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ABSTRACT
Investigating effects of electron donor availability on cathodic
microbial community structure and functional dynamics in
electromethanogenesis
Ala’a Ragab

Microbial electrochemical technologies (MET) exploit the bioelectrocatalytic activity of
microorganisms, with a main focus on waste-to-resource recovery.
Electromethanogenesis, a type of MET, describes the process of CO2 reduction
specifically to methane, catalyzed by methanogens that utilize the cathode directly as
an electron donor or through H2 evolving from the cathode surface. Applications are
mainly in the direction of bioelectrochemical power-to-gas, as well as biogas upgrading
and carbon capture and utilization. As the cathode and its associated microbial
consortia are key to the process, larger scale applications require improvements
especially in terms of optimal operational parameters, cathode materials and the
dynamics of the effect of electron transfer within the cathodic biofilm. The focus of this
dissertation is to improve the understanding of the dynamics and function of methaneproducing biofilms grown on cathodes in electromethanogenic reactors in the presence
of two different electron donors: the cathode and the H2 evolving from the cathode
surface. The spatial homogeneity of the microbial communities across the area of the
cathode was demonstrated, which is relevant for large scale applications where
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reproducibility is required for predictable engineered systems. Metagenomic and
metatranscriptomic methods were applied to elucidate the short-term changes in the
actively transcribed methanogenesis and central carbon assimilation pathways in
response to varying the availability of electrons by changing the set cathode potential in
a novel Methanobacterium species enriched from electromethanogenic
biocathodes. Although changes in functional performance were evident with varying
potential, no significant differential expression was observed and genes from the
methanogenesis and carbon assimilation pathways were highly expressed throughout.
Indium tin oxide (ITO) as a potentially hydrogen evolution reaction (HER) – inert
cathode material was evaluated using the mixotrophic Methanosarcina barkeri in an
attempt to develop a simplified material-science driven approach to future electron
transfer studies. It was found to be electrochemically unstable under the tested
conditions, losing its conductivity over time. Overall, the findings from these studies
provide new knowledge on the effects of electron donor availability on the functional
performance and the biocathode community dynamics. The understandings derived
from the study are relevant to methanogenic processes and should aid in system scaleup design.
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Introduction and Dissertation Organization
Microbial Electrochemical Technologies
Bioelectrochemical systems (BES), or microbial electrochemical technologies (MET) as
they are more commonly referred to in recent years, exploit the bioelectrocatalytic
activity of microorganisms for electric current generation. This is not a new technology,
with microbial electrogenic activity in a battery-type setup first reported in 1911 (Potter,
1915). Over the years, there have been resurgences of interest in the technology, in the
1960s (Bean et al., 1964; Canfield et al., 1963; Ellis and Sweeny, 1963) and then again
in the 1980’s (Delaney et al., 1984). However, developments were slow until the start of
the 2000’s due to limitations in MFC performance, practicality, sustainability and a
missing application focus (Schröder, 2011). Between 1962 – 1999, the overall number
of publications related to the topic of MET was just 245; since 2000, 13,931 studies
have been published (Figure 1-1). With the shift in the global political climate towards
concerns about climate change and resource scarcity, an application focus has
materialized for MET along with renewed interest to overcome the limitations in this
technology for commercialization and novel applications (Schröder, 2011). The main
application explored for MET since 2000 has been resource recovery from wastewater
treatment (organic oxidation and removal) with simultaneous energy recovery in the
form of electricity (microbial fuel cell; MFC) (Logan, 2008) or biogas (H2 or CH4producing microbial electrolysis cell; MEC) (Katuri et al., 2014, 2019). This has since
been expanded to include CO2 waste streams, in the form of microbial electrosynthesis
(MES) (Alqahtani et al., 2018; Bajracharya et al., 2017; Bian et al., 2018; Rabaey and
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Rozendal, 2010). Other applications that have been explored include: remediation
(microbial remediation cell), desalination (microbial desalination cell), biosensors and
sediment-MFCs (Cao et al., 2009; Schröder, 2011), indicating the functional versatility
of these systems.

Figure 1-1 | A chart showing the historical trends in bioelectrochemical systems publications using the
following keywords: “microbial fuel cell*” (MFC), “bioelectrochemical system*” (BES), “microbial electrolysis
cell*” (MEC), “microbial electrosynthesis*” (MES). Data retrieved from Scopus, July 14, 2019.

