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role of the attached and
planktonic microbial communities in mesophilic
and thermophilic xylose-fed microbial fuel cells†

Paolo Dess̀ı, *a Estefania Porca,b Johanna Haavisto,a Aino-Maija Lakaniemi, a

Gavin Collins b and Piet N. L. Lens ac

A mesophilic (37 �C) and a thermophilic (55 �C) two-chamber microbial fuel cell (MFC) were studied and

compared for their power production from xylose and the microbial communities involved. The anode-

attached, membrane-attached, and planktonic microbial communities, and their respective active

subpopulations, were determined by next generation sequencing (Illumina MiSeq), based on the

presence and expression of the 16S rRNA gene. Geobacteraceae accounted for 65% of the anode-

attached active microbial community in the mesophilic MFC, and were associated to electricity

generation likely through direct electron transfer, resulting in the highest power production of

1.1 W m�3. A lower maximum power was generated in the thermophilic MFC (0.2 W m�3), likely due to

limited acetate oxidation and the competition for electrons by hydrogen oxidizing bacteria and

hydrogenotrophic methanogenic archaea. Aerobic microorganisms, detected among the membrane-

attached active community in both the mesophilic and thermophilic MFC, likely acted as a barrier for

oxygen flowing from the cathodic chamber through the membrane, favoring the strictly anaerobic

exoelectrogenic microorganisms, but competing with them for xylose and its degradation products. This

study provides novel information on the active microbial communities populating the anodic chamber of

mesophilic and thermophilic xylose-fed MFCs, which may help in developing strategies to favor

exoelectrogenic microorganisms at the expenses of competing microorganisms.
1. Introduction

The microbial fuel cell (MFC) is an emerging technology for the
direct bioconversion of chemical energy of organic substrates to
electrical energy. MFCs consist of two electrodes (anode and
cathode) connected through an external electrical circuit. The
anode acts as electron acceptor in the bioelectrochemical redox
reactions of microbial metabolism, whereas the cathode acts as
electron donor for biotic or abiotic reactions. The combination
of anodic and cathodic reactions creates a potential difference
between the electrodes which drives the electrons to migrate
from the anode to the cathode, thus generating electrical
current (for a review, see Butti et al.1).

Biological electricity production in MFCs requires microor-
ganisms capable to oxidize the substrates and transfer the
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electrons exogenously to the solid anode electrode. Electrons
can be transferred to the anode essentially through three
mechanisms: short range, long range, and mediated electron
transfer (for reviews, see Kumar et al.2 and Kalathil et al.3). Some
microorganisms, such as Geobacter sulfurreducens, can transfer
electrons to a surface directly via redox-active proteins present
on the outer surface of their cell membrane, such as c-type
cytochromes, or via conductive pili called nanowires.4,5 G. sul-
furreducens develops multi-layer structured biolms, in which
nanowires connect the different cells, enabling the electron
transfer to the anode.6 Mediators, in their oxidized form,
penetrate the microbial cell and become reduced during
cellular metabolism. They then diffuse out of the cell and
release the electrons at the anode, becoming oxidized again and
thus reusable.5 Some species, such as Pseudomonas, produce
mediators such as pyocyanin endogenously.7 Once mediators
are produced, also other microorganisms present in the mixed
culture system can use them to transfer the electrons to the
anode.8

Pure cultures of electrochemically active microorganisms,
such as Geobacter sp.9–11 and Shewanella sp.,12,13 have shown
power production from simple substrates such as volatile fatty
acids and sugars at mesophilic conditions (25–37 �C) and
neutral pH (6.8–7.3). Mixed cultures are more practical for
RSC Adv., 2018, 8, 3069–3080 | 3069
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wastewater treatment, as they contain a consortium of hydro-
lytic, fermentative and electroactive microorganisms able to
produce electricity from complex substrates.9 However, due to
the competition for electron donor with non-exoelectrogenic
microorganisms such as methanogenic archaea,14 power
production can remain low, and operational conditionsmust be
optimized to favor exoelectrogenic microorganisms. Catal
et al.15 compared electricity production from 12 mono-
saccharides present in lignocellulosic biomass, including
pentoses and hexoses, in a mesophilic (30 �C) MFC inoculated
with a mixed culture adapted to acetate. Xylose resulted in the
highest potential for electricity production over the other
hexoses and pentoses tested.

