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Abstract

Electro-fermentation has been recently proposed as a new operational mode of bioprocess
control using polarized electrodes. This paper aims to evaluate how polarized electrodes are
affecting microbial metabolic fermentative pathways, with a special focus on how the
bacterial populations are affected during hydrogen production by dark fermentation. Four
different potentials were applied on the working electrode in batch electro-fermentation
tests operated with mixed culture and using glucose as a substrate. Two different metabolic
behaviours for H, production were observed in electro-fermentation. The first one led to a
higher H> production compared to conventional fermentation with a strong selection of
Clostridium sp. The second behaviour led to lower H> production along with ethanol, and
strongly correlated with the selection of Escherichia and Enterobacter genera. However,
the effect of the applied potential on population selection was mostly non-linear and no
simple relationship was found between these two parameters. Overall, electro-fermentation
process has shown its potential as a new type of control for mixed-culture bioprocesses

with significant effects of polarized electrodes on glucose fermentation.

Keywords: Biohydrogen; Bio-Electrochemical System (BES); Microbial consortium; Dark

fermentation; Oxidation Reduction Potential (ORP).
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1. INTRODUCTION

Nature is governed by different microbial communities fulfilling key roles in nutrient
recycling and organic matter decomposition. These communities are considered as
fundamental in the perfect balance of terrestrial, aquatic and aerial ecosystems. Many of
these communities have been extensively studied, revealing how different microbial
populations can coexist through complex interactions and efficient cooperative
relationships. These microbial interactions make mixed cultures more attractive than pure
cultures for biotechnological purposes. In particular, mixed culture-based bioprocesses are
generally more robust, overcoming sudden environmental changes and carrying out more
complex activities. Additionally, from an economic point of view, maintaining costly sterile
conditions in a fermentation process is not fully necessary [1]. In this context, mixed
cultures have been widely used for H> production by dark fermentation. However, many
different microorganisms are able to grow in fermentation media and no selection pressure
can be directly applied for selecting bacteria carrying efficient Hz-producing pathways,
such as Clostridium sp. Inoculum pre-treatment is thus generally required to prevent
methanogenic activity during dark fermentation. Heat shock is the most applied pre-
treatment, aiming to eliminate the non-spore-forming microorganisms (e.g. methanogenic
archaea), and favor species from Clostridium genus, well known as the most efficient H>
producers [2], [3]. Another strategy when H is produced in continuous mode consists in
selecting species according to their growth rate by fixing a short hydraulic retention time

(HRT). Usually the HRT is set at values less than 24 h and, consequently, methanogenic
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archaea are washed out from the reactor since they need more time to grow. pH is another
major operational parameter for microbial selection and, according to the literature, low pH
along with short HRT is enough to obtain an efficiently H>-producing microbial
community, so-called biokinetic control [4], [5]. Recently, Silva-Illanes et al. (2017)
reported that an optimal microbial community for H» production can be obtained using pH
5.5 and 12h of HRT using glycerol as substrate. Additionally, these authors showed that pH
variations generate important changes in the microbial community, particularly in dominant
species, while different HRT values affected mainly the subdominant species [6]. To date,
lot of efforts have been made on optimizing the different operating parameters, including:
carbon sources, macro-micro nutrients, temperature, pH, HRT, organic loading rates, H>
partial pressure [7]-[9]. However, only few controllers (pH, OLR, HRT) are available to
maintain stable the dark fermentation process, i.e. metabolic patterns and H> performances

[10], [11].

Electro-fermentation (EF) has recently been proposed as a new type of bioprocess control
in presence of polarized electrodes. Depending on the applied potential, EF can occur at the
anode or at the cathode, acting either as electron sink (i.e. passing the electrons excess from
fermentation medium towards circuit electric) or additional energy source (i.e. passing
electrons towards fermentation medium from the circuit), respectively [11], [12]. EF is a
kind of bioelectrochemical system (BES), where a high current density is not necessary to
have a strong effect on cellular metabolism, and only a small amount of electrons has a

significant impact on the metabolic patterns [10]-[13]. Indeed, EF relies on the
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modification of cellular metabolism with a low amount of electrons. Thus, the main source
of electrons to generate the expected product comes from the organic substrate, as found in
conventional fermentation process [12]. That differentiates EF from microbial
electrosynthesis (MET) where the main source of electrons is the electrode. As an
illustration, EF could be considered as a control tool of Hx-producing dark fermentation

process, while H» is chemically produced at the cathode in microbial electrolysis cells [14].