Electromethanogenesis
Electromethanogenesis is the process of CO2 reduction specifically to methane,
catalyzed by methanogens using a cathode as the direct electron donor (Eq. 1), or
indirectly via H2 through a hydrogen evolution reaction (HER) (Eq. 2 & 3) and other
mediators such as formate (Cheng et al., 2009; Villano et al., 2010). It is a promising
application of METs for resource recovery from waste streams, and can be utilized in
wastewater treatment (MEC-assisted anaerobic digestion) (Katuri et al., 2014; Xu et al.,
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2014), biogas upgrading (Bo et al., 2014; Katuri et al., 2014; Lu and Ren, 2016; Morita
et al., 2011; Xu et al., 2014), carbon dioxide fixation in MES (ElMekawy et al., 2017;
Enzmann and Holtmann, 2019; Lovley and Nevin, 2011; Marshall et al., 2013b) and
renewable energy storage (Geppert et al., 2016; Rabaey and Rozendal, 2010).
Direct electron transfer-related cathode reaction
CO2 + 8e- + 8H+ à CH4 + 2H2O

– 0.443 V vs. Ag/AgCl, pH 7 (1)

Indirect electron transfer-related cathode reactions
8H+ + 8e- à 4H2
CO2 + 4H2 à CH4 + 2H2O

– 0.613 V vs. Ag/AgCl, pH 7 (2)
ΔG= -131 kJ/mol

(3)

Since the cathode is key to controlling reaction kinetics and, ultimately, methane
production rates and yields, it is important to focus on the cathode to further develop
this technology for commercial scale-up. Cathodic reactions vary in their theoretical
onset potentials due to thermodynamic differences (van Eerten-Jansen et al., 2014).
Therefore, set potential is a crucial parameter to optimize for improved production rates
to scale-up electromethanogenic systems. While studies have demonstrated the effect
of the cathode potential on reactor performance in general (Villano et al., 2010), there is
a knowledge gap regarding the functional dynamics in response to different cathode
potentials specifically for methanogenic biofilms in electromethanogenesis. A deeper
understanding of this aspect is desirable in designing improved cathode materials and
efficient inocula for more controlled and engineered systems.
Two modes of electron transfer are possible at the cathode: a) direct electron transfer
and b) indirect electron transfer (Figure 1-2). Direct electron transfer encompasses the
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direct transfer of free electrons from cell to solid surface (i.e. the electrodes in METs)
and vice versa, as well as the transfer of electrons between species through direct
connections or electrically conductive materials. The latter is referred to as direct
interspecies electron transfer (DIET). Indirect transfer relates to the movement of
electrons between the cell-solid and cell-cell interfaces via mediators that can include
molecular hydrogen and formate. To rationally design efficient and effective electrode
materials, it is crucial to have a fundamental understanding of these transfer
mechanisms, especially with regard to their contribution to the specific system
dynamics, as they are the driving force for all the relevant product-forming reactions.

Figure 1-2 | Schematic diagram of electron transfer at the cathode via (A) Direct electron transfer (DET),
(B) Direct interspecies electron transfer (DIET), and (C) Indirect electron transfer (IET). The different
electron transfer pathways shown are (1) DET from the cathode to the microbial catalyst via cytochromes,
or conductive nanowires, (2) DIET via cytochromes or conductive nanowires, (3) DIET between different
microbial catalyst species via a conductive material, (4) IET via an exogenous electron shuttle (H2-mediated
in this case) and (5) IET via shuttles (S) excreted from the microbial catalyst (e.g., phenazine and flavins).
(Figure from Katuri et al., 2018)