Thermophilic electricity production could be advantageous
because of the high rate of biochemical reactions, and thus high
electron production rates, of thermophilic microorganisms.16

MFCs have been operated at temperatures up to 98 �C.17

However, although over 20 species of microorganisms, mainly
belonging to the Proteobacteria phylum, have been reported to
produce electricity under mesophilic conditions, the number of
known thermophilic exoelectrogenic microorganisms is much
lower.18 To date, only few species have been reported to produce
electricity at thermophilic conditions, including Firmicutes such
as Caloramator australicus,18 Thermincola potens,19 Thermincola
ferriacetica,20 and Thermoanaerobacter pseudethanolicus,21 as
well as Deferribacteres such as Calditerrivibrio nitroreducens.22

Investigating the composition of the active subpopulation,
rather than the whole microbial community, is crucial in
understanding the role of microorganisms in MFCs. DNA-based
methods may drive to erroneous conclusions in the detection of
the key species in bioreactors.23 Previously performed microbial
community analyses have, nevertheless, mainly targeted the
presence of the 16S rRNA gene (DNA) whereas, to our knowl-
edge, only one study19 has also focused on 16S rRNA gene
expression (RNA), which is an indicator of the microbial
activity.23 Furthermore, especially in studies on thermophilic
MFCs, microbial community analyses have mainly focused on
the anode-attached microbial community, lacking information
on the planktonic microbial community. The latter community
could be involved in electricity generation as well, either
directly, by performing mediated electron transfer to the
anode24 or indirectly, by converting the substrates to
compounds readily available for the exoelectrogenic
microorganisms.

In addition, the membrane is a suitable surface for the
establishment of a biolm. Although biofouling of the
membrane has been reported in MFC studies,14,25 only Lu et al.26

have reported the composition of a membrane-attached
microbial community in two brewery wastewater-fed MFCs
operated in series at ambient temperature (20–22 �C). However,
the microbial community analysis was performed only at DNA
level, and the role of the membrane-attached microorganisms
detected on the MFC performance was not discussed.26

Although likely not directly involved in electricity generation,
membrane-attached microorganisms may have a role in the
functioning of MFCs, which must be elucidated. Therefore, the
aim of this study was to investigate the microbial communities
3070 | RSC Adv., 2018, 8, 3069–3080
growing (i) as anodic biolm, (ii) in suspended form in the
anodic solution (planktonic), and (iii) as biolm on the
membrane of a mesophilic (37 �C) and a thermophilic (55 �C)
xylose-fed MFC. Both presence and expression of the 16S rRNA
gene were determined with the aim to investigate both the
composition of the overall microbial community and the active
subpopulation. Power production, as well as xylose and
metabolite concentration proles were also analyzed to deter-
mine the possible differences in the electricity production
pathways at 37 and 55 �C.

2. Experimental
2.1 Source of anodic microorganisms

In order to ensure a large variety of microbial species capable of
living under a broad temperature range and degrading xylose,
two inocula (15 mL each) were mixed and provided to each
MFC. The rst one was activated sludge from a municipal
wastewater treatment plant (Viinikanlahti, Tampere, Finland),
which has shown potential for anaerobic energy production in
the form of dark fermentative hydrogen production at temper-
atures up to 55 �C.27 The second one was anolyte from a xylose-
fed MFC operating at 37 �C.28 The volatile solids content was
10.6 (�0.2) and 8.4 (�0.5) g L�1 for the activated sludge and the
anolyte, respectively. Themixture of the two inocula was ushed
with N2 for 10 min before introducing into the anode chambers
of the MFCs.

2.2 Anolyte composition

The anolyte was prepared according to Mäkinen et al.,29 but
EDTA, yeast extract, and resazurin were not added. The
substrate was xylose (0.3 or 1 g L�1, as specied in Section 2.4).
The pH was kept at 7 (�0.2) using phosphate buffer. The anolyte
conductivity was 14.6 mS cm�1. The composition of the feeding
solution was the same as the anolyte, but with a 10-times higher
xylose concentration.

2.3 MFC conguration

The h-type two-chamber MFCs were constructed by connecting
two glass bottles (Adams & Chittenden Scientic Glass, USA)
separated by an anion exchange membrane (AMI-7001,
Membranes International Inc., USA) with a diameter of
5.2 cm. The total volume of the anodic and the cathodic
chamber was 350 mL each. The anode was a carbon brush (5 cm
length and 1.5 cm diameter), while the cathode was a carbon
cloth (5 � 4 cm) coated with approximately 20 mg of a Pt-based
catalyst (20% platinum on Vulcan XC-72R carbon, E-TEK, USA).
The two electrodes were connected through an external resis-
tance of 100 U. A reference electrode (BASi RE-5B Ag/AgCl) was
inserted into the anodic chamber, close to the anode. The
anodic chamber was lled with the anolyte (270 mL) and
inoculum (30 mL), and its content was continuously mixed by
magnetic stirring. The cathodic chamber was lled with milliQ
water (300 mL), and oxygen was provided as the terminal elec-
tron acceptor by pumping air from outside using an aquarium
air pump (Marina 50) at a ow rate of 130 mL min�1. In the
This journal is © The Royal Society of Chemistry 2018
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mesophilic MFC, the water lost by evaporation (circa
15 mL per day) was replaced manually every 1–2 days. In the
thermophilic MFC, due to the faster evaporation (circa
50 mL per day), the water was replaced daily through a pump
connected to a timer. Temperature of the mesophilic and
thermophilic MFC was kept at 37 (�2) �C and 55 (�2) �C,
respectively, by using two incubators (Memmert, Germany).