The action mechanisms in EF are still not completely known. Moscoviz et al. (2016)
proposed three hypothetical mechanisms: the first one considers a direct conversion of the
substrate to the product where the electrodes act as an unlimited source or sink of electrons,
depending on the working potential. The second one considers a modification in the
oxidation-reduction potential through (i) a partial dissipation of the electrons in excess (i.e.
towards polarized electrode) produced by fermentation or (ii) a small addition of extra
electrons (i.e. from polarized electrode) to the fermentation medium. In both cases, a
change in NADH/NAD* ratio is promoted, that contributes to metabolic regulation of many
important cellular functions including genetic expression and enzymatic synthesis [11],
[15], [16]. The third mechanism considers the syntrophic interaction between fermentative
(e.g. Clostridia species) and electroactive bacteria (e.g. Geobacter species) according to
interspecies electron transfer mechanisms [17]. To date, mixed cultures EF has only been
tested on glycerol with the aim of increasing 1,3-propanediol production [18]-[21].
Moscoviz et al. (2017) showed that changes in the metabolic pathways highly correlated

with a microbial community selection due to the presence of polarized electrodes. Our
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research aims to use polarized electrodes in glucose fermentation to evaluate their influence
in the fermentation medium on metabolic pathways and H> production, with a special focus

on how the bacterial populations are affected.

2. MATERIALS AND METHODS

2.1 Inoculum and fermentation medium

The inoculum corresponded to an anaerobic sludge sampled from a lab-scale anaerobic
digester treating sewage sludge (37.7 gvs.L'). The sludge was heat-treated at 90°C for 30

minutes using water bath before inoculation at a ratio of Ssubstrate/Xbiomass (Zglucosergvs) = 10.

The fermentation medium was composed of 4.9 + 0.2 g.L.! glucose and other nutrients as
follows: 2.0 gL'! NH4Cl, 0.5 gL' K;HPO4, 8.6 mgL'! FeCl,-4H,O, 1.0 mL.L"!
oligoelements solution (46.0 mlL.L"!' HCI 37%, 60.0 gL' CaCl»-2H.0, 55.0 g.L’!
MgCl-6H20, 7.0 gL' FeSO4(NH4)2SO46H20, 1.3 gL' CoSOs7H20, 1.2 gL!
MnCl>-4H,O, 1.0 gL' ZnCl»-2H.O, 1.0 gL! Mo7024(NHs)e-4H.O, 0.4 gLt
CuSO04-5H20, 0.1 g.L'! BO3H3, 0.05 g.L! NiCl-6H,0 and 0.01 g.L'! Na;SeOs-5H,0) and

9.8 g.L'! MES buffer (50 mM). This medium was adapted from Rafrafi et.al., 2013 [22].

2.2 Electro-fermentation systems and start-up

Batch EF experiences were performed using a double-chamber reactor with 0.5 L of
working volume and 0.5 L of headspace in each cell. A cation exchange membrane (FKE-

50, FuMA-Tech GmbH, Germany) was placed between the chambers and 90% platinum —

5
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10% iridium grids with a size of 3.5 cm x 3.5 cm (Heraeus Deutschland GmbH & Co. KG,
Hanau — Germany) were used as working and counter electrodes. This type of electrodes
made of biologically inert material were used to limit microbial electrosynthesis. A
saturated calomel reference electrode (SCE) connected to a VSP Potentiostat/Galvanostat
interfaced to a VMP3B-80 Current Booster unit (BioLogic Science Instruments, France)
was used to maintain a constant the applied potential at the working electrode. Values of
applied potentials at working electrode were —0.9, —0.4, +0.4 and +0.9 V vs SCE. The Fig.

1 shown the schematic diagram of experimental start-up for the EF tests.

