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Abstract 24 

The microbial communities developed from a mixed-species culture in up-flow and flow-through 25 

configurations of thermophilic (55°C) microbial fuel cells (MFCs), and their power production from 26 

acetate, were investigated. The up-flow MFC was operated for 202 days, obtaining an average 27 

power density of 0.13 W/m3, and Tepidiphilus sp. was the dominant transcriptionally-active 28 

microorganisms. The planktonic community developed in the up-flow MFC was used to inoculate a 29 

flow-through MFC resulting in the proliferation of Ureibacillus sp., whose relative abundance 30 

increased from 1 to 61% after 45 days. Despite the differences between the up-flow and flow-31 

through MFCs, including the anode electrode, hydrodynamic conditions, and the predominant 32 

microorganism, similar (p=0.05) volumetric power (0.11-0.13 W/m3), coulombic efficiency (16-33 

18%) and acetate consumption rates (55-69 mg/L/d) were obtained from both. This suggests that 34 

though MFC design can shape the active component of the thermophilic microbial community, the 35 

consortia are resilient and can maintain similar performance in different MFC configurations. 36 
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1. Introduction 49 

Microbial fuel cells (MFCs) enable electrical energy recovery from organic and inorganic 50 

compounds by coupling a biological oxidative reaction at the anode to a biotic, or abiotic, reductive 51 

reaction at the cathode (Logan et al., 2006). MFCs rely on electroactive microorganisms that use a 52 

solid anode electrode as electron acceptor for the oxidation of organic and inorganic substrates. The 53 

electron transfer to the anode electrode can be direct, via membrane-bound proteins or conductive 54 

nanowires, or indirect, via autogenous or heterogeneous mediators (Kumar et al., 2017). In 55 

particular, formation of an electroactive biofilm around the anode electrode was individuated as a 56 

key factor for efficient electricity production in MFCs (Kumar et al., 2017; Yang et al., 2019). 57 

 58 

Most known electroactive microorganisms are mesophiles (Dattatraya Saratale et al., 2017), 59 

growing best somewhere in the range of 25-40℃. However, MFC operation at higher temperatures 60 

confers several advantages, such as fast microbial growth and reaction kinetics, high substrate 61 

solubility and mass transfer, low oxygen solubility, and significantly reduced contamination by 62 

competitive and pathogenic microorganisms (Dopson et al., 2016; Sekar et al., 2017). Indeed, 63 

thermophilic MFCs can be particularly suited for treatment of high-temperature waste streams – due 64 

to the much reduced energy requirement to heat the bioreactors – as well as of complex substrates 65 

and pathogenic streams (Shrestha et al., 2018). 66 

 67 

However, thermophilic microbial communities typically harbour much less diversity than 68 

mesophilic consortia and, so, are considered less resilient and more vulnerable to potential process 69 

disturbances (Carballa et al., 2011). Further development, and application, of thermophilic MFCs is 70 

also hindered by a severe lack of information on thermophilic electroactive microbial communities. 71 

To date, only a few bacterial genera e.g., Caloramator (Fu et al., 2013a), Thermincola (Marshall 72 

and May, 2009; Parameswaran et al., 2013; Wrighton et al., 2008) and Thermoanaerobacter (Lusk 73 



4 
 

et al., 2015) from the Phylum Firmicutes, along with Pyrococcus (Sekar et al., 2017) (the 74 

Euryarchaeota) and Calditerrivibrio (Fu et al., 2013b) (the Deferribacteres), were reported as 75 

electricity producing at temperatures above 50℃ without addition of any mediators. Among them, 76 

direct electron transfer to the anode was demonstrated only with Thermincola potens (Wrighton et 77 

al., 2011), Thermincola ferriacetica (Parameswaran et al., 2013) and Pyrococcus furiosus (Sekar et 78 

al., 2017). Although MFCs were operated at temperatures up to even 98°C (Fu et al., 2015), most 79 

studies were conducted at 55-60°C. Firmicutes, Deferribacteres and Coprothermobacterota were the 80 

dominant bacterial phyla enriched from mixed cultures at 55-60°C in MFC anodes using acetate (Fu 81 

et al., 2013a; Jong et al., 2006; Mathis et al., 2008; Wrighton et al., 2008) or distillery wastewater 82 

(Ha et al., 2012) as substrate.  83 

 84 

H-type MFC designs were most frequently used for studies of thermophilic MFCs inoculated with 85 

mixed-species cultures (Fu et al., 2015; Ha et al., 2012; Jong et al., 2006; Wrighton et al., 2008). A 86 

few exceptions include a sediment MFC operated at 60℃ (Mathis et al., 2008), as well as a MFC 87 

designed to control evaporation (which is a major operating challenge for thermophilic MFCs) 88 

(Carver et al., 2011). Efficient and easily scalable configurations, such as up-flow and flow-through 89 