2.4 MFC operation

Both MFCs were operated in fed-batch mode. The feeding steps
were done by replacing 30mL of anolyte (10% of the total volume)
with 30 mL of the feeding solution. In order to avoid substrate
overload in the start-up phase, the rst six fed-batch cycles were
conducted with an initial xylose concentration of 0.3 g L�1. The
initial xylose concentration was then increased to 1.0 g L�1 for the
following eleven fed-batch cycles, referred to as I–XI. In the
results section, day 0 refers to the rst day of operation with
a xylose concentration of 1 g L�1. The MFCs were fed every 5–6
days when the initial xylose concentration was 0.3 g L�1, and
every 7–8 days when initial xylose concentration was 1.0 g L�1.

2.5 Sampling

Anolyte samples were collected at the beginning and at the end
of every feeding step. During the feeding step “IX” (from day 55
to day 61) anolyte samples were collected at various time points
to determine the COD, xylose and volatile fatty acids concen-
tration proles. Biomass samples from both MFCs were
collected at the end of the experiment (day 72) from three
different sampling points: anodic electrode (anode-attached),
membrane (membrane-attached) and anolyte (planktonic).
The anodic electrode and the membranes were taken out of the
MFC, put into 50 mL sterile Falcon tubes with about 30 mL of
autoclaved 0.9% NaCl solution, sonicated for 2 minutes at 50–
60 Hz (Finnsonic, Finland) and strongly shaken in order to
detach as much biolm as possible. The two resulting samples,
as well as a sample of the anolyte, were concentrated by
consecutive centrifugation cycles (10 min, 5000 rpm) in 5 mL
sterile Eppendorf tubes using a Sigma 4k145 centrifuge. The
resulting pellets were re-suspended in 5 mL autoclaved 0.9%
NaCl solution and stored at �85 �C until carrying out the
microbial community analyses.

2.6 Analytical methods

Voltage and anodic potential were measured with a data logger
(Agilent 34970A, Agilent technologies, Canada) at 2 minutes
intervals. The anodic potential was measured against the Ag/
AgCl reference electrode. Soluble COD was measured using the
dichromate method according to the Finnish standard SFS 5504.
Anolyte conductivity and pH were measured with a conductivity
meter (WTW inoLab, Germany) and a pH meter (WTW pH 330
meter with Hamilton Slimtrode probe), respectively. Dissolved
oxygen in the cathodic chamber was measured by a multi-
parameter meter (HQ40d) with a standard luminescent/optical
dissolved oxygen probe (IntelliCAL). Xylose, volatile fatty acids,
and alcohols were measured by a high performance liquid
chromatography (HPLC) system equipped with a Rezex RHM-
This journal is © The Royal Society of Chemistry 2018
monosaccharide column (Phenomenex, USA) as described
earlier by Dess̀ı et al.27 Some of the chromatograms obtained are
provided as an example in the ESI (Fig. S1†).
2.7 Coulombic efficiency, power and polarization curves

Coulombic efficiency (CE) was calculated according to Oh
et al.,30 accounting 20 mol electrons exchanged per mol of
xylose, according to the following equation:

C5H10O5 + 5H2O / 5CO2 + 20H+ + 20e� (1)

Power and polarization curves were obtained on day 64 and
71 from the mesophilic and thermophilic MFC, respectively.
The electrical circuit was kept open for 30 minutes before the
analysis to obtain the open circuit voltage (OCV). The circuit was
then closed through a resistor box (TENMA 72-7270, Taiwan)
and the resistance was decreased stepwise from 15 kU to 5 U at
30 minute intervals. Voltage was recorded just before switching
the resistance. Power density and current density were calcu-
lated as P¼ U2/(R$V) and I¼ U/(R$V), respectively, where U is the
voltage recorded in the data logger, R is the external resistance,
and V is the anolyte volume (300 mL).
2.8 Microbial community analyses

Nucleic acids were co-extracted from the biomass samples using
the method from Griffiths et al.,31 with the following modica-
tions: 3 M sodium acetate (1/10 of sample volume) and cold
(�20 �C) 100% isopropanol (1 sample volume) were added for
precipitation instead of polyethelene glycol and nucleic acids
were re-suspended in sterile water instead of tris–EDTA buffer.
DNA and RNA were quantied by a Nanodrop spectrophotometer
(NanoDrop Technologies, Wilmington, USA), and their quality
was assessed by measuring the absorbance ratio at 260/280 nm
and 260/230 nmwavelength. No further treatment was performed
on nucleic acid samples for DNA level analysis. For RNA level
analysis, nucleic acid samples were diluted to a nal concentra-
tion of 25 ng mL�1. DNA was removed by the addition of 1 mL
turbo DNase and 2.5 mL turbo DNase buffer (Invitrogen, Thermo
Fisher, USA), followed by incubation at 37 �C for 30 minutes.
DNase was then inactivated by addition of 2.5 mL DNase inacti-
vator (Invitrogen) and separated from the RNA containing liquid
by centrifugation (10 000 � g, 1.5 minutes). The absence of DNA
was conrmed by bacterial 16S rRNA gene PCR (primers 338f and
805r) followed by electrophoresis in 1% agarose gel (no bands
obtained). Complementary DNA (cDNA) was obtained from RNA
using M-MuLV Reverse Transcriptase (New England BioLabs,
USA), according to the instructions provided by the supplier.
Bacterial 16S rRNA gene PCR was then applied to conrm the
success of the reverse transcription (bands appeared).

