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Abstract
Rice paddy-field microbial fuel cells (RPF-MFCs) are devices that exploit rhizosphere bacteria to
generate electricity from soil organic matter, including those excreted from roots. Previous studies have examined factors affecting electric outputs from RPF-MFCs and demonstrated that RPFMFC was able to generate electricity up to 80 mW∙m−2 (based on the projected area of anode). The
present study operated RPF-MFCs with different sizes of anodes and cathodes and examined how
electrode sizes affected electricity generation. We show that anodes are the limiting factor for
electricity generation immediately after commencing the operation, while cathodes become the
limiting factor after anode performances are sufficiently increased. RPF-MFC achieved the maximum power density of 140 mW∙m−2 (based on the projected area of anode), when the cathode is
sufficiently larger than the anode. Results suggest that the cathode needs to be improved for eliciting the maximum capacity of rhizosphere bacteria for electricity generation in RPF-MFC.
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1. Introduction
Rice paddy-field microbial fuel cells (RPF-MFCs, Figure 1) are sediment-type MFCs that convert soil organic
matter into electricity with the aid of rhizosphere microbes [1] [2]. Different from other sediment-type MFCs [3],
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Figure 1. RPF-MFC used in the present study. (a) Systematic diagram showing the configuration
of RPF-MFC; (b) Photo of RPF-MFCs immediately after commencing the experiment.

RPF-MFCs utilize organic matter excreted from rice roots (root exudates [4]) for electricity generation. RPFMFCs are expected to be applied to on-site power sources for remote sensors that facilitate smart agriculture. A
previous study has shown that rice roots excrete sugars (e.g., glucose) and organic acids (e.g., acetate) that can
be converted to electricity by anode-associated microbes [5]. Another study combined phylogenetic and metagenomic approaches for characterizing anode-associated microbes, suggesting that bacteria affiliated with the
genus Geobacter (particularly those closely related to G. pelophilus and G. psychrophilus) were involved in
electricity generation in RPF-MFCs [6]. Another previous study has examined factors affecting electricity generation in RPF-MFCs and found that cathode modification with platinum catalysts, anode position and external
load largely affected power outputs [7]. In addition, it has also been found that graphite-felt cathodes equipped
with polystyrene-foam floaters enable relatively stable and high power outputs from RPF-MFCs [2]. Based on
these examinations, the maximum power and short-circuit current densities have reached 80 mW∙m −2 and 550
mA∙m−2, respectively (based on the projected anode area) [2]. Compared to the maximum power density (6
mW∙m−2) reported in the first trial of RPF-MFCs in 2008 [5], the latest power density (80 mW∙m−2) has increased over 10-fold, showing that the RPF-MFC technology has progressed substantially.
Despite the substantial improvement achieved in the recent studies [2] [7], there still exist unexamined factors
that may be important for further increasing electric outputs from RPF-MFCs. In the present work, we attempted
to identify which electrode (namely, anode or cathode) is the limiting factor for electricity generation in
RPF-MFC. For this purpose, RPF-MFCs were equipped with different sizes of anodes and cathodes, and power
outputs were measured during the operation.

2. Materials and Methods
2.1. RPF-MFC Setups
An area of the Egawa rice paddy field (Noda Natural Symbiotic Farm Co.) was used for RPF-MFC experiments.
The configuration of the RPF-MFC system was similar to that described previously [6], and a single electrode
system was set for each rice-plant hill (Figure 1). The anode and cathode were made of graphite felt (GF-80-5F,
Sohgoh Carbon) and had different projected areas as summarized in Table 1. Each RPF-MFC type had five replicates. Electrodes are circular, and each had a single hole (10 cm in diameter) at the center for planting of rice
plants. A platinum catalyst (TEC10E20A, Tanaka Kikinzoku Hanbai) was loaded on the graphite felt cathode at
a density of 0.1 mg∙cm−2 using nafion as a binder. The anode and cathode were connected via epoxy encapsulated wires, and the circuit was completed using an external resister (1000 Ω). Rice-plant seedlings (Oryza sativa L. cv. Koshihikari) were transplanted on April 25, 2015 (day 0) and cultivated using standard procedures [5].

2.2. Polarization Analyses
Polarization curves (current vs. voltage) were plotted using a potentiostat (HSV-100, Hokuto Denko) and used
to draw power curves (current vs. power). As an index for the electrochemical capacity of RPF-MFC, we determined the maximum power (the peak of a power curve; Pmax [mW]) [8]. Using Pmax values, the maximum power
densities per projected areas of the anode or cathode (Qmax [mW∙m−2]) were calculated. Data were statistically
analyzed by the t test (P < 0.05).
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Table 1. Electrode sizes of RPF-MFC systems used in the present study.
RPF-MFC System