Electromethanogenesis via direct electron transfer requires the lowest minimum
electrical energy input (11.0 kWh m−3 CH4, STP, pH 7) compared to indirect transfer
mechanisms such as (bio)electrochemical hydrogen production (12.5 kWh m−3 CH4)
(van Eerten-Jansen et al., 2014). Indirect electron transfer rates are highly dependent
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on mediator concentration gradients and are regulated by the energy available from
catabolic reactions by the microorganisms (Storck et al., 2016). The low solubility of H2
and CO2 (1.6 mg H2 L-1 at 1 atm H2 and around 1.5 g CO2 L-1 at 1 atm CO2 at 298K)
(Werner et al., 2016; Zhang et al., 2013a) directly affects their availability to microbial
catalysts. Since direct electron transfer is independent of metabolite formation, it is
favorable to promote in MES systems to eliminate undesired side products, thus
facilitating the stoichiometric conversion of CO2 to value-added products (Flynn et al.,
2010). DIET is independent of mediator concentration gradients; there may be a
substantial effect on reaction rates if DIET is a significant contributor to electron transfer
since it is thermodynamically more favorable compared to mediated transfer for longrange transport in biofilms (Storck et al., 2016). DIET has been demonstrated in cocultured studies between different microorganism pairs and in microbial electrochemical
systems, whether directly or via conductive materials (Chen et al., 2014; Rotaru et al.,
2014a, 2014b).
Although, it is more energetically favorable to produce methane via direct electron
transfer, many studies have shown the dominance of H2-mediated electron transfer
(Blanchet et al., 2015; Blasco-Gómez et al., 2017; Choi and Sang, 2016b; Rosenbaum
et al., 2011; van Eerten-Jansen et al., 2014; Villano et al., 2010).
Using material science is one approach to improve our understanding of electron
transfer processes at the cathode. Most studies involving electromethanogenesis use
carbon-based cathode materials due to their biocompatibility and low cost (Table 1-1).
However, despite their higher internal resistance and overpotential in comparison to
metal-based cathodes, carbon cathodes are capable of HER within the working cathode
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potentials used in studies (-0.4 V to -0.8 V vs. SHE). This makes it difficult to distinguish
between direct electron transfer mechanisms and those mediated by cathode-driven H2.
Exploring HER-inert materials is one strategy to embrace material science to explore
the fundamentals of electron transfer mechanisms. Materials like indium tin oxide (ITO),
which has a window of inert reduction potential that fits well with potentials typically
applied in electromethanogenesis, can be used to ensure that no H2 evolution takes
place at the cathode in the working cathode potential range used in MES research. This
would limit its availability to the biofilm, allowing for fundamental studies which quantify
the contributions of cathodes as direct electron donors in the absence of H2. ITO has
been previously applied to investigate anodic extracellular electron transfer (Jain et al.,
2013). ITO cathodes have been also shown to support cathodic microbial interactions
(Ahn and Schröder, 2015; Deng et al., 2015).
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Table 1-1 | Summary of selected electromethanogenesis studies with CO2 as the sole carbon source at the cathode.
o

C

Feed

Anode

Ecat

Cathode

Cathode
area (m2)

Cathode
volume (ml)

Inoculum

j
(A/m2)

CH4
(mmol/m2/d)

CCE
(%)

Microbial
analysis

community

Ref.

0.04

0.2

44

16S rRNA gene-clone

(Bretschger et al.,
2015)

(V vs
SHE)

n.r.

C

n.r.

–0.5

CC

85.5 a

110

Enrichment
cathode

n.r.

B

WO

–0.5

CC

85.5 a

110

EBC

0.05

0.04

19

16 rRNA amplicon

(Babanova et al.,
2016)

55

FB

WO

–0.5

CC

80 c

200

EBC

3.1

365

93

16S rRNA gene-clone*

(Fu et al., 2015)

n.r.

B

n.r.

–0.95

CF

98 a

245

ADS

0.17 d

22.6 d

95.8

none

(Jiang et al., 2013)

30

B

WO

–0.5

CF

3c

n.r.

Digestate sludge

n.r.

n.r.

22

none

(Schlager et al., 2017)

22

FB

BO

–0.8

Porous CF

86

250

Enrichment from EHM

12 –
15

603

n.r.

16S rRNA amplicon

(Dykstra and
Pavlostathis, 2017b)

22

FB

BO

–0.8

Porous CF

86

250

EBC

n.r.

877

n.r.

16S rRNA amplicon

(Dykstra and
Pavlostathis, 2017b)

n.r.

B
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–0.9

CP

8
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anaerobic bioreactor

0.69 d

400

80

none

(Villano et al., 2010)
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WO

–0.7
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60 a
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Rice paddy sediment e

0.3

n.r.

85.3

30

B

n.r.

–0.6

GB

10.6

100

ADS

n.r.

4.9

>100

16S
rRNA
sequencing
none

30

B

n.r.

–0.6

10.6

100

ADS

n.r.