Samples of both DNA and cDNA (12 mL) were collected in
a 96-well plate and sent to FISABIO (Valencia, Spain) for partial
16S rRNA genes (DNA) or 16S rRNA (cDNA) high-throughput
sequencing on an Illumina MiSeq platform. Forward and
reverse primers for PCR were 515f and 806r, respectively.32

Sequence screening, alignment to the Silva (v128) database,
clustering, chimeras removal and taxonomic classication (97%
RSC Adv., 2018, 8, 3069–3080 | 3071
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cutoff) were performed using Mothur v1.39.3,33 following the
procedure described by Kozich et al.34 A total of 1,130,353 raw
sequences was obtained from 12 samples, and 1,058,675 passed
the quality lters. Relative abundance and diversity analyses
were performed using the R soware.35 The Illumina
sequencing data was deposited to the NCBI Sequence Read
Archive under BioProject Number PRJNA428321.

3. Results
3.1 Power production in the mesophilic and thermophilic
MFC

Aer the start-up period, the anodic potential in the mesophilic
MFC was reproducible in all of the eleven fed-batch cycles with
a xylose concentration of 1.0 g L�1 (Fig. 1a). It ranged between
�450 mV and�520 mV (vs. Ag/AgCl). The anode potential of the
thermophilic MFC was stable during the rst 20 days of oper-
ation, with a minimum of about �100 mV. It then started to
decrease, reaching a minimum of �230 mV in cycle IX, but
increased again in cycles X and XI (Fig. 1b). A higher power
density was obtained from themesophilic MFC compared to the
thermophilic MFC in the eleven fed-batch cycles (Fig. 1c vs. 1d).
The maximum power density in the mesophilic MFC ranged
between 0.55 W m�3 in cycle IX and 1.0 W m�3 in cycles X and
XI, with a maximum CE of about 12%, while the power density
in the thermophilic MFC rarely exceeded 0.03 W m�3 with
a maximum CE of about 3%.

3.2 Substrate degradation

At the end of all the eleven fed-batch cycles, the concentrations
of xylose and organic metabolites in the anolyte of the
Fig. 1 Anode potential (a, b) and power density (c, d) obtained in the m
different Y-axis scale in the power density graphs (c, d). Roman numbers r
MFCs were previously operated for 33 days (six fed-batch cycles) with a

3072 | RSC Adv., 2018, 8, 3069–3080
mesophilic MFC were below the detection limit of the HPLC.
However, acetate was found in the anolyte of the thermophilic
MFC with a maximum concentration of 0.1 g L�1. Substrate
consumption and metabolite production were monitored more
closely in the fed-batch cycle IX, and compared to the obtained
power density (Fig. 2). In the mesophilic MFC, xylose (1.0 g L�1)
was consumed within 4 hours aer its addition. Acetate and
butyrate (0.2 and 0.1 g L�1, respectively) were detected aer
xylose consumption, but were then consumed within 48 hours.
The soluble COD concentration decreased from 1.3 g L�1 to
a nal concentration of 0.25 g L�1. The power density increased
until xylose was completely depleted, reaching a maximum of
about 0.50 W m�3, then stabilized for about 80 hours before
dropping to <0.05 W m�3 about 30 hours aer the complete
depletion of acetate and butyrate (Fig. 2).

In the thermophilic MFC, xylose was depleted within 12
hours, and the resulting acetate produced reached a maximum
of 0.2 g L�1 aer 22 hours. The acetate concentration remained
stable for about 45 hours aer xylose depletion, before starting
to be slowly consumed to a nal concentration of 0.1 g L�1 aer
143 hours (Fig. 2). The soluble COD concentration also slowly
decreased to a nal concentration of 0.5 g L�1. A power density
peak of 0.03 W m�3 was obtained immediately aer xylose
depletion but, unlike the mesophilic MFC, no sudden power
density drop occurred (Fig. 2).
3.3 Power and polarization curve

Based on the polarization data (Fig. 3), the power density was
higher in the mesophilic MFC than in the thermophilic MFC
regardless of the resistance applied. The maximum power
densities of 1.1 and 0.2 W m�3 were obtained applying
esophilic (37 �C) and thermophilic (55 �C) xylose-fed MFCs. Note the
epresent the fed-batch cycles with 1.0 g L�1 xylose as the substrate. The
xylose concentration of 0.3 g L�1 (not shown).