Size (cm−2)
Anode

Cathode

SE

50

50

LE

424

424

AL

50

424

CL

424

50

2.3. Analyses of Anode Microbiomes
DNA was extracted from bulk paddy-field soil (0.5 g) and anode graphite-felt pieces (0.5 × 0.5 cm) that were
sampled on day 93. For anode samples, surface felts and loosely attached soil particles were removed, and core
felt samples were used for DNA extraction. DNA was extracted using a Fast DNA SPIN Kit for Soil (Funakoshi) according to manufacturer’s instructions, and purified DNA was finally dissolved in 50 μL of the DES solution supplied in the kit. PCR amplification of 16S rRNA gene fragments (V1-V3 region) was performed using
primers ad-tag-8F and ad-533R [6]. The PCR mixture and thermal cycling conditions were as described elsewhere [9]. Amplicons were purified using a QIA quick PCR purification kit (Qiagen) and mixed at the same
concentration (1 ng∙μL −1 each). The mixed amplicons were subjected to pyrosequencing using a Genome Sequencer FLX system (Roche Applied Science). Phylogenetic analyses were conducted using the Silva rRNA
database http://www.arb-silva.de/, and a tree was constructed by the neighbor-joining method using MEGA5
[10]. To evaluate the robustness of the inferred tree, the bootstrap resampling method [11] was used with 100
replicates. Nucleotide sequences determined in the present study has been deposited into the DDBJ Sequence
Read Archive Database (accession number: DRA004371).

3. Results and Discussion
In order to examine effects of anode and cathode performances on power outputs from the total RPF-MFC system, RPF-MFCs with different sizes of anodes and cathodes (Table 1) were operated, and their power indices
(Pmax and Qmax values) were compared (Figure 2). For a reactor-type MFC, polarization analyses using a reference electrode is possible for evaluating electrochemical performances of anodes and cathodes [8]. However,
since a reference electrode did not work in soil, we employed the method in which RPF-MFC systems with different sizes of anodes and cathodes were comparatively analyzed. The operation of the RPF-MFCs was initiated
when rice-plant seedlings were transplanted and terminated when rice crops were harvested (30 August). During
the operation, polarization measurements were conducted several times to examine temporal changes in power
outputs (Figure 2).
We found that LE generated larger power than SE (Figure 2(a)). Power densities for LE were however
smaller than those for SE (Figure 2(b) and Figure 2(c)), probably because more organics were supplied from
rice roots to anode areas close to rice plants than those far from plants. We also found that Pmax values for SE
and LE were not dependent on operational periods (Figure 2(a)). On the other hand, Pmax values for the AL and
CL systems were dependent on operational periods; namely, Pmax for AL on day 93 was much higher than that
on day 20, while vice versa for CL. These data indicate that the anode performance increases during the operation of RPF-MFC, while the cathode performance decreases. It is likely that the anode improvement and cathode
deterioration similarly affected the Pmax values in the SE and LE systems, resulting in the relatively stable Pmaxvalues.
In the present study, the highest Qmax value (approximately 140 mW∙m−2) was observed for the AL system on
day 93 (Figure 2(b)). This value for the AL system is much higher than that for the SE system, even though
these MFC had the same size of anode. In addition, this is the highest Qmax among values (based on the projected
area of anodes) so far reported for RPF-MFCs (refer to Ref. 2 for the summary of previous data), suggesting that
the large cathode is effective for enhancing the anode-based Qmax value. It is therefore concluded that the cathode needs to be improved for eliciting the maximum capacity of rhizosphere bacteria for generating electricity
at the anode of RPF-MFC.
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Figure 2. Evaluation of power outputs from the four systems of RPF-MFC. (a) Pmax for the total systems; (b) Qmax based on
the anode projected area; (c) Qmax based on the cathode projected area. An error bar indicates SD.

(a)

(b)

Figure 3. Phylogenetic analyses of microbiomes associated with anodes of the AL and CL systems and that in bulk soil. (a)
Ratios in major families of bacteria; (b) Phylogenetic tree showing relationships among major sequences (n > 5) detected in
the AL- and CL-anode microbiomes and representative Geobacter species. Accession numbers are indicated in parentheses.
Numbers at branch nodes are bootstrap values (100 trials, only >50 values are shown).

Previous studies have suggested that bacteria affiliated with the genus Geobacter are involved in electron
transfer to anodes in RPF-MFC systems [6] and plant-associated MFCs in pot-culture systems [12] [13]. Comparative metagenomics of anode-associated microbiomes showed that bacteria closely related to G. pelophilus
and G. psychrophilus are involved in electricity generation [6]. In order to examine if Geobacter bacteria also
occurred in anode-associated microbiomes, the present study conducted phylogenetic analyses of 16S rRNA
gene fragments PCR-amplified from anode microbiomes. Figure 3(a) presents phylogenetic distributions at the
family level of bacteria in bulk soil and those in anode-associated microbiomes in the AL and CL systems. It is
shown that, compared to Geobacteraceae bacteria in the bulk soil (<0.1%), those in the AL (2.4%) and CL
(1.8%) anode samples increased substantially. Comparative analyses of Geobacteraceae sequences retrieved in
the present study and those in the databases indicate that those closely related to G. pelophilus [14] and G. psychrophilus [15] were major members in the AL and CL anode sample (Figure 3(b)), suggesting that these Geobacter bacteria were involved in electricity generation in the RPF-MFC system. This result therefore supports
the previous finding that G. pelophilus and G. Psychrophilus relatives play important roles in electricity generation in RPF-MFC.
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4. Conclusion

The present study suggests that the cathode is the limiting factor for electricity generation in RPF-MFC after
anode microbiomes are sufficiently enriched. The cathode performance is found to be decreased during the operation, probably owing to deterioration of the cathode catalysts. In order to sustainably improve the cathode
performance, future studies will develop methods to effectively utilize biocathodes [16] [17] for RPF-MFC.
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