31.9

>100

none

(Siegert et al., 2016)

30

C

WO

–0.55

Pt-coated
GB
GF

25 b

560

ADS

0.25

4.6

23

none

(Van Eerten-Jansen et
al., 2012)

30

C

HO

–0.7

GF

25 b

560

ADS

0.78

38.2

n.r.

none

(Van Eerten-Jansen et
al., 2012)

31

C

WO

–0.7

GF

250 b
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ADS

5.9

437

73

none

(van Eerten-Jansen et
al., 2014)

30

FB

HO +
WO

<–0.6

GF

290 b

620

Enrichment from ADS

1.60
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99

16S rRNA amplicon

(Van Eerten-Jansen et
al., 2013)
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GFB

947 a
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Enrichment from MEC anode
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16S rRNA gene amplicon,
FISH, DGGE
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Enrichment from SC MEC

1.6
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(Luo et al., 2014)
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B
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–0.84
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6.25 b
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Enrichment from SC MEC

1.42
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(Luo et al., 2014)

25

B
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–0.59
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n.r.

75

EBC
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RT-PCR,
amplicon

f

from

MEC

16S

amplicon

(Xu et al., 2017)
(Siegert et al., 2014b)

rRNA

(Cheng et al., 2009)

(Marshall et al., 2012)

25
35

B

WO

–0.8

GG

5700
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AD effluent

0.07

5.1

75

qPCR,
16S
pyrosequencing

rRNA

(Batlle-Vilanova et al.,
2015)

35

C

WO

–0.8

GG

5700
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AD effluent

0.20

15.4

69

qPCR,
16S
pyrosequencing

rRNA

(Batlle-Vilanova et al.,
2015)

21

B

WO

–0.4
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13a

350

Marine
IM1

0.05

3.5

80
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30

B

SO + BO

0.7 g

CF

98 a
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Enrichment from ADS

n.r.

12.4 d

51

DGGE

lithotrophic

Strain

(Beese-Vasbender et
al., 2015)

(Jiang et al., 2014)
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applied cell voltage. *Draft genome announced from metagenome (Kobayashi et al., 2017)
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Applications of Electromethanogenesis
The main applications envisioned for electromethanogenesis-based technologies are
within the realm of improving anaerobic waste treatment processes, electrode-assisted
anaerobic digestion (Cerrillo et al., 2018; Dou et al., 2018) biogas upgrading, carbon
capture and utilization by converting CO2 waste streams into CH4, and renewable
energy storage in the form of CH4.
MECs have been explored for the treatment of low-strength wastewater as an
alternative to anaerobic digestion (AD) (Blasco-Gómez et al., 2017; Moreno et al.,
2016), with several existing pilot-scale reactor setups (Katuri et al., 2019). AD is an
established technology for wastewater treatment, reducing the organic content of the
wastewater with a concomitant production of CH4 to offset some of the operational
power requirements. However, the resulting AD biogas comprises a mixture of mainly
CH4 (40 – 75%) and CO2 (15 – 60%), along with other by-products (Ryckebosch et al.,
2011). This high percentage of impurities other than the CH4 affects the ability to use it
directly, requiring further steps to upgrade the CH4 content. Electromethanogenesis is
being explored as a viable option to be coupled with AD for biogas upgrading. Since
electromethanogenic biocathodes are mainly dominated by hydrogenotrophic
methanogens and they can reduce CO2 to CH4 at low H2 partial pressures ( <10 Pa)
(Thauer et al., 2008), they can greatly increase the CH4 composition (Lu and Ren, 2016;
Xu et al., 2014). Coupling AD with electromethanogenesis has been shown to improve
CH4 yields and improve start-up times, possibly due to the increased conductivity of the
system by promoting DIET (Feng et al., 2017).
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The concept of power-to-gas (PtG) involves storing surplus renewable electricity as
gases, including H2 and CH4. H2 is produced by water electrolysis powered by surplus
renewable electricity, while CH4 can be produced by biological or chemical methanation
processes. Biological methanation (BM) couples H2 production with biological
conversion of CO2 to CH4, while the chemical methanation process requires high
temperature (200 – 500oC) and pressures up to 100 bar (Götz et al., 2016). Additionally,
H2 produced by electrolysis may be piped into the methanation process as well.
Bioelectrochemical power-to-gas (BEP2G) harnesses the concept of MES with CH4 as
the end product, i.e. electromethanogenesis, to take advantage of the ambient
conditions required, in the absence of biomass as a carbon source, and with the
production of in situ H2 (Geppert et al., 2016). The power input required for BEP2G is
comparable to that of BM (19 Wh/l CH4), while its production rate can rival that of BM (5
l CH4/l reactor/d) varying from 0.27 up to 27 l CH4/l reactor/d depending on the current
density (Geppert et al., 2016), which can be limited by a number of factors (see Section
1.4). A recent pilot scale study (50 l reactor) using a pure culture of Methanococcus
maripaludis reported a production rate of 10.2 mmol CH4/d/m2 with an average current
density of 85 mA/m2 using carbon as both anode and cathode (Enzmann and Holtmann,
2019). It is expected that using more efficient cathode materials and mixed cultured
communities would further improve production rates and overall process efficiency.
Electromethanogenesis can also be harnessed to convert waste CO2 into CH4 for
methane fermentation by methanotrophs into other value-added products including
biopolymers, and enzymes and/or heterologous proteins (Strong et al., 2015, 2016).
Methanotrophic biorefinery technology has already been commercialized as a
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technology to convert biomethane to bioplastic, a carbon neutral process (H.
Rostkowski et al., 2012; Marshall et al., 2013a).