All batch experiments were carried out for 20 hours, at 37 °C using a bath water and 250
rpm. Initial pH was adjusted at 6.0 with 2 M NaOH. Fermentation medium and inoculum
were added in the working electrode chamber, while in the counter electrode chamber only
fermentation medium free of glucose was added. To remove oxygen traces, the reactor
medium and headspace were bubbled with N> gas (purity > 99.9%) for 30 minutes before

experiments, using a commercial air stone.

Since the presence of unpolarised electrodes did not show any impact on the fermentation
process (data not shown), control experiments, as conventional fermentation tests, were
performed in a single-chamber reactor in absence of polarized electrodes and under similar
operating conditions, i.e. 0.5L of working volume and 0.5 L of headspace, 37 °C, pH 6.0,

250 rpm and the fermentation medium with glucose.

The experiments were carried out in duplicates (—0.9V and —0.4V), triplicates (+0.4V and

+0.9V) and quintuplicates (controls).
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2.3 Analytical methods

Concentrations of glucose, alcohols and organic acids were measured by HPLC with a
refractive index detector (Waters R410). Samples were first centrifuged at 12,000g for 15
min and then supernatants were filtered with 0.2 um syringe filters. HPLC analysis were
performed on an Aminex HPX-87H, 300 x 7.8 mm (Bio-Rad) column at a temperature of
35°C and a flow rate of 0.4 mL.min"!. H,SO4 (4 mM) was used as mobile phase. Biogas
production was measured during all the operation time using a liquid displaced system.
Biogas composition (CO», Ha, Oz, N> and CH4) was quantified by gas chromatography (GC

Clarus 580, Perkin Elmer) equipped with a thermal conductivity detector (TCD) [23].

2.4 Microbial community analysis

DNA was extracted with the QIAamp fast DNA stool mini kit in accordance with
manufacturer’s instructions (Qiagen, Hilden, Germany). Extractions were confirmed using
Infinite 200 PRO NanoQuant (Tecan Group Ltd., Minnedorf, Switzerland). The V3-4
region of the /65 rRNA gene was amplified according to Carmona-Martinez et al. 2015
[24]. The community composition was evaluated using the MiSeq v3 chemistry (Illumina)
with 2x300 bp paired-end reads at the GenoToul platform (http://www.genotoul.fr).
Sequences were retrieved after demultiplexing, cleaning, clustering (97 %) and affiliating
sequences using Mothur [25]. Sequences have been submitted to GenBank with accession

No. KX632761-KX632946.
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2.5 Data analysis

Pearson correlation matrix. Two Pearson correlation matrix were built from: (i) the
metabolite profiles including H; yields, after 20 hours of fermentation and the microbial
community compositions at the family level, using all reactors (control and EF) and (ii)
abiotic parameters (applied potential and nEF) and microbial community composition,
using only the EF reactors. Correlation and significance calculations were assessed with

PASW Statistics 18 (www.spss.com.hk).

Principal component analysis (PCA). A PCA was performed using microbial community
composition at the family level. COD mass balance and H» yields were used to find
correlations with the principal components of the PCA. All replicated data issued from the
EF reactors were used. Meanwhile only two replicates of the control reactors (n=5) were
used since the microbial community structure in all controls did not show significant
differences among them. The PCA was made using PASW Statistics 18

(www.spss.com.hk).

3. RESULTS AND DISCUSSION

3.1 Increase in H:; production and changes in metabolite distribution during glucose

electro-fermentation

To evaluate the effect of polarized electrodes, four different values of applied potential at

working electrode were set up during glucose EF. After 20 hours of batch operation, the
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glucose was totally consumed in all conditions (5.2+0.2 gcop.l""). Total COD mass balance,
measured as soluble products and H> gas, was between 73.2 and 80.6%. Approximately 10-
15% of missing COD was likely corresponding to biomass growth. Whatever the condition,

no methane was detected in headspace.