MFCs, were proposed for mesophilic MFCs (Lay et al., 2015; ter Heijne et al., 2008), but have not 90 

yet been applied under thermophilic conditions. The shear forces produced by the different 91 

hydrodynamic conditions employed by various MFC configurations may affect the structure, and 92 

activity, of microbial communities underpinning the MFCs, as well as affecting the mass transfer, 93 

i.e. the exchange of substrate and products between the anolyte and the anode biofilm, which could, 94 

in turn, impact on power output (Cecconet et al., 2018). Thus, studies comparatively evaluating 95 

various MFC configurations for thermophilic electrogenesis, from both engineering and 96 

microbiological points of view, are now required. 97 

 98 
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New insights to thermophilic microbial consortia, and to community adaptation to different MFC 99 

configurations, would promote innovation in thermophilic MFC application. The toolbox of 100 

molecular microbial ecology provides various means to unravel complex communities, by analysing 101 

genetic markers and elucidating diversity, community structure, and even activity. DNA sequences 102 

provide information on phylogenetic diversity and community composition whilst RNA-level 103 

analyses  help identify the active – or, at least, transcriptionally-active – subpopulation (Dessì et al., 104 

2018).  105 

 106 

The aim of this study was to characterise, for the first time, the anode-attached, and planktonic, 107 

microbial communities in, and compare the power generation by, acetate-fed, up-flow and flow-108 

through MFCs configurations operated at 55°C. 109 

 110 

2. Materials and methods 111 

2.1 Up-flow MFC set-up 112 

The up-flow MFC used in this study was first described by Lay et al. (2015). It consisted of a 500 113 

mL anodic chamber and a 250 mL cathodic chamber separated by an anion exchange membrane 114 

(AEM AMI-7001, Membranes International Inc., USA) with a diameter of 4 cm (12.5 cm2 area). 115 

The anode, previously described by Haavisto et al. (2019), was a steel cage (10×4×0.5 cm) 116 

containing approximately 15 g activated carbon granules (< 2 mm, Alfa Aesar). The cathode was a 117 

carbon plate (5×3×0.5 cm). The two electrodes were connected through a 100 Ω resistor using Ti 118 

wires. A reference electrode (Ag/AgCl SENTEK QM710X in 3 M KCl solution) was connected to 119 

the recirculation tube of the anode through a capillary glass tube (QiS, the Netherlands). The MFC 120 

was maintained at 55±1°C using heating coils. The anolyte was recirculated with a flow rate of 60 121 

mL/min using a peristaltic pump (Masterflex®, USA). To ensure anaerobic conditions, the anodic 122 

chamber of the MFC was connected to a gas bag containing N2. 123 
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 124 

2.2 Flow-through MFC set-up 125 

The flow-through MFC set-up used was as previously described by Sulonen et al. (2015). It 126 

comprised of anodic and cathodic chambers (30 mL volume each) separated by an AEM (AMI-127 

7001). Carbon plates, covered with carbon paper (Coidan graphite products, USA), were used as 128 

anode and cathode connected with a 100 Ω resistor. The effective area of both electrodes and the 129 

membrane was 22 cm2. An Ag/AgCl reference electrode (BASi RE-5B) was inserted in the anodic 130 

chamber through a port, close to the anode electrode. A gas bag containing N2 was connected to the 131 

other port of the anodic chamber. The flow-through MFC was operated inside a 55±1°C incubator 132 

(Melag Germany). Serum bottles placed in a water bath (VWR, USA) were used to recirculate 133 

anolyte and catholyte to the flow-through MFC at a flow rate of 60 mL/min using peristaltic pumps 134 

(Masterflex®, USA). The overall anodic and cathodic chamber volumes were similar to those of the 135 

up-flow MFC (500 and 250 mL, respectively). The temperature of the water bath was set to 65°C to 136 

compensate for heat loss from the tubes connecting the serum bottles to the flow-through MFCs in 137 

the incubator. 138 

 139 

2.3 Composition of synthetic anolyte and catholyte 140 

The synthetic anolyte of both the up-flow and flow-through MFCs was similar to that used by 141 

Mäkinen et al. (2012), but omitting EDTA and resazurin, and containing 1 g/L acetate (as 1.39 g/L 142 

sodium acetate) as carbon source, if not otherwise mentioned. The pH of the medium was adjusted 143 

to 7.0±0.1 with 5 M NaOH and flushed with N2 for 5 min before delivery (500 mL) to the MFCs. 144 

The conductivity of the medium was 14-15 mS/cm. The catholyte of both MFCs was 200 mL 145 

potassium ferricyanide (50 mM) in 100 mM phosphate buffer (Haavisto et al., 2017). 146 

 147 

 148 
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2.4 Up-flow MFC inoculation and operation 149 

The up-flow MFC was inoculated with a mixture (1 g volatile solids (VS) each) of sewage sludge 150 

digestate (88 g total solids (TS)/L and 32 gVS/L) from a thermophilic (55°C) biogas plant 151 

(Topinoja, Turku, Finland) and mature compost (0.56 gTS/g and 0.43 gVS/g) from a municipal 152 

waste treatment facility (Tarastenjärvi, Tampere, Finland). 2-bromoethanesulphonic acid (BESA) 153 

was added to the anolyte in the first feeding cycle at a concentration of 1 g/L to inhibit 154 

methanogenic archaea, previously found as part of the active thermophilic (55°C) microbial 155 

community in a xylose-fed, H-type MFC (Dessì et al., 2018). A potential of -287 mV vs. Ag/AgCl 156 

(-60 mV vs. SHE at 55℃), previously shown to sustain the growth of the thermophilic electroactive 157 