Factors Affecting Electromethanogenesis
Gas diffusion and side reactions can greatly lower the efficiency of coulombic recovery
as CH4 (Chae et al., 2008; Dykstra and Pavlostathis, 2017a; Sethuraman et al., 2009;
Van Eerten-Jansen et al., 2012). This is relevant in MES due to oxygen intrusion to the
cathode in the case of water-splitting anodes, where oxygen acts as an alternative
electron acceptor (Chae et al., 2008; Dykstra and Pavlostathis, 2017a; Lohner et al.,
2014; Sethuraman et al., 2009). Additionally, oxygen limits the growth of the strictly
anaerobic methanogens populating methanogenic biocathodes, thereby reducing CH4
production and promoting the growth of methanotrophic species which consume the
produced CH4 with an overall reduction in CH4 yield (Van Eerten-Jansen et al., 2013).
The diffusion of CO2 and H2 from the cathode to the anode reduces substrate
availability for the biocathodic community, and CH4 diffusion also reduces the overall
CH4 yield of the bioelectrochemical reactors (Dykstra and Pavlostathis, 2017a).
Mass transport limitations are a major constraint in all METs leading to concentration
gradients arising at the electrodes, between the bulk solution and the biofilm itself for
relevant electron donors/acceptors such as those related to CO2 and H2 solubility, pH
gradients, and overall electron transport through biofilms at the electrodes (Popat and
Torres, 2016). Dual-chamber configurations are subject to an added mass transport
limitation between anode to cathode across the membrane.
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Electrode material and its surface are crucial in electron transfer, H2 evolution, microbial
adhesion and ohmic resistance losses. Many electromethanogenesis studies (and MET
studies in general) use carbon-based materials due to their biocompatibility which have
higher internal resistance than metals, and usually in a flat configuration which limits the
surface area available for microbial colonization (Table 1-1) (Katuri et al., 2018). This
has led to a research focus towards developing better-performing materials, and pretreatment methods to improve biocompatibility (Katuri et al., 2018; LaBarge et al., 2017;
Zhang et al., 2013b; Zhen et al., 2016). 3-D configured electrodes or porous electrodes
are being used more and more, leading to improved microbe-electrode interactions and
overall more productive biocathodes (Katuri et al., 2018).
Operational parameters include mixing, feeding method and flow-rate, and most
importantly, cathode potential. The cathode potential is a crucial operational parameter
since it is the source of electrons for all the reductive processes of interest, and the
microbial community interacts with the cathode surface directly. Based on the cathode
material overpotential, and energy losses due to mass transport limitations, a higher
power input may be required for HER occur. Therefore, the cathode potential combined
with energy losses within the system affects the overall internal resistance and the
efficiency of reactor operation (Sleutels et al., 2009).
The microbial community is highly important in electromethanogenesis since the CH4
generation is a microbial process (Reaction 3). The microbial community can be
affected by the initial inocula, where higher CH4 yields are associated with the presence
of hydrogenotrophic methanogens in the inocula (Siegert et al., 2014a), and the
hydrogenotrophic Methanobacterium sp. and Methanobrevibacter sp. are generally the
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most dominant communities found in methanogenic biocathodes (Blasco-Gómez et al.,
2017; Jiang et al., 2014; Siegert et al., 2015). They are frequently reported to grow in
association with electroactive H2-producing sulfate-reducing bacteria (SRB) of the
phylum Proteobacteria and fermentative bacteria of the genera Bacteroidetes and
Firmicutes (Dykstra and Pavlostathis, 2017b; Siegert et al., 2015; ter Heijne et al.,
2019). SRB act in syntrophy with the methanogens, directly interacting with the
electrode to reduce protons into H2, while the fermentative bacteria can utilize cell lysis
products to produce acetate, which is important for biosynthesis (Dykstra and
Pavlostathis, 2017b). Due to the complexity of the syntrophic relationships, more
studies are needed to investigate the microbial interactions and the interplay of direct,
indirect and DIET related electron transfer mechanisms affecting methanogenesis at the
biocathode. There is a lack of in-depth analyses into the biocathodic microbial
communities (Table 1-1), which limits the understanding into the complex syntrophic
and competitive microbial relationships occurring in mixed community biocathodes.
Many electromethanogenesis studies do not perform any community analyses, and
those that do are mostly limited to 16S rRNA gene sequencing and quantitative PCR
(qPCR) methods. Metagenomic and metatranscriptomic analyses are needed to have a
more precise and complete view of the highly active microbial community players. By
understanding the molecular mechanisms that occur in electromethanogenic cathode
communities between cathode-microbe and microbe-microbe, favorable conditions for
the growth and activity of the microbial consortia can be promoted using reactor
configuration and operation as well as material design aspects of cathode materials that
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improve the bioavailability of H2, reduce substrate concentration gradients and lead to
improved CH4 production rates overall.
Within the context of cell-solid interactions, electron transfer is essential for the redox
reactions that occur to drive microbial respiration and product formation. Multiple
species are required to work in syntrophic relationships as biocatalysts to completely
oxidize organics in anaerobic processes (Cheng and Call, 2016). Thus, electron transfer
plays an important role in determining which reactions occur and the rates of these
reactions. However, transfer mechanisms are difficult to definitively quantify within
mixed community biofilms due to the complexity of possible syntrophic relationships.
Different modes of transfer (direct vs. indirect/mediated by H2 and other electron
shuttles) have been identified (Cheng and Call, 2016), however the nature of the
diversity of the microbial community makes it difficult to get definitive, quantitative
answers regarding which of these modes is present at the cathode. The trend in the
literature lends the most support to a dominant H2-mediated electron transfer
mechanism (Blasco-Gómez et al., 2017; ElMekawy et al., 2017; Rosenbaum et al.,
2011). An understanding of the contributions to the cathodic reactions by different
electron transfer mechanisms is needed which can be applied to design systems that
encourage these mechanisms, whether by using cathode materials that have high H2
evolution capacity or surface modifications to improve biocompatibility and biofilm
attachment, or relevant substrate/mediator addition, thus achieving more efficient and
higher performing systems.
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Objective and Hypotheses
The overall objective of my Ph.D. research was to investigate the effects of electron
donor availability (in the form of the cathode and H2) on the structure and function of
electromethanogenic cathodic communities in MES. This objective is met by integrating
microbial ecology, genome-enabled molecular biology tools and material science. My
Ph.D. research was guided by several hypotheses:
1. Differences in substrate (H2 and CO2) availability across the cathode surface,
competition and syntrophy may lead to overall variability and significant betadiversity, which can affect performance reproducibility (Chapter 2).
2. H2 availability can be controlled by operational parameters (set cathode potential)
and electrode material selection (Chapters 3 & 4).
3. H2 availability affects the structural and functional dynamics of cathodic
electromethanogenic communities; by controlling H2 availability, key genes that
are important in electron transfer and methane production can be identified
(Chapter 3).
The knowledge gained from this work will add to the lacking fundamental understanding
of cathode-microbe interactions. This lays the groundwork for rationally developing
more efficient cathode materials and searching for robust and efficient methanogenic
microbial communities that can be selectively enriched, to aid in improving the overall
electromethanogenic systems’ performance for practical applications in MEC and MES.