First, a low H» yield of 0.74£0.09 molu2.mol'gucose Was observed in the control
(conventional fermentation). H> production was significantly enhanced by a factor between
1.8 and 2.5 in presence of the polarized electrodes. The highest Ha-yield was 1.81+0.32
molu2.mol ! gucose and was reached at the applied potentials of —0.4V and +0.9V. Lower Ha
yields were observed at —0.9V and +0.4V, i.e. 1.49+0.06 and 1.34+0.12 molw2.mol ™ giucose,
respectively. The H» yields were statistically different only between the control and the EF
experiments (ANOVA: F=20.68, P<0.0001), but not between EF tests. This result suggests
that placing a polarized electrode, whatever the applied potential, in the fermentation
medium is enough to observe a clear effect on H> production. The maximum H> yield
obtained in this study is comparable to reported for glucose dark fermentation in batch
operation using mixed cultures as inoculum (2.5 molu2.mol'gucose) [26]. However,
depending on inoculum source and the pre-treatment employed, the H> yields could be

between 0.1 and 3.0 molu2.mol ! giucose [9], [27]-[30].

Fig. 2 shows the metabolites distribution according to the COD mass balance. In the
control, lactate was the main metabolite reaching to 66.9+4.9%cop. Ethanol and acetate

were also observed representing 14.0+2.5%cop and 9.5+1.0%cop, respectively. In less
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quantity butyrate and propionate were produced, representing 1.6+£3.1%cop and

0.4+0.9%cop, respectively.

In EFs tests, lactate production significantly decreased representing only between 1.1 —
32.1%cop. Regardless of the applied potential, ethanol and acetate productions increased
representing between 24.7 — 38.6%cop and 14.0 — 18.5%cop, respectively. Particularly, in —
0.4V and +0.9V experiments, butyrate production increased by 14.6 and 16.8 fold, when
compared to the control. While it represented about 24.6 and 29.3%cop at —0.4V and
+0.9V, respectively. As minority compounds, succinate production (not detected in the
control) also increased to a lesser extent, representing 1.0 — 6.9%cop. Propionate was

produced at only very low concentrations (<1.6%cop).

In general, a high lactate yield is consistent with low H> performances like in our control
tests. Because lactate is directly produced from pyruvate (not by the acetyl-coA pathway)
by consuming NADH, allowing the cell to quickly get rid of the excess in electrons through
NAD* regeneration without H> production [30]. Increasing H> yields were observed in EF
tests and correlated with ethanol and acetate accumulation. Acetate is a key molecule for H
production due to the high energy gain of this pathway through ATP production [9], [31].
Although ethanol is a more reduced molecule than glucose and its production allows to
release the excess of electrons by direct NAD* regeneration, ethanol is also associated with
H: production [12]. Finally, this study show the maximum H> was linked with the butyrate
production. This metabolite has been often associated with additional ATP production and

butyrate production was suggested as the most thermodynamically favourable reaction

10
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during dark fermentative H> production [32]. As a consequence, butyrate production is

often related to high H> producing reactors [9].

3.2 Microbial community analysis

DNA samples were taken from inoculum and after 20 hours of batch operation to analyse
the effect of the polarized electrodes on the microbial communities. A total of 589
operational taxonomic units (OTUs) were found after MiSeq sequencing in all samples.
The dominant family found in the inoculum was Clostridiaceae representing 17.6+1.6% of
the microbial community (Fig. 3). Families with an abundance relative lower than 5.0%
represented 46.9+3.1% of the microbial community in the inoculum, evidencing a high

diversity (Simpson index of 0.955+0.003) at start of the experiments.

After batch operation, the Simpson diversity index decreased about 26.1 — 39.4% and only
three families (Streptococcaceae, Enterobacteriaceae and Clostridiaceae) dominated the
microbial community, representing about 93.8 — 97.8% of the total abundance (Fig. 3).
Only 8 OTUs showed a relative abundance higher than 1.0% in at least one sample (Table
1). In the control, Streptococcaceae (57.9£5.1%) and Enterobacteriaceae (34.0£5.2%)
families were the most representative families, and OTU2 and OTU1 were dominant with
57.7£5.2 and 28.9+4.9% of the total bacterial community, respectively. These two OTUs
were related to Escherichia fergusonii (99% 16S rRNA sequence similarity with OTU1)

and Streptococcus equinus (99% 16S rRNA sequence similarity with OTU2).