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Power density and concentration of soluble COD, xylose,
acetate, and butyrate present in the anolyte of the mesophilic (37 �C)
and thermophilic (55 �C) MFC during fed-batch cycle IX.

Fig. 3 Power (a) and polarization (b) curve obtained from the mesophilic
power density were normalized to the anolyte volume.

This journal is © The Royal Society of Chemistry 2018
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a resistance of 250 and 1000 U to the mesophilic and thermo-
philic MFC, respectively (Fig. 3a). The open circuit voltage (OCV)
was approximately 0.7 and 0.4 V for the mesophilic and ther-
mophilic MFC, respectively (Fig. 3b). Power overshoot (drastic
drop of power and current density) occurred in the thermophilic
MFC, when a resistance lower than 500 U was applied. The
internal resistance, measured as the slope of the linear part of
the polarization curve, was 270 U and 560 U for the mesophilic
and the thermophilic MFC, respectively.
3.4 Microbial community analysis

High-throughput Illumina MiSeq sequencing showed a clear
difference in the composition of the microbial community not
only among the mesophilic and thermophilic MFC, but also
among the different sampling points in the same MFC (Fig. 4
and 5). A higher diversity was obtained in the DNA than in the
cDNA samples, and in the mesophilic than in the thermophilic
MFC, based on the diversity and evenness indexes (Table 1).

In the mesophilic MFC, the active anode-attached subpop-
ulation was mainly composed of Proteobacteria belonging to the
family of Geobacteraceae (65% of the total relative abundance),
but Sphingobacteriales (14%) were also found (Fig. 4 and 5). The
planktonic active subpopulation was more diverse, with the
families of Porphyromonadaceae, Rikenellaceae, and Sphingo-
bacteriales WCHB1-69 all above 10% of the relative abundance.
Proteobacteria also dominated the membrane-attached active
microbial community in the mesophilic MFC. Comamonadaceae
was the most abundant family (20%), followed by a variety of
MFC in cycle X, and from the thermophilic MFC in cycle XI. Current and

RSC Adv., 2018, 8, 3069–3080 | 3073
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Fig. 4 Phylum-level taxonomic classification and relative abundance of the 16S rRNA gene (DNA) or reversely transcribed 16S rRNA (cDNA)
obtained from Illumina MiSeq sequencing of nucleic acids frommicrobiological samples collected in different sampling points of the mesophilic
(37 �C) and thermophilic (55 �C) xylose-fed MFC. “Other” represents the sum of the phyla with a relative abundance <1%.
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families contributing to <10% of the total relative abundance
(Fig. 4 and 5).

In the thermophilic MFC, the anode-attached active
subpopulation was composed by Euryarchaeota (Fig. 4 and 5),
mainly Methanobacteriaceae (38% of the total relative abun-
dance), Firmicutes such as Thermodesulfobiaceae (13%), and
Chloroexi such as Anaerolineaceae (11%). Thermodesulfobiaceae
were found also in the planktonic active subpopulation (23%),
together with Hydrogenophylaceae (46%), and other less abun-
dant families. Comamonadaceae was the most abundant active
membrane-attached family (53%) of the thermophilic MFC,
which included also Hydrogenophylaceae (18%), and an
unclassied family belonging to the order of Armatimonadetes
(17%) (Fig. 4 and 5).
4. Discussion
4.1 Bioelectricity production and microbial dynamics in the
mesophilic MFC

An active microbial community mainly composed of Proteo-
bacteria (Fig. 4) generated a relatively high power density in the
mesophilic xylose-fed MFC (Fig. 1c). Indeed, most of the known
3074 | RSC Adv., 2018, 8, 3069–3080
mesophilic exoelectrogens belong to the phylum Proteobac-
teria.36 The diversity of the active anode-attached subpopulation
(cDNA) was remarkably lower than the diversity of the whole
community (DNA) (Table 1), conrming that the presence of
microorganisms in a bioreactor does not relate to their
activity.23 In particular, Geobacteraceae accounted only for 2% of
the anode-attachedmicrobial community, but was the prevalent
(65%) active family (Fig. 5), and likely played a major role in
power production. In fact, the Geobacteraceae family includes
known exoelectrogenic microorganisms which have been widely
reported to dominate the anodic microbial community in
mesophilic MFCs, regardless of the inoculum source, substrate,
and the MFC set-up.28,37–39 For example, Mei et al.40 showed that
different microbial communities could develop in mesophilic
(30 �C) MFCs started-up with different inocula, but Geobacter
was found regardless of the inoculum.

