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Introduction

The fungi associated with termites secrete enzymes such as laccase (multi-copper oxidase) that
can degrade extracellular wood matrix. Laccase uses molecular oxygen as an electron acceptor
to catalyze the degradation of organic compounds. Owing to its ability to transfer electrons
from the cathodic electrode to molecular oxygen, laccase has the potential to be a biocatalyst
on the surface of the cathodic electrode of a microbial fuel cell (MFC). In this study, a two-
chamber MFC using the laccase-producing fungus Galactomyces reessii was investigated. The
fungus cultured on coconut coir was placed in the cathode chamber, while an anaerobic
microbial community was maintained in the anode chamber fed by industrial rubber
wastewater and supplemented by sulfate and a pH buffer. The laccase-based biocathode MFC
(IbMFC) produced the maximum open circuit voltage of 250 mV, output voltage of 145 mV
(with a 1,000 Q resistor), power density of 59 mW/ m?, and current density of 278 mA/ m?, and
a 70% increase in half-cell potential. This study demonstrated the capability of laccase-
producing yeast Galactomyces reessii as a biocatalyst on the cathode of the two-chamber IbMFC.
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chemical pretreatment and exogenous nutrient supplements
[3]. To obtain high electric power outputs, however, many

Microbial fuel cells (MFCs) directly convert chemical
energy to electrical energy using exoelectrogenic bacteria
as the biocatalyst. This biotechnology has attracted extensive
attention as an innovative way to treat wastewater while
recovering energy from wastes [1, 2]. In recent years, many
studies have focused on enhancing electricity generation
and lowering operation costs toward large-scale or real-
world applications. For example, a recent design of an
MEC, the so-called up-flow bio-filter circuit, was developed
to treat various types of industrial wastewater, such as
seafood, biodiesel, and palm oil mill wastewater, without
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MEFCs have used precious metals such as white gold or
platinum (Pt) on the surface of the cathodic electrode. The
use of such high-price metals has limited the wide
applications of the MFCs.

In nature, white-rot fungi produce and secrete extracellular
laccase to return nutrients from the plant material to
the soil via lignin degradation. This copper-containing
oxidoreductase enzyme plays a crucial role in transferring
electrons from phenolic compounds and aromatic amines
to atmospheric oxygen (O,). Accordingly, laccase has the
ability to transfer electrons from the cathodic electrode to



O,, contributing to the degradation of recalcitrant aromatic
compounds [4, 5]. In previous studies with the fungal
enzyme immobilized on the surface of the cathode, laccase
obtained from fungi like Ganodium lucidum strain BCRC
36123, Trametes wversicolor, and Pleurotus ostreatus has
successfully enhanced the generation of electricity [6—10].
Nevertheless, the enzymes commercially available from the
fungal sources and others are quite expensive, as they are
produced via a laborious purification process. Furthermore,
enzymes are subject to denaturing under the harsh
environmental conditions, resulting in a rapid decrease in
their activity [10]. Consequently, the inactive enzymes
need to be replaced by fresh enzymes during the MFC
operation. Recently, several studies have addressed the
problem associated with the immobilized pure enzyme
by using whole fungal cells. The newly designed MFC
with laccase-producing fungus on the cathodic electrode
outperformed the laccase-free MFC (control) in generating
electricity [9].

The present study explores the possibility of cultivating
the laccase-secreting fungus Galactomycess reessii on the
cathode of the two-chamber MFC. G. reessii is generally
associated with termites [11] and secretes enzymes such as
laccase (multi-copper oxidase) that can degrade extracellular
wood matrix (E.C. 1.10.3.2). The mixture of synthetic rubber
wastewater containing sulfate and sludge from a rubber
industry was applied to the anode chamber as a fuel source
to generate electricity.

Materials and Methods

Preparation of Anodic Consortia

Rubber wastewater sludge was collected from a sheet rubber
wastewater plant in the Tamode District, Phatthalung Province,
Thailand. The sludge samples were transferred to the laboratory
and stored at -20°C until used. Ten grams (g) of sludge was
inoculated into 100 ml of fundamental nutrient broth (10 g/l
peptone, 10 g/1 beef extract, and 5 g/1 sodium chloride), and then
incubated on a shaker table at 150 rpm at 30°C for 24 h.