The Clostridiaceae family was mainly represented by OTU3 and was enriched at —0.4V

(35.7#4.2%) and +0.9V (38.1x11.2%). OTU3 had 99% of 16S rRNA sequence similarity
11
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with Clostridium butyricum. The Enterobacteriaceae family was the most abundant in all
EF reactors, reaching 77.8+2.9, 57.7+12.0, 56.9£17.5 and 42.2+12.8% of total microbial
community at —0.9V, -0.4V, +0.4V and +0.9V, respectively. Two main OTUs represented
this family, i.e. OTU1 and OTU4. OTU1 was already described at the beginning of this

section and OTU4 had 99% of 16S rRNA sequence similarity with Enterobacter cloacae.

In all the samples, Hz-producing bacteria were selected, and their relative abundances
increased, and more specially members of the Enterobacteriaceae and Clostridiaceae
families. Despite the inoculum was heat-treated before reactor inoculation, none-spore
forming bacteria of the Enterobacteriaceae tamily such as OTU1 and OTU4 were selected
and dominated at the end of operation. Probably these species can survive due to limitations
in heat transfer depending on the system used for pre-treatment. Consistently, it has been
reported in literature that even methanogens can survive after some operation days after
heat shock pre-treatment, and the type of inoculum source plays a key role in its

effectiveness [26], [33].

3.3 The three mains metabolic pathways for H> production in EF resulted from

microbial community selection

To represent the relationships between microbial communities and reactor performances, a
principal component analysis (PCA) was performed. Fig. 4 shows the PCA based on
bacterial population in EF and control reactors evidencing the categorical differences
between using or not polarized electrodes. Three main H> production pathways correlated

well with the selection of specific microbial communities. In the first pathway (Fig. 4 on

12
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the right side) observed in control reactors, Streptococcaceae family abundance was
correlated with high lactate production (R?> = 0.92, P<0.01) and with a low H» production
(R? = —0.73, P<0.01). Details of the correlation matrix are presented as supplementary
materials (Fig S.1). Streptococcus equinus belongs to a known lactic acid bacteria group
[34], that was previously found in low H»-producing reactors [30], [35]-[37]. Overall, lactic
acid bacteria act as a suppressor of H> production through substrate competition (i.e.
pyruvate) and produce lactate at the expense of H», resulting in lower yields or the release

of bactericides inhibiting the growth of H> producing bacteria [2], [34].

In the second pathway (Fig. 4 on the left upper side), as observed at —0.4V and +0.9V,
Clostridiaceae abundance correlated well with high H; yields (R = 0.79, P<0.01) and high
butyrate production (R? = 0.94, P<0.01). Additionally, a negative correlation was evidenced
with lactate production (R? = —0.63, P<0.05). By selecting Clostridium species, up to 45%
of the theoretical H> — yield (4 mola2.molgucose!) Was reached (See section 3.1) [9], [32],
along with an important increase in the butyrate production. In this case, OTU3 (related to
Clostridium butyricum) was greatly favoured when compared to the control. This species
was the most abundant in only one condition (+0.9V) but, at the family level, the
Enterobacteriaceae dominated in all other EF experiences. Clostridium butyricum is a well-
known efficient H> producer producing butyrate as main metabolite [9], [38], [39] which is
consistent with the present findings. More generally, species belonging to the Clostridia
genus are considered as efficient H> producers [30] and they have been found in most of the

mixed culture-based Hz producing fermentative systems. [9].
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A third pathway (Fig. 4 on the left bottom) was observed at 0.9V and +0.4V and was
related to the Enterobacteriaceae abundance which positively correlated with succinate (R?
= (.86, P<0.01), ethanol (R? = 0.93, P<0.01) and acetate (R*> = 0.71, P<0.05). The
Enterobacteriaceae selection in EF tests led to a lower Hz production than when the second
pathway was promoted, but H> yields were still higher than in the control. In these reactors
the OTU3 related to Clostridium butyricum was not favoured and the Enterobacteriaceae
family was largely dominating. OTUs 1 and 4, related to Escherichia fergusonii and
Enterobacter cloacae, respectively, were the main species and both belong to genera that
have been widely used in pure cultures for H> production [40]-[46]. However, species from
the Enterobacteriaceae family were already found during periods of poor Hz production
[47]. Consistently, our results show that this family is positively correlated with succinate

and ethanol accumulation [30], [48].