In this study, the remarkably higher diversity of the anode-
attached community (DNA) than the active subpopulation
(cDNA) (Table 1) suggests the presence of inactive or dead
microorganisms, which could have hampered the activity of the
Geobacteraceae, thus lowering power production.41 The relative
abundance of active planktonic Geobacteraceae was only 3%
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Heat-map representing the relative abundance of the 16S rRNA gene (DNA) or reversely transcribed 16S rRNA (cDNA) obtained from
MiSeq sequencing of nucleic acids from microbiological samples collected in different sampling points of the mesophilic (37 �C) and ther-
mophilic (55 �C) MFC. A, P, and M refer to the anode-attached, planktonic, and membrane-attached microbial community, respectively. The
taxonomic classification was conducted on family level. “Other” represents the sum of the families with relative abundance <1%.
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Table 1 Diversity of themicrobial community (DNA) and active microbial community (cDNA) in three different sampling points of themesophilic
(37 �C) and thermophilic (55 �C) xylose-fed MFC, measured by the Shannon, Simpson and Pielou's J0 index

Temperature
(�C)

Sample
type Microbial community No. of sequencesa No. of families

Shannon
diversity

Simpson
diversity

J0

evenness

37 DNA Anode-attached 197,036 617 3.22 0.94 0.71
Planktonic 100,125 391 2.95 0.92 0.68
Membrane-attached 136,388 798 3.72 0.97 0.83

cDNA Anode-attached 28,349 161 1.45 0.55 0.36
Planktonic 108,967 326 2.74 0.91 0.64
Membrane-attached 68,638 341 3.26 0.93 0.80

55 DNA Anode-attached 96,743 237 2.59 0.90 0.63
Planktonic 55,907 136 2.24 0.85 0.58
Membrane-attached 68,558 141 2.40 0.87 0.56

cDNA Anode-attached 103,439 72 2.06 0.80 0.56
Planktonic 33,729 98 1.75 0.72 0.46
Membrane-attached 60,796 80 1.48 0.65 0.41

a Refers to sequences which passed the quality check. All sample sizes were normalized according to the lowest number of sequences (28,349) prior
to perform relative abundance and diversity analysis.
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(Fig. 5), suggesting that they were mainly growing attached to
the anode. In fact, Geobacter sp. transfers electrons to the anode
by direct contact transfer, but is unable to conduct long-range
electron transfer.42 This is conrmed by the prompt power
increase aer the addition of xylose at the beginning of each
fed-batch cycle (Fig. 1c), which is common in MFCs dominated
by microorganisms performing direct electron transfer.20

Sphingobacteriales, found among both the active anode-
attached and planktonic subpopulations in the mesophilic
MFC (14 and 11% relative abundance, respectively), have been
previously reported as part of the anodic microbial commu-
nity,39,43 but further studies are required to assess their role in
electricity generation.

No dominant family was detected in the active mesophilic
planktonic subpopulation, but instead 6–7 families were
present with a similar relative abundance (Fig. 5). Among them,
both Desulfovibrionaceae44 and Rikenellaceae45 have been re-
ported to produce electricity as pure cultures in MFCs. Rikenella
sp. can perform glycolysis and mediated electron transfer to the
anode,45 which likely explains its presence among the active
mesophilic planktonic microbial community in this study
(Fig. 5). The Rhodocyclaceae family includes Fe(III) reducers,
such as Ferribacterium, which can be involved in bioelectricity
production46 and has also been found in an anodic biolm of an
acetate-fed MFC.47 Porphyromonadeceae, which accounted for
18% of the active mesophilic planktonic subpopulation, have
been previously detected both in the anode-attached and
planktonic population in a mesophilic MFC treating starch,
peptone, and sh extract.48 Although likely not directly involved
in bioelectricity production, other microorganisms may also
have contributed to the overall performance of the MFC. For
example, Synergistaceae (8% of the relative abundance in the
mesophilic active planktonic community) may be involved in
the recycling of nutrients by quickly digesting the proteins of
dead microorganisms.38

The membrane-attached active microbial community in the
mesophilic MFC was highly diverse (Table 1). Comamonadaceae,
which accounted for 20% of the active population, include
3076 | RSC Adv., 2018, 8, 3069–3080
facultative anaerobic microorganisms capable of using short
chain volatile fatty acids as a source of carbon for their
metabolism.49 Species belonging to the Comamonadaceae
family, such as Comamonas denitricans, have been previously
found in the anodic biolm of MFCs, and even shown to
produce electricity in the absence of oxygen.50 However, Coma-
monadaceae were found in this study exclusively on the
membrane, suggesting that they had a minor role in
bioelectricity generation. Oxygen can ow from the cathodic to
the anodic chamber through the AMI-7001 anion exchange
membrane with a diffusivity coefficient of 4.3 � 10�6 cm2 s�1,51

thus exposing the anodic microorganisms to oxygen. The
aerobic or facultative membrane-attached microorganisms may
consume the oxygen crossing the membrane, favoring the
strictly anaerobic exoelectrogens, but also competing with them
for the substrates. Kim et al.51 estimated that, due to the higher
biomass yield of aerobes compared to anaerobes, about 10% of
the substrate was consumed through aerobic metabolism,
reducing the CE of their acetate-fed (1.2 g L�1) MFCs. However,
they did not perform microbial community analysis to conrm
their hypothesis. Besides, membrane-attached microorganisms
may reduce power output also by forming a thick biolm which
limits proton transfer from the anodic to the cathodic
chamber.25
4.2 Bioelectricity production and microbial dynamics in the
thermophilic MFC