DGGE Analysis of Rubber Wastewater Sludge

Total genomic DNA (gDNA) was extracted from 10 g of rubber
wastewater sludge using a TITANamp Genomic DNA kit (Tiangen,
China). The microbial community of the wastewater sludge was
studied by using the modified method of DGGE genetic analysis
according to Muyzer et al. [12] and de Lillo et al. [13]. Briefly, the
16S ribosomal RNA gene was amplified from gDNA using the
universal primer pairs 27f (5-AGAGTTTGATCMTGGCTCAG-3’)
and 1525r (5-AAGGAGGTGWTCCARCC-3'). The 165 rRNA
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Fig. 1. A Galactomyces reessii colony on potato dextrose agar
after incubation at 30°C for 7 days.

products were separated on a 1.5% agarose gel for 30 min at 100 V.
Then, the V3 regions were amplified from the 165 rRNA PCR
products using the 357f-GC clamp (5-CGCCCGCCGCGCGCGGCG
GGCGGGGCGGGGGCACGGGGGGCCTACGGGAGGCAGCAG
-3’) and 518r (5'-ATTACCGCGGCTGCTGG-3’). The DGGE profile
of the bacterial population from the sludge sample was generated
on an 8% polyacrylamide gel with 40—60% gradient denaturant
solution for 16 h at 70 V in 1x Tri-acetate EDTA buffer at 60°C.

Preparation of the Cathodic Consortium

The cathodic consortium was prepared in five stages (Fig. S1).
First, the laccase-producing yeast G. reessii was inoculated onto
potato dextrose agar (PDA; Sigma-Aldrich, USA) and incubated at
30°C for 7 days (Fig. 1). Second, an agar plug (1 cm x 1 cm) of the
activated culture was cut using the sterile technique, and dropped
into potato dextrose broth (Sigma-Aldrich, USA). The culture was
incubated on a shaker at 150 rpm at 30°C for 7 days. Third, 1 g of
sterile coconut coir was filled with 0.7 ml of culture broth, and
incubated at 30°C for 7 days. The solid-state consortium was
saved to be used in future studies (for Stages 4 and 5).

Operation of the Laccase-Based Biocathode MFC (IbMFC)

The two-chamber MFC (Fig. 2) consisted of an anode chamber
(10 ml) and air-cathode chamber (10 ml), which were constructed
using acrylic boxes. These two chambers were interfaced through
a Nafion HP proton exchange membrane (PEM) sheet (5.0 cm
diameter). The anode electrode was made from plain carbon cloth.
Three types of cathode electrodes were used: (i) Vulcan-carbon
cloth coated with 0.03 mg/cm® Pt (positive control); (ii) plain
carbon cloth with coconut coir (negative control); and (iii) plain
carbon cloth (5.0 cm electrode diameter) with G. reessii cultured
for 7 days on coconut coir.
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As is shown in Fig. 2, the cathode chamber was open to
atmosphere. In the cathode chamber, 7-days-old yeast grown on
coconut coir was placed. The coconut coir was attached to the
carbon cloth (cathodic electrode), which was also exposed to air.
The anode chamber was a closed system filled with anolyte
inoculated with sludge from a rubber wastewater treatment plant.
The carbon cloth served as an anodic electrode. The MFCs were
placed inside the environmental chamber that had been cleaned
with 70% ethanol and irradiated by a UV lamp for 30 min, and
operated under laminar air flow.

The anolyte comprised 1 ml of sludge obtained from a rubber
wastewater treatment plant and 9ml of synthetic wastewater
containing 500 mg/1 sulfate (modified from Mohammadi et al.
[14]; Lai et al. [15]). Briefly, the synthetic wastewater comprised
0.7395g/1 Na,SO, and 100 mM of a pH7 phosphate buffer
(61.5ml/1 of 1M K,HPO, and 38.5 ml/l of 1M KH,PO,). This
synthetic wastewater was supplied to the MFC every 3 days, and
100 pl of ethyl acetate was added as co-substrate to the anode
chamber every 24 h. The experiment was carried out with three
replicates.

Electrochemical Analysis

The electrochemical properties (e.g., voltage, current density,
power density) were determined by the method modified from
the study by Lai et al. [15]. The MFCs were stabilized for 7 days
prior to the data acquisition. The open circuit voltage (OCV) was
measured for 7 days in each run cycle of the continuous operation.
The effects of different resistance loads on the MFC performance
was evaluated with the electrodes connected with 390, 500, and
1,000 Q external resistors. The cathode potential between the
coconut coir and the carbon cloth cathode was measured using
an Ag/AgCl reference electrode (201 mV vs. SHE) at 30°C. The
Ag/AgCl reference electrode was inserted into a fuzzy mass of
the coconut coir, whereas the other terminal was in contact with
the carbon cloth cathode.
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Fig. 2. Diagram of the laccase (Lac)-based two-chamber
microbial fuel cell with Galactomyces reessii yeast.
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Results and Discussion