Organization of this Dissertation
This dissertation is organized into five chapters including the introduction chapter
(Chapter 1), followed by three chapters (Chapters 2, 3 and 4) addressing the above
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objective/hypotheses and a conclusion chapter summarizing the results of this work as
well as discussing their implications (Chapter 5).
Chapter 1 introduces the topic of electromethanogenesis, provides background on the
electron transfer mechanisms involved at the biocathode, and discusses some of the
applications and limitations of the technology. The discussion of electron transfer
mechanisms has been published in part in Advanced Materials (2018 Jun;
30(26):e1707072. doi: 10.1002/adma.201707072 ) with authors Katuri, K.P., Kalathil, S.,
Ragab, A., Bian, B., Alqahtani, M.F., Pant, D., Saikaly, P.E. I wrote the section
discussing possible electron transfer mechanisms at the biocathode and conductive
materials that facilitate direct electron transfer. I also significantly contributed to revising
the manuscript.
Chapter 2 evaluates the distribution and potential spatial variability of the microbial
communities in MES methanogenic biocathodes. Triplicate methanogenic biocathodes
were enriched in microbial electrolysis cells (MEC) for 5 months at an applied voltage of
0.7 V. They were then transferred to triplicate dual-chambered MES reactors and
operated at –1.0 V vs. Ag/AgCl for six batches. At the end of the experiment, triplicate
samples were taken at different positions (top, center, bottom) from each biocathode for
a total of 9 samples for total biomass protein analysis and 16S rRNA gene amplicon
sequencing. Microbial community analyses showed that the biocathodes were highly
enriched with methanogens, especially the hydrogenotrophic methanogen family
Methanobacteriaceae, Methanobacterium sp., and the mixotrophic Methanosarcina sp.,
with an overall core community representing > 97% of sequence reads in all samples.
There was no statistically significant spatial variability (p > 0.05) observed in the
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distribution of these communities within and between the reactors. These results
suggest a deterministic community assembly and indicate the reproducibility of
electromethanogenic biocathode communities, with implications for larger-scale
reactors. The results of this chapter have been published in Frontiers in Microbiology
(2019 Jul; 10:1747. doi: 10.3389/fmicb.2019.01747) with authors Ragab, A., Katuri,
K.P., Ali, M., and Saikaly, P.E.
Chapter 3 evaluates the functional dynamics of the electromethanogenic biocathode
community in MES in relation to set cathode potential using a metagenomic and
metatranscriptomic approach. Triplicate methanogenic biocathodes were enriched in
MEC for 5 months at an applied voltage of 0.7 V. They were then transferred to triplicate
dual-chambered MES reactors and operated at –1.0 V vs. Ag/AgCl for six batches.
Once stable methane production was observed, baseline samples were taken from all
the biocathodes for amplicon sequencing and metagenomic analysis. The reactors were
maintained at –1.0 V, and then switched to –0.7 V for 45 min and 90 min. Cathode
samples were taken at the three sampling points for ATP analysis, total biomass
protein content determination and stored for DNA/RNA co-extraction for subsequent
16S rRNA gene amplicon sequencing and metagenomic and metatranscriptomic
analyses. The 16S rRNA amplicon sequencing revealed that the biocathodes were
highly enriched with the hydrogenotrophic methanogen family Methanobacteriaceae (5
OTUs, >1% relative abundance). The metagenomic analyses revealed that the distinct
OTUs belonging to the family Methanobacteriaceae in the 16S rRNA analyses were
resolved into a single extracted genome bin belonging to a novel Methanobacterium
species. This extracted genome represented between 68 – 83% of the total mapped
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metagenome reads. No less than 90% of the non-rRNA reads were mapped to the
extracted bin. While the cathode set potential clearly affected the overall functional
performance of the reactors in terms of current consumption and product formation,
differential transcriptional expression analyses did not reveal any significant effect of
different set potential and lower electron donor availability via the cathode on the novel
Methanobacterium sp. Strain 34x. The significance of carbon assimilation was
highlighted by the high expression levels of the CODH/ACDS complex. A draft of this
manuscript is currently being prepared to be submitted to a high impact, peer-reviewed
journal article.
Chapter 4 evaluates the use of indium tin oxide (ITO) as a potentially HER-inert material
to elucidate and quantify the contribution of H2 in electron transfer in
electromethanogenesis in a pure culture of Methanosarcina barkeri. M. barkeri has
been proven to participate in direct electron transfer due to the presence of
cytochromes and hydrogenases. By using an ITO cathode material that is a poor HER
catalyst (the HER onset reduction potential with ITO is reported to be -1.1 V at neutral
pH compared to the theoretical onset potential of – 0.6 V vs. Ag/AgCl), reactors can be
operated without the interference of abiotic H2. The ITO cathodes were characterized
by electrochemical impedance spectroscopy (EIS) and linear sweep voltammetry (LSV)
and spectroscopic (XPS and SEM) methods before and after cathodic polarization. The
ITO cathodes were assembled in dual-chambered MES reactors, inoculated with M.
barkeri and operated at – 1.0 V vs. Ag/AgCl with 100% CO2. However, the ITO
electrodes proved to be electrochemically unstable at the applied set potential and with
the medium composition used. H2 was observed after just 6 h of operation, and after
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prolonged operation (74 h) the HER onset reduction potential had shifted to – 0.6 V vs.
Ag/AgCl. This material instability was a function of changes in indium and tin valencies
that caused the metals to leach out of the oxide lattice, with concurrent loss of
conductivity. This study shows that ITO is an unsuitable material for use in HER-inert
studies conducted for longer than 6 h. Further optimization of the ITO is needed, and
other reportedly HER-inert materials like fluorine-doped tin oxide or glassy carbon
should be investigated further.
Chapter 5 is a summary of the conclusions of the above studies and their potential
implications in the fundamental understanding of the role of electron donor availability
on electromethanogenic microbial communities to develop methods that selectively
enrich for more robust and efficient methanogenic microbial communities.

