(3252). Minor fraction of the shared OTUs demonstrated differentiation in bacteria community caused by the different respiratory
environments. The shared OTUs were vest in 40 classiﬁed orders
belonging to 14 phyla, such as Proteobacteria (39.1%), Planctomycetes (5.1%), Bacteroidetes (8.2%), Chloroﬂexi (0.9%) and Verrucomicrobia (0.9%) (Fig. 4c). Among the classiﬁed orders, Rhizobiales had the
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largest fraction of 20.4%, demonstrating that this order adapted
well in both catholyte and bioﬁlm. As been discussed, Rhizobiales
was an important source of aerobic electroactive bacteria, and thus
it is implied that plankton should be also considered as a source of
exoelectrogens which was generally isolated from the bioﬁlm.
Addition to Rhizobiales as most abundant classiﬁed orders, Sphingobacteriales (5.8%), Burkholderiales (3.9%), Actinomycetales (3.4%),
Rhodospirillales (3.4%), and Planctomycetales (3.2%) made up the
second dominant shared groups. Burkholderiales has been reported
with the ability to aerobically degrade aromatic compounds
(Pérez-Pantoja et al., 2012). Unclassiﬁed orders accounted for
39.1% of total overlapped OTUs, indicating the abundance of uncultured species in both bacteria samples.
4. Conclusions
The bioﬁlm enhanced the current response of the air-diffusion
biocathode and power generation of the MFC with the aid of exoelectrogens. Shannon and Chao1 index suggested that the biocathode operation reduced the microbial diversity and richness.
Shared OTUs accounting for minor portion indicated the differentiation in bacteria community structure. The large fraction (17.6%
and 20.6% in bioﬁlm and plankton) of low abundant orders
(<0.1%) indicated the vast amount of rare species which play role
to synergistically reduce oxygen and sustain a stable and healthy
ecosystem.
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