In the thermophilic MFC, the relatively low number of active
anode-attached microbial families (Table 1) suggests the scar-
city of thermophilic exoelectrogenic species. The inoculum
selected for the experiment, which was not previously enriched
for thermophilic electricity production, can be one of the causes
hindering the establishment of an active exoelectrogenic
community. However, the same activated sludge was success-
fully used to enrich dark fermentative hydrogen producers at
55 �C in a previous study.27 In addition, 20% of the anode-
attached active subpopulation was composed by Firmicutes,
This journal is © The Royal Society of Chemistry 2018
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which have been previously reported to generate electricity in
thermophilic, acetate-fed MFCs.19 About 66% of Firmicutes
found in the thermophilic anode-attached community
belonged to the family Thermodesulfobiaceae, which includes
Coprothermobacter sp., a proteolytic microorganism involved in
the fermentation of organic substrates, with production of
pyruvate, formate and acetate, and also in syntrophic acetate
oxidation (for a review, see Gagliano et al.52). The activity of
Coprothermobacter is enhanced by establishing a syntrophy with
hydrogenotrophic methanogenic archaea such as Meth-
anothermobacter.53 Methanothermobacter belongs to the family
of Methanobacteraceae, which was indeed among the most
abundant active anode-attached families in the thermophilic
MFC in this study (Fig. 5). Although Coprothermobacter was
previously found among the anode-attached microbial
community of thermophilic acetate-fed MFCs,19,54 and is thus
a possible acetate-utilizing anode respiring bacterium, its elec-
trochemical activity as a pure culture has not yet been investi-
gated. Also microorganisms belonging to the order of
Chlorobiales, despite being mainly phototrophs, can perform
heterotrophic anaerobic respiration, and have been reported as
part of the anodic biolm in MFCs.46,55 Anaerolineaceae, also
found among the thermophilic anode-attached microbial
community, is a family of lamentous bacteria involved in the
fermentation of various sugars.56 They are also involved in the
syntrophic oxidation of butyrate, and, similarly to Cop-
rothermobacter, grow better in the presence of H2-consuming
microorganisms, such as methanogenic archaea.57

The lower power production in the thermophilic MFC is
likely due to the lack of effective exoelectrogens and to the
consequent high activity of non-exoelectrogenic microorgan-
isms, which consumed part of the electrons through pathways
competitive to electricity generation. In fact, the methanogenic
archaeal family of Methanobacteriaceae, belonging to the order
of Methanobacteriales, accounted for 38% of the active anode-
attached community in the thermophilic MFC. Methanobacter-
iales lack cytochromes and methanophenazine, and are thus
able to perform hydrogenotrophic, but not acetoclastic, meth-
anogenesis.58 Therefore, Methanobacteriaceae cannot compete
for the substrate with exoelectrogenic microorganisms, but
their metabolism decreases the availability of electrons for
electricity production. Methanobacteriaceae have been previ-
ously found in a glucose-fed (1.8 g L�1) MFC operated at room
temperature, and indicated as one of the causes for low
bioelectricity production, as about 16% of the electrons were
directed to methane production.14 Rismani-Yazdi et al.59 re-
ported methane production by Methanobacteriaceae in a meso-
philic (39 �C) cellulose-fed MFC only at the beginning of the
operation, whereas Hussain et al.60 reported Methanobacter-
iaceae in a thermophilic (50 �C) syngas-fed MFC. Such micro-
organisms likely decreased the efficiency of their MFC by
performing hydrogenotrophic methanogenesis.

The family of Hydrogenophilaceae, which accounted for 46%
of the active planktonic community in the thermophilic MFC,
includes the thermophilic Hydrogenophylus sp., which
could have consumed a share of electrons by H2 oxidation,61

lowering power production in the thermophilic MFC.
This journal is © The Royal Society of Chemistry 2018
Thermodesulfobiaceae, found among the anode-attached fami-
lies, were also found among the planktonic community (Fig. 5).
Coprothermobacter is able to perform extracellular electron
transfer,52 but further studies are required to understand its
possible involvement in long-range electron transfer to the
anode.

In the thermophilic MFC, the family of Comamonadaceaewas
the most abundant membrane-attached family and, similarly to
the mesophilic MFC, it was likely related to aerobic metabolism
and thus, oxygen consumption. Armatimonadetes, which
accounted for 17% of the active membrane-attached commu-
nity, is also an order of aerobic microorganisms.62

4.3 Xylose degradation pathways

In the mesophilic MFC, the xylose consumption and metabolite
production proles (Fig. 2) suggest that xylose was rstly con-
verted to volatile fatty acids, which were subsequently oxidized
to CO2 and H2O likely mainly by Geobacteraceae, which domi-
nated the anode-attached active community. Interestingly, the
power density remained stable for about 30 hours aer the
depletion of acetate and butyrate. A possible explanation is that
acetate and butyrate were accumulated and oxidized intracel-
lularly, thus not detectable in the anolyte and resulting in a ow
of electrons directed outside the cell to the anode.4 In fact, aer
substrate depletion, the soluble COD remained stable (Fig. 2),
suggesting that the electron donor was not in the anolyte but
likely inside the cells. Also Marshall and May20 observed the
same phenomenon and decided to starve a pure culture of
Thermincola for two cycles before electrochemical measure-
ments to avoid interferences from the intracellularly accumu-
lated acetate, and its associated storage products.