Thermincola sp. (Parameswaran et al., 2013), was imposed to the anode for 14 d using a 158 

potentiostat (BioLogic VMP3, France). Then, the potentiostat was disconnected (day 0) and the up-159 

flow MFC was operated for 202 days with the two electrodes connected through a 100 Ω resistor. 160 

The initial acetate concentration was 0.5 g/L, but was increased to 1.0 g/L after the first two feeding 161 

cycles (day 19). The feeding steps were performed when > 60% acetate was consumed, by 162 

replacing 100 mL (20%) of the anolyte with a fresh solution containing 5 g/L acetate, resulting in an 163 

acetate concentration of 1.0-1.5 g/L in the anolyte. On the same days, the catholyte was replaced 164 

with 200 mL of fresh ferricyanide solution. The catholyte was also replaced on days 15, 25, 34, 40, 165 

86 and 137 when reduced power production was observed. On day 109, 100% of the anolyte was 166 

replaced with the fresh solution, containing 1 g/L acetate, to evaluate possible changes in power 167 

production due to flush-out of planktonic cells and mediators. The AEM was changed to a fresh one 168 

on days 34 and 86. 169 

 170 

2.5 Flow-through MFC inoculation and operation 171 

The flow-through MFC was inoculated with 10 mL of anolyte (2.3 gVS/L) collected from the up-172 

flow MFC after 159 days operation and operated for 45 days. The feeding steps were performed by 173 
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replacing 100 mL (20%) of the anolyte with fresh anodic solution containing 5 g/L acetate, and 174 

replacing 100% of catholyte on the same day. Fresh catholyte was also provided on days 21 and 28. 175 

 176 

2.6 Chemical and bioelectrochemical analyses 177 

Cell voltage and anodic and cathodic potentials (against the Ag/AgCl reference electrode) were 178 

measured at intervals of 2 min using a data logger (Agilent 34970A, Agilent technologies, Canada). 179 

Conductivity and pH were measured in liquid samples using a conductivity meter (Horiba 180 

LAQUAtwin, Japan) and a pH meter (WTW pH 330 meter with Hamilton Slimtrode probe), 181 

respectively. TS and VS were measured according to the APHA standard (APHA, 1998). Acetate 182 

was measured using a gas chromatograph equipped with a flame ionisation detector (GC-FID) as 183 

described by Haavisto et al. (2017). Polarisation analysis was conducted on day 45 and on day 17 184 

for the up-flow and flow-through MFC, respectively, two days after the acetate feeding and 185 

catholyte replacement, as described previously (Dessì et al., 2018).  186 

 187 

2.7 Calculations 188 

Current and power densities were calculated according to Logan et al. (2006) and normalised either 189 

to the anolyte volume (0.5 L) or the effective anode electrode area (94.0 and 22.0 cm2 for the up-190 

flow and flow-through MFC, respectively). All potentials are reported against the Ag/AgCl 191 

reference electrode. The internal resistance was estimated from the slope of the polarisation curve. 192 

The Coulombic efficiency (CE) was calculated based on the acetate removed, counting 8 mol 193 

electrons exchanged per mol acetate consumed, according to the following equation (Logan et al., 194 

2006): 195 

 196 

2 HCO3
- + 9 H+ + 8 e- →CH3COO- + 4 H2O   (1) 197 

 198 
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Average current and power densities, and CE, were calculated based on the whole batch cycle. 199 

Acetate consumption rates (ACR) were calculated according to the following equation: 200 

 201 

ACR = (CAi-CAf)/t     (2) 202 

where CAi and CAf is the acetate concentration at the beginning and at the end of the batch cycle, 203 

respectively, and t is the duration of the batch cycle. 204 

 205 

One-way analysis of variance (ANOVA) at p=0.05 was conducted using the IBM SPSS program 206 

(v24). 207 

 208 

2.8 Microbial community analysis 209 

Triplicate microbiological samples were collected at the end of the experiment from the biofilm-210 

containing activated carbon granules and the anolyte of the up-flow MFC, as well as from the 211 

carbon paper electrode and the anolyte of the flow-through MFC. Anolyte samples were pelleted by 212 

centrifugation (5 min, 5000 rpm) and pellets were re-suspended in 1 mL autoclaved 0.9% NaCl 213 

solution, whereas activated carbon and carbon paper samples, cut in small pieces with sterile 214 

scissors, were washed with, and then stored in, 0.9% NaCl. Extraction of total genomic DNA and 215 

RNA was done using a modified version of the method from Griffiths et al. (Dessì et al., 2018; 216 

Griffiths et al., 2000). cDNA synthesis from RNA was achieved as described previously (Dessì et 217 

al., 2018). 16S rRNA gene sequences (from DNA and cDNA) were amplified using the primer pair 218 

515F and 806R (Caporaso et al., 2011), and then used in high-throughput DNA sequencing using an 219 

Illumina Miseq platform (FISABIO, Valencia, Spain). Due to insufficient biofilm formation – and, 220 

thus, poor recovery of nucleic acids – only one of the triplicate samples from the carbon paper 221 

electrode of the flow-through MFC could be used for sequencing; thus, that sample was excluded 222 

from subsequent statistical analyses. 223 
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 224 

Bioinformatic processing of raw FASTQ sequence files was done using the Mothur pipeline 225 