3.4 Electro-fermentation patterns: low current is enough to trigger high changes in

fermentation patterns

During EF, the total electric charges transferred from (i.e. negative sign) / to (i.e. positive
sign) the electrodes were —615.4 £378.6 C, -0.17 £0.11 C, +2.85 +£1.75 C and +1.89 +0.83
C at an applied potential of —-0.9V, 0.4V, +0.4V and +0.9V, respectively. Experimental
curves of the charge over time are detailed in supplementary material (Fig. S.2). Although
the measured current was significant, the quantity of electrons at —0.9V represented only
1.9% of the total electrons, i.e. the electrons issued from glucose or from and the electric

current. Current was close to zero in all other EF conditions (Table S.2). To differentiate EF
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from other bioelectrochemical systems, an efficiency coefficient of EF (ngr), analogous to
the coulombic efficiency in conventional BES but focusing on the targeted product, could
be estimated, as previously proposed by Moscoviz et al. (2016). The ngr values range
between 0 and 1 in EF systems and values higher than 1 indicate the possible occurrence of
direct bio-electrosynthesis. When considering H» as targeted product, the ner value at —
0.9V was 0.16, meaning that the electric current could not directly contribute to more than
16.0% of the total accumulated H>. Thus, hydrogen production mainly resulted from
glucose catabolism. In other EF conditions, the negr was <0.001, meaning that the electric
current did not significantly contribute to the whole metabolic reaction (<0.1% of H:
production). Consequently, only a small amount of energy was sufficient to generate a great
impact, as evidenced by the low values of ngr [12]. This is consistent with EF articles
already published, where current was not the main source of energy for microbial
metabolism [12], [49]. Overall, such low amount of energy could explain the relative
independence of the H» yields to the applied potential since electrons are not directly
converted to H» and polarized electrodes rather contribute to change the local environment

around the electrode leading to microbial selection and subsequently different H» yields.

3.5 Hypothetical action mechanisms during glucose electro-fermentation

To better understand the mechanisms that drive the EF process, Arunasri et al. (2016)
reported that the microbial community could be affected by exposure to different applied
potentials during the Hz production in a single microbial electrolysis cell (MEC). These

authors showed that members of the Firmicutes phylum were favored by increasing the

15
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applied potentials [50]. In contrast, in the present study, no significant linear relationship
between the applied potential and population selection was observed. The only OTU which
had an abundance that linearly and negatively correlated with the applied potential was
OTU 1 (Escherichia fergusonii) which was selected at low applied potential (R> = —0.71,
P<0.05, Table S.1). However, substantial changes in the microbial community were
triggered by small amounts of current that could not sustain an electrochemical H>

production that would explain the difference between controls and EF conditions.

One hypothetical action in EF is related to the changes that could occur on the net charge of
the cell surface. Choi et al. (2014) reported that the zeta potential of C. pasteurianum DSM
525 cells grown with electricity was near to zero, whereas cells were electronegative in
open circuit [49]. The selection of OTU1 could have resulted from a change in the net
charge of the cell surface in response to the potential applied on the working electrode. This
would have likely caused physiological changes on growth rate and cell division and would
consequently disadvantage it in substrate competition while giving the opportunity to other
species to emerge [49], [51]. In addition, changes in cell surface net charge towards values
close to zero in microorganisms such as Clostridium could have made them more resistant
to bactericide produced by OTU 2 (related to Streptococcus equinus). As an illustration,
nisin is a known toxin released by lactic acid bacteria causing a depolarization of energized
bacterial membranes, especially affecting Clostridia species. This toxin stimulates the
formation of voltage-dependent multi-state pores when membrane potential is negative (—

80 to —100 mV). Through these pores, vital gradients equilibrate with the extracellular
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medium and metabolites and salts can be lost causing cell deaths [52]-[55]. By modifying
the cell surface net charge, the EF process could help sensitive bacterial species to counter

this effect.