Microbial Community

As shown in Fig. 3, the microbial populations in the
rubber wastewater sludge used in this study were
predominantly Moraxellaceae bacterium, Kamptonema
formosum, filamentous cyanobacterium, and other uncultured
bacteria. On the other hand, the bacterial Moraxellaceae sp.
was found in the broad range of sources, such as
wastewater treatment plant sludge, lake sediment [16],
activated sludge in a continuous up-flow reactor [17], and
sea water [18], whereas the cyanobacteria Kamptonema sp.
were found spread in wet soil, plant bark, and stream sand
[19]. For natural rubber wastewater, Tanikawa et al. [20]
showed that the large member of clones related to the
sulfate-reducing bacteria families Desulforomonadaceae
sp., Desulfobacteraceae sp., and Desulfomicrobiaceae sp.
were detected from sludge by microbial community
analysis targeting 165 rRNA genes. Watari et al. [21]
reported that Bacteroidetes, Firmicutes, Proteobacteria. and
Euryarchaeota were predominant microbial groups in
rubber wastewater sludge [21].

Open Circuit Voltage
Table 1 presents the maximum OCV values obtained
from this study and other comparative studies. As is seen,

Uncultured bacteriumﬂ
Uncultured bacteriurn—¥

Moraxellaceae bacterium

S
—

Kamptonema formosum

Uncultured bacterium

Filamentous cyanobacterium

Fig. 3. DGGE analysis of the microbial populations in a rubber
wastewater treatment plant.
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Table 1. Open circuit voltages of the fungal-based cathode microbial fuel cells (MFCs).

Source Catalyst Type of MFC Potential at open circuit (mV) Reference
Galactomyces reessii Laccase Two-chamber MFC 249.67 +3.21 This study
Positive Platinum Two-chamber MFC 272.33 £3.51 This study
Negative No Two-chamber MFC 202.33 £ 8.02 This study
Trametes versicolor Laccase H-type MFC 180 [8]
Ganodium lucidum strain BCRC 36123 Laccase Two-chamber MFC 699 [14]
Ganodium lucidum strain BCRC 36123 Laccase Single-chamber MFC 821 9]

the IbMFC produced the OCV of 249.67 + 3.21 mV, which
was 23.8% higher than the 202.33 + 8.02 mV generated by
the negative control. However, the OCV generated by
the laccase-based MFC was somewhat lower than the
272.33 +3.51 mV generated by the Pt-cathode (positive
control). Wu et al. [8] reported that Trametes versicolor
(laccase-secreting white-rot fungus) immobilized on the
cathode surface produced the maximum OCV of 180 mV.
Lai et al. [15] used the laccase-producing white-rot fungus
Ganodium lucidum strain BCRC 36123 in the two-chamber
MEC for the removal of synthetic dye acid orange 7 (AO7)
and generation of electricity. Their biocathode MFC produced
the maximum OCV of 699 mV with the decolorization
efficiency of 96.7%. The single-chamber MFC with fungal
laccase of G. lucidum strain BCRC 36123 produced the

maximum OCV of 821 mV and 77% decolorization [9].

Internal Resistance

The cell potential is shown in Fig. 4. The electric power
outputs are summarized in Table 2. The maximum power
densities produced by the IbMFC, positive control, and
negative control were 59, 59, and 49 mW/ m?® and the current
densities were 278, 278, and 253 mA/m?, respectively. It
should be noted that the maximum voltage, current, and
power generated by IbMFC were the same as those
produced by the positive control (Pt-cathode). Also note
that the maximum voltage, current, and power generated
by the IbMFC were higher than those produced by the
negative control (coconut coir-cathode). The two-chamber
MFC with the laccase-producing fungus planted on the

Effect of the external resistance
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Fig. 4. Effects of the different external resistance loads.
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Table 2. Electrochemical properties of the laccase-based microbial fuel cell.

Bopaies Resistance Voltage Current  Current derzlsity Current der;sity“ Power Power denzsity Power cleniitya
(Ohm) V) (mA) (mA/m”) (mA/m’) (mW) (mW/m”?) (mW/m’)
Positive 1,000 0.176 0.176 90 1,760 0.031 16 310
500 0.195 0.390 199 3,900. 0.076 39 761
390 0.213 0.546 278 5,462 0.116 59 1,163
Laccase 1,000 0.145 0.145 74 1,449 0.021 1 210
500 0.174 0.348 177 3,480 0.061 31 606
390 0.213 0.546 278 5,459 0.116 59 1,162
Negative 1,000 0.106 0.106 54 1,060 0.011 6 112
500 0.155 0.309 158 3,092 0.048 24 478
390 0.194 0.496 253 4,964 0.096 49 961

"Based on the anode volume.