(Schloss et al., 2009). Statistical analysis was carried out using R (Version 3.4.4) based on the data 226 

generated from the Mothur pipeline and on associated metadata. Alpha, and beta, diversity analyses 227 

were done using the vegan package (Oksanen et al., 2015). Alpha diversity analysis included (i) 228 

rarefied richness, (ii) Shannon entropy, and (iii) Pielou’s evenness. Vegan’s aov() function was used 229 

to calculate pair-wise ANOVA p-values, as indicated on alpha diversity plots. Non-Metric 230 

Multidimensional Scaling (NMDS) plots were constructed at the genus level using the Bray-Curtis 231 

distance metric and ellipses were drawn to represent a 95% confidence interval of the ordination 232 

point standard errors. Permutational analysis of variance (PERMANOVA) was done using the 233 

Vegan Adonis function. 234 

 235 

3. Results and discussion 236 

3.1 Power production from acetate in the up-flow MFC 237 

Acetate was successfully converted to electricity during the 202 days of up-flow MFC operation. 238 

Power production increased in the first three feeding cycles, reaching an average of 0.2 W/m3 in the 239 

third cycle (day 19) and suggesting the growth of the thermophilic electroactive community – as 240 

confirmed by falling anode potential from 0.1 to 0.04 V. This was also supported by the increasing 241 

rate of acetate consumption, which was 40.7 and 81.6 mg/L/d in the first and third feeding cycle, 242 

respectively. Over the subsequent 12 feeding cycles, the MFC produced an average power of 243 

0.13±0.04 W/m3 (8.4±2.2 mW/m2). Higher power output of 150-300 mW/m2 was obtained from 244 

acetate in thermophilic MFCs using pure cultures (Fu et al., 2013b; Marshall and May, 2009; Sekar 245 

et al., 2017) or higher substrate concentrations (Fu et al., 2013b; Mathis et al., 2008).  246 

 247 
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Power peaks over 0.20 W/m3 were obtained at the beginning of each feeding cycle, but then power 248 

production decreased over time due to acetate and catholyte depletion (Fig. 1). This was attributed 249 

to the highly capacitive activated carbon granules of the up-flow MFC, which accumulated 250 

electrons (Deeke et al., 2015) when the catholyte was depleted, and quickly released them when 251 

fresh catholyte was provided, resulting in the observed voltage peaks. Over the entire up-flow MFC 252 

operation, with the exception of the first 2-3 d of each feeding cycle, the acetate consumption was 253 

linear, suggesting first order kinetics with an average acetate removal rate of 68.6±17.1 mg/L/d. The 254 

pH of the anolyte was relatively stable, ranging between 6.7 and 7.0, over the 202 d of operation. 255 

The results suggest that reproducible substrate degradation and power production can be achieved 256 

with long-term operation of thermophilic, acetate-fed, up-flow MFCs. 257 

 258 

During the up-flow MFC operation, the anodic potential ranged between 0 and 0.2 V, being higher 259 

after the addition of fresh catholyte and then constantly decreasing (Fig. 1). Since the acetate 260 

concentration decreased during the batch cycle, anodic potential would be expected to increase, 261 

rather fall, over time according to the Nernst equation (Logan et al., 2006). However, the fast drop 262 

of the cathodic potential, decreasing from 0.2 to below 0.1 during the batch cycle (Fig. 1), likely 263 

triggered an anodic potential drop. Nevertheless, it should be noted that the cathode potential, 264 

measured against the reference electrode at the anode, may be inaccurate due to the potential losses 265 

caused by the AEM and the electrolyte. 266 

 267 

On day 109, replacing 100% of the anolyte with fresh medium did not affect the power production 268 

and acetate consumption rate. This suggests that anode-attached microorganisms were mainly 269 

responsible for acetate consumption and electron transfer to the anode (Marshall and May, 2009). 270 

On day 187, catholyte depletion resulted in a drop of the cathodic potential from 0.10 to -0.08 V, 271 

which also triggered a decrease of the anodic potential (Fig. 1) and resulted in an interruption in 272 
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power production. However, the MFC performance was restored upon replacement of the catholyte 273 

(Fig. 1).  274 

 275 

The CE of 16.4±2.5% obtained in this study was similar to the one obtained by Dai et al. (2017) in 276 

an ethanol-fed MFC inoculated with digester sludge (20.5%), but lower than the CE of 80-90% 277 

previously obtained from acetate using mixed cultures under thermophilic conditions (Jong et al., 278 

2006; Wrighton et al., 2008). Electron sinks such as methane or hydrogen were not detected in the 279 

gas bags during this study, suggesting a minor role of competing, non-electrogenic pathways. 280 

However, most likely, a share of electrons was consumed by reduction of ferricyanide ions flowing 281 

from the cathodic to the anodic chamber through the AEM (Pandit et al., 2011), and a share of 282 

acetate anions were lost by diffusion through the AEM (Kim et al., 2007), decreasing the overall 283 

CE.  Kim et al. (2007) reported a diffusivity of acetate through AEM of 2.6 × 10-9 cm2/s, which 284 

resulted in a 2.2% CE loss. In this study, the diffusivity of acetate was, in theory, substantially 285 

higher due to the higher temperature (55 ℃ vs. 30 ℃) and membrane area (12.5 cm2 for the upflow 286 

MFC and 22 cm2 for the flow-through MFC vs. 3.5 cm2) than the H-type MFC used by Kim et al. 287 