Additional Research Publications
The following list includes research on MET that I contributed to as a co-author but
which are not included in this dissertation:
1. Logan, B.E., Rossi, R., Ragab, A., and Saikaly, P.E. (2019). Electroactive
microorganisms in bioelectrochemical systems. Nature Reviews Microbiology.
17, 307 – 319. I wrote the sections reviewing the literature on cooperative
microbial power generation, novel exoelectrogens, and genetic engineering and
synthetic biology approaches to improve MET yields. I performed the
phylogenetic analyses and prepared the phylogenetic trees summarizing the
diversity of reported exoelectrogenic and electrotrophic species. I also
contributed to revising the manuscript.
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2. Sapireddy, V., Ragab, A., Katuri, K.P., Yu, Y., Lai, Z., Li, E., Thoroddsen, S.,
Saikaly, P.E. (2019). Effect of specific cathode surface area on biofouling in an
anaerobic electrochemical membrane bioreactor: Novel insights using highspeed video camera. Journal of Membrane Science. 577, 176–183. I assisted in
the media preparation, reactor operation and gas analysis. I also contributed to
revising the manuscript.
3. Alqahtani, M., Bajracharya, S., Katuri, K.P., Ali, M., Ragab, A., Michoud, G.,
Daffonchio, D., Saikaly, P.E. (2019) Enrichment of Marinobacter sp. and
Halophilic Homoacetogens at the Biocathode of Microbial Electrosynthesis
System Inoculated with Red Sea Brine Pool. Frontiers in Microbiology, 10, 2563.
I contributed to the amplicon sequencing analysis and figure preparation, as well
as in revising the manuscript.
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Evidence of spatial homogeneity in an
electromethanogenic cathodic microbial community