cathode investigated by Lai et al. [9] yielded the power
density of 134 mW/m’ (268 mW/m’) and the current
density of 33 mA/ m’® (660 mA/m?), whereas the single-
chamber MFC with the laccase-producing white-rot fungus
grown on the cathode produced the power density of
208 mW/m* (225 mW/m’) and the current density of
585 mA/m” (634 mA/m’) [15]. The power density and
current density (based on the PEM area) obtained in the
present study are larger than those reported by Lai ef al. [9]
and smaller than those by Lai et al. [15]. It appears that

single-chamber MFCs can produce larger power outputs.
To determine the optimal resistance for this MFC system,

the internal resistance of three types of MFCs was

calculated using the formula (Nilsson and Riedel [22])

Rs = (Vs RL/VD) - RL (1)

where R, and R, are the internal resistance and load
resistance, respectively, and V, and V, are the open circuit
voltage and output voltage (voltage measured with the
load resistance), respectively. At the load resistance R; of
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Table 3. Comparison of the cathode potential of different cathodes with a saturated Ag/AgCl reference electrode.

Cathode types Cathode potential (mV) Increasing from negative (%) Comparing with positive (%)
Pt (positive control) 185.7 £ 0.8 71.3 100.0
Galactomyces reessii on coconut coir 164.3 +2.6 48.6 68.2
Sterile coconut coir (negative control) 115.7 £ 3.8 0.0 0.0

1,000 Q, the internal resistance R, values calculated for the
IbMFC, positive control, and negative control are 725, 545,
and 906 Q, respectively. In theory [22], as the maximum
power is produced when R; = R,, the result indicates that
the power output from the negative control was close to the
maximum, and that the power output from the IbMFC and
positive control MFC can be enhanced by using smaller
resistance loads. The internal resistance of the two-chamber
MEFC with the white-rot fungus G. lucidum used by Lai et al.
[9] was 1,574 Q.

Cathode Potential

Fig. 5 shows the cathode potential produced by the three
different cathode settings; namely, the fungal cathode,
sterile coconut-coir cathode (negative control), and Pt-cathode
(positive control). The results are summarized in Table 3. A
comparison of the cathode potential shows that the IbMFC
produced the maximum potential of 164.3 + 2.6 mV, which
was higher than the 115.7 +3.8mV produced by the
negative control and lower than the 185.7 + 0.8 mV yielded
by the positive control. The cathode with G. reessii produced
a 70% higher potential than the negative control. Lai et al.
[9] planted the medical Lingzhi and Reishi mushroom
(Ganoderma lucidum) on the cathode of a single-chamber
MFC and used wood chips as substrate to generate
electricity and remove the azo dye AO?7. In their system,
the fungal-fixed cathode produced the maximum potential
of 20mV (vs. Ag/AgCl). Morant et al. [23] grew the filamentous
fungi Rhizopus sp., Asperqillus sp., and Penicillium sp.
(sources of oxidase enzymes such as bilirubin oxidase and
laccase) in a saline medium containing copper sulfate
(CuSO,) as an enzyme inducer to enhance electricity
generation. In their system (submerged cultures), Rhizopus
sp., Aspergillus sp., and Penicillium sp. produced 327.73,
288.80, and 197.77 mW/m’ respectively. In the present
study without enzyme inducer (CuSO,) and medium, the
two-chamber MFC with the G. reessii cathode produced the
maximum potential of 145 mV (with 1,000 Q resistance),
power density of 59 mW/m’ and current density of
278 mA/m’,

The MFC with the laccase-based biocathode is expected
to reduce the MFC construction costs, as it does not use

precious metals, and the operation costs because it does not
use pure enzyme and exogenous substrate (culture media
and mediator). The IbMFC uses the cathode having whole
fungal cells, and it does not require a continuous supply of
fresh enzyme and exogenous substrate. Because of these
features, the MFC developed in this study has potential for
scale-up in field applications. Nonetheless, further studies
are needed to enhance the power production, reliability,
robustness, scale-up potential, and cost effectiveness.

In conclusion, this study indicated that the means of
solid-state fermentation to grow the laccase-producing
yeast G. reessii improved the generation of electricity, and
that coconut coir could serve as an ultimate substrate to
support the growth of the yeast and production of laccase
without the use of chemical (e.g., CuSO,) and culture media
(e.g., PDA). G. reessii was cultured on coconut coir and
planted in the cathode chamber, while an anaerobic microbial
community was maintained in the anode chamber that was
fed industrial rubber wastewater with supplements. The
results showed that the MFC with G. reessii produced the
maximum OCV of 250 mV, and that with a 390 Q resistor, it
produced the output voltage of 213 mV, power density of
59 mW/m?, and current density of 278 mA/ m?, and a 70%
increase in cathode potential as compared with the negative
control (absence of G. reessii). This study demonstrated that
the laccase-producing yeast G. reessii can serve as a
biocatalyst in the cathode of the two-chamber MFC.
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