(2007). The same can be hypothesised for the diffusivity of ferricyanide, resulting in the relatively 288 

low CE obtained in this study. 289 

 290 

Figure 1 291 

 292 

3.2 Power production from acetate in the flow-through MFC 293 

The flow-through MFC was inoculated with 10 mL anolyte from the up-flow MFC to evaluate the 294 

impact of the MFC configuration on the microbial community and power production, whilst 295 

keeping the operating parameters, such as temperature, pH and recirculation flow, similar. Anode 296 

electrode and hydrodynamic conditions were the main differences between the up-flow and the 297 
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flow-through MFC. The up-flow MFC anode had a higher total surface (94 cm2, anode:membrane 298 

ratio 7.5) than the flow-through MFC (22 cm2, anode:membrane ratio 1.0). Furthermore, the 299 

activated carbon granules of the up-flow MFC anode electrode were characterised by a high specific 300 

surface (500-2000 m2/g) (Mohan and Singh, 2005), providing more available surface than the 301 

carbon paper electrode of the flow-through MFC for microbial adhesion. Hydrodynamically, the up-302 

flow MFC had a vertical flow with an up-flow velocity of 1.3 m/h, whereas the flow-through MFC 303 

had a horizontal flow velocity of 12 m/h, although the same recirculation flow of 60 mL/min was 304 

applied to the two MFCs, due to the different section area of the anodic chambers. 305 

 306 

The power production onset occurred after only two days of flow-through MFC operation, and then 307 

the power density increased peaking at 0.13 W/m3 on day 6 (Fig. 2). This suggests that the 308 

planktonic community from the up-flow MFC can be used as inoculum for other MFCs without 309 

further BESA addition and start-up with an applied potential. Indeed, the anodic potential decreased 310 

from the initial value of 0.26 V to -0.02 V on day 15, suggesting the development of the 311 

electrogenic microbial community, but then increased again and stabilised to approximately 0.09 V 312 

on days 30-45 (Fig. 2). Power peaks of 0.16-0.19 W/m3 were observed after addition of fresh 313 

anolyte and catholyte (on days 15 and 36), or just catholyte (on days 21 and 28), but power 314 

production then decreased to <0.13 W/m3 within two days. Lower anodic potential shifts were 315 

obtained in the flow-through MFC, in comparison to the up-flow MFC, upon catholyte replacement 316 

likely due to the different anode electrode material. 317 

 318 

During the second and third feeding cycles, the average power density, CE and acetate consumption 319 

rate were 0.11±0.1 W/m3 (25.1±2.4 mW/m2), 18.4±0.8%, and 54.5±5.1 mg/L/d, respectively (Table 320 

1). Notwithstanding the different MFC designs, no statistically significant difference (p=0.05) was 321 

observed between the up-flow and flow-through MFCs with respect to the average power 322 
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production per anolyte volume, CE, or acetate consumption rate (Table 1). This suggests that the 323 

MFC design had a minimum impact on the performance, although the average power normalised to 324 

the anode electrode surface was higher in the flow-through MFC than in the up-flow MFC (Table 1) 325 

due to the smaller electrode surface. 326 

 327 

Figure 2 328 

 329 

Table 1 330 

 331 

3.3 Polarisation analyses of the up-flow and flow-through MFC 332 

A maximum power production per anolyte volume of 0.22 W/m3 and 0.11 W/m3 was obtained in 333 

the up-flow and in the flow-through MFC with an external load of 250 and 100 Ω, respectively 334 

(Fig. 3). It is worth mentioning that, in the flow-through MFC, a higher power density (0.17 W/m3) 335 

was obtained on day 17 before disconnecting the electrodes for the polarisation analysis (Fig. 2), 336 

compared to 0.11 W/m3 obtained when the same resistance (100 Ω) was applied during polarisation 337 

(Fig. 3). The abrupt anodic potential changes due to the resistance changes during polarisation 338 

analysis may have affected the electroactive community, but power production increased again to 339 

0.14 W/m3 within two days after connecting the electrodes through the 100 Ω resistor (Fig. 2). The 340 

same phenomenon was not observed in the up-flow MFC, likely due to the presence of a more 341 

mature electroactive biofilm, resilient to potential changes, on the anode electrode when the 342 

polarisation analysis was performed on day 45. The maximum power normalised to the anode 343 

electrode surface was 11.6 and 24.2 mW/m2 for the up-flow and flow-through MFC, respectively. 344 

The internal resistance of both the up-flow and flow-through MFC was around 160-180 Ω. 345 

However, the different shape of the polarisation curve (Fig. 3) suggests that ohmic losses were the 346 

prevalent cause of overpotential in the up-flow MFC, whereas activation losses were also important 347 

in the flow-through MFC (Logan et al., 2006). 348 
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 349 

Figure 3 350 

 351 

3.4 Microbial communities in the up-flow and flow-through MFCs 352 

The microbial communities populating the up-flow and flow-through MFCs were analysed at the 353 

level of both DNA and RNA to reveal the composition of the whole microbial community and the 354 

active portion, respectively. Alpha diversity analysis (Fig. 4) indicated significant differences in the 355 

microbial community composition between reactor (up-flow and flow-through MFC), and between 356 

DNA and RNA profiles. This was further supported by NMDS analysis (Fig. 4), which revealed 357 

distinct clustering based on MFC configuration, and between DNA and RNA profiles 358 