In the thermophilic MFC, xylose was consumed relatively
fast, but acetate, the only metabolite found in the anolyte, was
not fully consumed even aer 144 hours. The power density
peak obtained just aer the xylose depletion suggests that
exoelectrogenic thermophiles were growing on xylose, but the
microbial community was lacking effective acetate-utilizing
microorganisms. However, it should be noted that the proles
in Fig. 2 were obtained in the feeding cycle “IX”, whereas the
samples for microbial community analysis were collected at the
end of cycle “XI”. The anodic potential, which increased from
cycle IX to cycle XI in the thermophilic MFC (Fig. 1b), suggests
a possible shi in the microbial community.

4.4 Performance of the MFCs

In the mesophilic MFC, the shape of the polarization curve (the
stable slope in the last part of the curve) suggests low mass
transfer limitation, as expected in MFCs using soluble sugars as
the substrate. The low CE (12 and 3% for the mesophilic and
thermophilic MFC, respectively) was attributed to the MFC
design, which was not optimized for power production. The
slow rate of oxygen reduction in the cathodic surface and the
low proton conduction through the membrane are oen the
main causes of low power production in air-cathode MFCs.63 In
fact, a CE up to 82% was obtained in a xylose-fed, two-chamber
MFC (75 mL anodic chamber volume) using 50 mM ferricyanide
RSC Adv., 2018, 8, 3069–3080 | 3077
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for the cathodic reaction and a cation exchange membrane.64

Haavisto et al.,28 with a similar inoculum and substrate, ob-
tained an 18% higher CE than the one obtained in this study
operating a mesophilic (37 �C) upow microbial fuel cell in
continuous mode using ferricyanide at the cathode. Huang and
Logan65 obtained a power production of 13 W m�3 (61% CE)
using a xylose-fed air cathode MFC, against the 1.1 Wm�3 (12%
CE) obtained in this study. However, the anodic chamber of
their MFC was equipped with four carbon brushes (6 cm
diameter and 7 cm length each), against the single carbon
brush (1.5 cm diameter and 5 cm length) used in this study, and
their xylose load was three times higher.

The structure of the active microbial community in the
thermophilic MFC, lacking a known effective exoelectrogen
such as Geobacter and including competitors such as meth-
anogenic archaea, was likely the main cause for the lower power
produced from the thermophilic MFC in comparison to the
mesophilic MFC (Fig. 3a). In fact, the non-exoelectrogenic
anode-attached microbial community in the thermophilic
MFC likely caused a high internal resistance (560 U). Temper-
ature also affects oxygen solubility in water, resulting in
a decreased availability of oxygen at high temperature. In fact,
the oxygen concentration at the cathode was about 7.0 and
5.6 g L�1 in the mesophilic and thermophilic MFC, respectively.
In the thermophilic MFC, the power overshoot curve (Fig. 3b),
previously reported in MFCs,66,67 prevented the detection of
possible mass transfer limitations. A multiple-cycle method,
consisting in running the MFC at a xed resistance for one
entire batch cycle, can be applied to avoid overshoot.68

5. Conclusions

The composition of the anode-attached, planktonic and
membrane-attached microbial community, and the active
subpopulation, was evaluated in a mesophilic (37 �C) and
a thermophilic (55 �C) xylose-fed MFC. This study contributes in
understanding of the microbial communities directly and
indirectly involved in mesophilic and thermophilic electricity
generation. An active microbial community dominated by
Geobacteraceae was enriched and shown to sustain power
production in mesophilic (37 �C) MFCs, whereas thermophilic
(55 �C) power production was hampered by the development of
competitors such as hydrogenotrophic methanogens and
hydrogen oxidizers. A RNA-based analysis is required to
understand the role of the microorganisms in MFCs, as a DNA-
based analysis may lead to overestimation or underestimation
of the contribution of certain species on power production.

A different inoculum source, possibly from thermophilic
anaerobic processes, and a different start-up strategy, for
example by using a poised anode potential or by suppressing
the methanogenic archaea e.g. by addition of bromoethane-
sulphonic acid (BESA), could be viable alternatives to facilitate
the establishment of an efficient thermophilic exoelectrogenic
biolm in future studies. The power production from pure
cultures of potentially exoelectrogenic thermophilic microor-
ganisms, for example species of the Thermodesulfobiaceae
family detected from the thermophilic anodes in this study,
3078 | RSC Adv., 2018, 8, 3069–3080
must also be evaluated to conrm their role in electricity
production.
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