A second hypothetical mechanism is related to small changes in the extracellular redox
potential caused by the polarized electrodes. That would affect the regulation of key
membrane-bound enzymes involved in Hz production (hydrogenases), due to their high
sensitivity to redox potential variations [48], [50], [56]. However, such mechanisms are still
difficult to clearly identify in mixed cultures. In all cases, interactions among species within
microbial community are crucial to structure this community and the subsequent

metabolism.

4. CONCLUSION

This article evidences a clear effect of polarized electrodes on both metabolic pathways and
microbial community structure in dark fermentation. A strong correlation was observed
between the microbial community selected and the metabolites produced including H». In
all EF conditions, an increase in the H»-yields was shown, independently on the applied
potential. The effects on microbial community were mostly non-linear except for specific
OTUs related to Escherichia fergusonii and Streptococcus equinus. Such interaction
mechanisms between polarized electrodes and microbial community remain however still

unclear but open new field of investigation in mixed cultures fermentation.
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Figure legends

Fig. 1: Schematic diagram of experimental start-up for electro-fermentation tests

Fig. 2: Metabolite distribution based on COD mass balance in final samples of glucose
electro-fermentation. Values were calculated based on total glucose consumed. Values
represent the average from quintuplicates (Control), triplicates (+0.4V and +0.9V) or

duplicates (—0.9V and —0.4V). Error bars represent the standard deviation of the data.

Fig. 3: Family distribution of the microbial communities found in final samples of glucose
electro-fermentations and fermentation controls. Values represent the average of triplicates
(+0.4V and +0.9V) or duplicates (Control, —0.9V and —0.4V). Error bars represent the

standard deviation of the data.

Fig. 4: Principal component analysis (PCA) based on microbial population distribution.
Black plain lines and dotted lines represent correlations between PCA axes and taxonomic
families and metabolic yields, respectively. Stars, squares, triangles, circles and diamonds

represent control (n=2), 0.9V, +0.4V, —-0.4V and +0.9V reactors, respectively.
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Table 1: Relative abundance (%) of microbial community after 20 hours of batch operation

based on MiSeq sequencing of 16S rRNA gene

Putative identification Control -0.9v -04V 0.4V 0.9V
oTu (16S rRNA sequence similarity) n=1 n=2 n=l n=2 n=1 n=2 n=1 n=2 n=3 n=l n=2 n=3
Enterobacteriaceae
1 Escherichia fergusonii (99) 254 323 70.8 324 647 457 406 186 292 385 9.6 150
4 Enterobacter cloacae (99) 49 53 9.1 434 15 35 266 481 75 184 275 179
Total® 30.8 38.6 80.7 76.5 66.5 499 68.0 67.3 369 572 385 33.6
Streptococcaceae
2 Streptococcus equinus (99) 614 540 3.0 94 00 14 246 273 485 107 9.6 31.1
Clostridiaceae
3 Clostridium butyricum (99) 6.7 23 108 64 298 378 1.8 03 106 299 493 333
7 Clostridium intestinale (97) 00 00 16 01 22 17 01 00 00 01 15 0.1
Enterococcaceae
8 Enterococcus casseliflavus (100) 00 20 00 00 00 08 06 00 01 00 00 00
Total” 68.5 60.3 16.9 16.6 32.8 435 30.1 27.8 59.6 41.0 60.7 65.2
Corynebacteriaceae
5 Corynebacterium vitaeruminis (99) 0.1 07 18 15 04 08 12 41 31 10 01 0.7
Total" 0.2 08 20 17 05 09 14 42 32 12 02 038
Prevotellaceae
6 Prevotella paludivivens (99) 00 00 00 50 00 51 02 04 01 02 05 02
Total" 03 02 02 51 01 57 04 06 03 05 05 03
Others 02 02 03 01 01 01 01 00 00 01 0.1 0.0

% including OTUs with <1.0% relative abundance.
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