(PERMANOVA: P=0.001). Overall, communities appeared to cluster more closely based on reactor 359 

type, rather than nucleic acid, indicating that configuration and sample site (attached or planktonic) 360 

have a large influence on community composition. Clear separation was observed between the 361 

flow-through inoculum (up-flow planktonic community) and its final state (flow-through planktonic 362 

community) after 45 days of operation indicating that the MFC configuration severely affected the 363 

microbial community dynamics. 364 

 365 

The total, and active, microbial community found in the up-flow MFC was highly diverse, 366 

particularly in the anodic biofilm where the Shannon diversity index was >2 (Fig. 4). The species 367 

richness, community evenness and the diversity were significantly lower in the planktonic 368 

community sampled after 45 days of operation of the flow-through MFC than in the planktonic 369 

community from the up-flow MFC, used as the inoculum. This indicates the evolution of a 370 

specialised community in the flow-through MFC, dominated by a small number of key species (Fig. 371 

4), with a less even distribution than the community developed in the up-flow MFC. The low 372 

microbial diversity can be attributed to the more severe hydrodynamic conditions of the flow-373 
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through than the up-flow MFC, which selected the species able to survive, and possibly transfer 374 

electrons to the anode electrode, despite the high flow velocity (12 m/h). In particular, the shear 375 

forces generated by the high recirculation flow, perpendicular to the anode electrode, strongly 376 

affected biofilm formation, as suggested by the low nucleic acid concentration obtained in the 377 

carbon paper samples. Furthermore, the species richness of the total (DNA-based) and active 378 

(RNA-based) planktonic populations of the flow-through MFC was not significantly different, thus 379 

indicating that most of the community present was active. This suggests that, based on very little 380 

redundancy, the MFC may be vulnerable to environmental changes (Carballa et al., 2015, 2011). 381 

Conversely, redundant microorganisms were present in the up-flow configuration MFC, as 382 

suggested by the lower species richness at RNA than DNA level in both the attached and planktonic 383 

communities. 384 

 385 

Figure 4 386 

 387 

Tepidiphilus sp. was the most abundant genus in the up-flow MFC, with a relative abundance of 30-388 

40% in anode-attached biofilm communities and 50-60% in planktonic communities based on both 389 

DNA and cDNA sequences (Fig. 5). The Tepidiphilus genus belongs to the family of 390 

Hydrogenophilaceae, which mostly includes chemolithotrophic microorganisms using hydrogen, or 391 

inorganic sulfur compounds, as electron donor. However, it represents an exception, as it can grow 392 

heterotrophically on a variety of substrates, including acetate (Manaia et al., 2003). Known isolates 393 

of Tepidiphilus sp. is motile with a single, polar flagellum (Manaia et al., 2003; Poddar et al., 2014), 394 

which could explain its high relative abundance among the planktonic community of the up-flow 395 

MFC (Fig. 5). Its relative abundance of 30.5±0.9% in the transcriptionally-active portion of the 396 

attached biofilm community suggests its ability to grow also on the anode. Tepidiphilus sp. was the 397 

most abundant genus at DNA level (62±3%), but not at RNA level (34±2%), among the planktonic 398 
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community of the flow-through MFC (Fig. 5), suggesting the reduced importance of this 399 

microorganism when transferred from the up-flow to the flow-through MFC, and/or, indeed, an 400 

increase of the relative abundance of other members of the community (Fig. 5). 401 

 402 

Coprothermobacter sp. was the second most abundant (20%) planktonic microorganism in the up-403 

flow MFC and was previously found in several thermophilic environments, including 404 

bioelectrochemical systems (Dessì et al., 2018; Fu et al., 2013c; Jong et al., 2006; Sasaki et al., 405 

2013). However, its electrogenic activity has not yet been confirmed in pure culture studies. 406 

Coprothermobacter sp. is strictly anaerobic, proteolytic, hydrogen-producing organisms, capable of 407 

hydrogen production via acetate oxidation (Gagliano et al., 2015), known to form growth-408 

promoting syntrophic interactions with methanogens in anaerobic digesters (Sasaki et al., 2011). 409 

Dai et al. (2017) reported a significant reduction in relative abundance of Coprothermobacter sp. 410 

along with methanogens after dosing BESA to a thermophilic MFC. However, in this study, 411 

Coprothermobacter sp. remained among the most abundant species in the entire, and 412 

transcriptionally-active, communities upon elimination of methanogens with BESA, suggesting that 413 

another syntrophic interaction was formed, where the hydrogen produced by Coprothermobacter 414 

sp. facilitated interspecies electron transfer with another organism, or, perhaps, even directly to the 415 

anode electrode. The relative abundance of Coprothermobacter sp. decreased to below 2% in the 416 

active (and total) microbial community after 45 days of flow-through MFC operation (Fig. 5), 417 

suggesting a much smaller role for the microorganism in the flow-through than in the up-flow 418 

MFC. This coincided with relatively fewer Tepidiphilus sp. in the active community, indicating that 419 

Tepidiphilus sp. might indeed have been its syntrophic partner. However, testing that hypothesis 420 

will require further ecophysiological and culturing studies. 421 

 422 
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In the up-flow MFC, the relative abundance of Ureibacillus sp. was approximately 20% in the 423 

whole, and active, biofilm community, but it was relatively rare (1%) in the planktonic community 424 

(Fig. 5). Inoculation of the flow-through MFC with the planktonic community from the up-flow 425 

MFC favoured the establishment of Ureibacillus sp., which became the most abundant (>60%) 426 

active microorganism in the planktonic community after 45 days of flow-through MFC operation 427 

(Fig. 5). The relative abundance of Ureibacillus sp. appeared even higher (>90%) among the 428 

biofilm community of the flow-through MFC (Fig. 5), although no statistically significant analysis 429 

was performed using this sample as insufficient replicates were available. Ureibacillus sp. is a 430 

gram-negative microorganism, with an optimum growth temperature of 55°C, and can use acetate 431 

as substrate (Zhou et al., 2014). Despite being generally aerobic, Ureibacillus sp. was previously 432 

isolated from the anodic biofilm of a thermophilic MFC fed with sewage sludge (Zhou et al., 2014), 433 

suggesting its tolerance to anaerobic conditions. Ureibacillus sp. was shown to produce respiratory 434 

quinones possibly involved in mediated electron transfer to the electrode (Newman and Kolter, 435 

2000), which would explain its high abundance in planktonic form in the flow-through MFC (Fig. 436 

5), and the power production obtained despite the low biofilm formation. 437 

 438 

 The growth of Ureibacillus sp. in the flow-through MFC was accompanied by relatively 439 

increasingly abundant Symbiobacterium sp., which was outside the top-20 OTUs in the up-flow 440 

MFC but the third-most abundant taxa in the flow-through MFC (Fig. 5). Symbiobacterium sp. is a 441 

moderately anaerobic microorganism previously found in a thermophilic ethanol-fed MFC (Dai et 442 

al., 2017), indicating its possible involvement in thermophilic electricity production. 443 

Symbiobacterium sp. is unable to grow independently in any artificial medium, but was grown in 444 

co-culture (e.g., with Bacillus sp.) (Ohno et al., 2000). This suggests that its increased relative 445 

abundance in the flow-through MFC can be linked to the prevalence of Ureibacillus sp. (Fig. 5). 446 

 447 
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Figure 5 448 

 449 

3.5 Implications of the results and perspectives 450 

Despite being, in theory, thermodynamically and kinetically superior than the mesophilic MFCs, the 451 

use of thermophilic MFCs is currently limited to fundamental research, using basic, H-type devices, 452 

and there is a lack of information on the thermophilic, electrogenic microorganisms. Increasing the 453 

technological level of thermophilic MFCs, as well as expanding the database of thermophilic 454 

microorganisms colonizing the anode electrodes and anodic chamber, is now required to bridge the 455 

gap with the more advanced mesophilic MFCs. This study investigates, for the first time, the 456 

performance of two different MFC configurations, i.e. up-flow and flow-through MFCs, for 457 

electricity production under thermophilic conditions. Further research is necessary on MFC design 458 

and materials, as previously done for mesophilic MFCs, to increase power generation in 459 

thermophilic MFCs.  460 

 461 

The microbial community analysis, performed at both DNA and RNA level, showed a clear 462 

difference between the microbial communities developing in the two MFC, but this had a minimum 463 

impact on power production. This suggest that the different hydrodynamic conditions of up-flow 464 

and flow-through MFCs impact the electrogenic consortia, but this not necessarily affects power 465 

production. The results show that thermophilic microorganisms such as Tepidiphilus sp., 466 

Ureibacillus sp., and Coprothermobacter sp. are potentially electrogenic, but their potential for 467 

electricity production in MFCs must be evaluated in pure culture studies. 468 

 469 

4. Conclusions 470 

An up-flow and a flow-through MFC were investigated, for the first time, for electricity production 471 

from acetate under thermophilic conditions (55°C). Tepidiphilus sp. and Ureibacillus sp. were the 472 
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most abundant active microorganisms in the up-flow and flow-through MFC, respectively, 473 

suggesting their involvement in electricity production at 55°C. However, the similar power density 474 

(0.11-0.13 W/m3), acetate degradation rate (55-69 mg/L/d) and coulombic efficiency (16-18%) of 475 

the two MFCs suggests there was a minimum impact of the microbial community composition on 476 

the overall MFC performance. Thermophilic microbial electrogenic consortia are thus resilient and 477 

canable to adapt to different MFC configurations. 478 

 479 

Supplementary material 480 

E-supplementary data for this work can be found in e-version of this paper online. 481 
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 650 

Figure captions 651 

Fig. 1. Power density (a), anodic and cathodic potential (b), and acetate concentration profiles (c) 652 

obtained from the up-flow MFC over the final three feeding cycles (days 161-202). 653 

 654 

Fig. 2. Power density (a), anodic potential (b) and acetate concentration profiles (c) obtained in the 655 

flow-through MFC during the 45 days operation. Data are missing on day 17 when the polarisation 656 

analysis was conducted. 657 

 658 

Fig. 3. Power (a) and polarisation (b) curves, normalised to the anolyte volume, obtained from the 659 

up-flow and flow-through MFC on operation days 45 and 17, respectively. 660 

 661 

Fig. 4. Box plots representing Pielou’s evenness, rarefied richness and Shannon Entropy alpha 662 

diversity indices (a) from microbiological samples from the up-flow MFC (UMFC) or the flow-663 

through MFC (FTMFC) from DNA and cDNA sequences. The attached community of the flow-664 

through MFC was excluded from this analysis due to the lack of replicates. Lines of significance 665 

depict significant differences as follows: * (p<0.05), ** (p<0.01), or *** (p<0.001) based on 666 

ANOVA. Non-Metric Multidimensional Scaling (NMDS) using Bray-Curtis dissimilarity metric 667 

(b). Each point represents a sample community structure. Reactor (upflow or flow-through), and 668 

nucleic acid (DNA and RNA) types are depicted by colour, and ellipses are constructed at a 95% 669 

confidence interval. 670 

 671 
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Fig. 5. Taxa plot representing the community structure of the top-25 most abundant OTUs across all 672 

reactor configurations (up-flow MFC, UMFC and flow-through MFC, FTMFC) and nucleic acid 673 

(DNA and RNA) combinations. ‘Others’ denotes any OTUs not within the top-25.674 
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Tables 675 

Table 1. Average and maximum power and current production, acetate consumption rate, coulombic efficiency and dominant microorganism 676 

obtained in the up-flow and flow-through MFC. 677 

MFC 

configuration 

Feeding 

cycles 

Power density (W/m3) Power density (mW/m2) Current density (A/m2) Acetate 

consumption 

rate (mg/L/d) 

Coulombic 

efficiency 

(%) 

Dominant 

microorganism 

Averageb Peakc Average Peak Average Peak 

Up-flow 2-15a 0.13±0.03 0.28±0.06 8.4±2.2 14.7±3.4 0.09±0.01 0.12±0.01 68.6±17.1 16.4±2.5 Tepidiphilus sp. 

Flow-through 2-3a 0.11±0.01 0.18±0.01 25.1±2.4 41.3±2.7 0.34±0.02 0.43±0.01 54.5±5.1 18.4±0.8 Ureibacillus sp. 

a The first feeding cycle was considered start-up stage and excluded from the analysis 678 

b Average calculated on the feeding cycles 2-15 (day 8-202) for the up-flow MFC and on feeding cycle 2-3 (day 15-45) for the flow-through MFC 679 

c Average of the power/current peaks obtained in each feeding cycle680 
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Fig. S1. Power density (a), anodic and cathodic potential (b) and acetate concentration profiles (c) 

obtained in the up-flow MFC in the 202 days of operation.  
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Table S1. Average and maximum power and current production, anodic and cathodic potential, acetate consumption rate and coulombic efficiency 

obtained in the up-flow MFC in the 15 fed-batch cycles and in the flow-through MFC in the 3 fed-batch cycles. 

MFC 

configuration 

Batch 

Cycle 

Time 

period 

(days) 

Power (W/m3) Power (mW/m2) Current (A/m2) Anodic 

potential 

 (V) 

Cathodic 

potential  

(V) 

Acetate 

consumption 

rate (mg/L/d) 

Coulombic 

efficiency 

(%) 
Average Peak Average Peak Average Peak 

Up-flow 1 0 - 8 0.15 0.81 9.4 43.3 0.09 0.21 0.05 0.14 40.7 28.6 

2 8 - 19 0.15 0.25 9.6 13.5 0.09 0.12 0.07 0.15 66.9 17.6 

3 19 - 32 0.20 0.32 12.5 17.1 0.11 0.13 0.04 0.14 81.6 16.5 

4 32 - 43 0.18 0.39 11.1 20.5 0.10 0.15 0.08 0.18 108.2 11.7 

5 43 - 53 0.16 0.28 10.3 15.1 0.10 0.13 0.08 0.17 66.4 18.3 

6 53 - 62 0.17 0.36 10.9 19.1 0.10 0.14 0.08 0.17 102.1 12.3 

7 62 - 74 0.09 0.25 5.9 13.2 0.07 0.12 0.02 0.10 55.0 16.8 

8 74 - 95 0.15 0.37 9.3 19.5 0.09 0.14 0.08 0.16 59.8 19.3 

9 95 - 109 0.11 0.22 6.7 11.6 0.08 0.11 0.07 0.14 58.8 16.7 

10 109 - 125 0.09 0.19 5.5 9.9 0.07 0.10 0.09 0.16 62.7 14.2 

11 125 - 144 0.10 0.26 6.5 13.6 0.08 0.12 0.08 0.15 64.1 15.2 

12 144 - 161 0.09 0.19 5.9 10.0 0.07 0.10 0.10 0.17 56.0 16.5 

13 161 - 174 0.13 0.23 8.2 12.2 0.09 0.11 0.07 0.15 58.6 18.5 

14 174 - 189 0.12 0.26 7.3 13.8 0.08 0.12 0.06 0.14 65.2 15.8 

15 189 - 202 0.14 0.30 8.5 15.9 0.09 0.13 0.08 0.16 53.0 21.0 

Flow-through 1 0 - 15 0.06 0.13 13.6 30.1 0.25 0.37 0.07 n.a. 37.7 19.6 

2 15 - 36 0.12 0.19 27.3 43.9 0.35 0.45 0.06 n.a. 59.6 17.6 

3 36 - 45 0.10 0.17 22.7 38.6 0.32 0.42 0.08 n.a. 49.5 19.2 

 

 