Introduction
Microbial electrochemical technologies (METs) have been extensively investigated for
over a decade specifically for applications in energy generation, waste reuse and
resource recovery. Essentially, these are bioreactors with an anode and cathode where
either one or both is biotic, allowing for oxidation (anode) and reduction (cathode)
reactions. Electrode-assisted methanogenesis, or electromethanogenesis, refers to
microbial electrochemical CO2 reduction to methane at the biocathode (biotic cathode).
This process has been mainly investigated in microbial electrolysis cells (MECs) and,
more recently, in microbial electrosynthesis (MES) (Blasco-Gómez et al., 2017).
Applications for electromethanogenesis include bioelectrochemical power-to-gas,
biogas upgrading, and wastewater treatment (Blasco-Gómez et al., 2017; Geppert et
al., 2016).
In electromethanogenesis, CO2 is converted to methane using reducing equivalents
generated from the cathode, either through direct uptake of electrons from the cathode
surface (Rowe et al., 2019) or indirectly via H2. H2 is considered to be the main electron
donor and can be produced abiotically through the hydrogen evolution reaction (HER) at
the electrode surface at low cathode potentials (< –0.6 V vs Ag/AgCl) or biotically by
proton-reducers in mixed cultures such as sulfate-reducing bacteria (SRB) (Agostino
and Rosenbaum, 2018; Batlle-Vilanova et al., 2015; Blasco-Gómez et al., 2017;
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Rosenbaum et al., 2011; van Eerten-Jansen et al., 2014). Formate, which can arise as
an intermediate during CO2 reduction, can also serve as an indirect electron mediator
(van Eerten-Jansen et al., 2014).
The microbial community at the biocathode of MES is less studied compared to MEC.
In recent years, many MES studies have been done, focusing on methane production,
as well as acetate and other volatile fatty acids (VFAs). These studies generally provide
basic descriptions of the cathodic microbial community but with little analysis of the
ecology and community assembly (Koch et al., 2018; Liu et al., 2016). There is
generally a lack of in-depth analysis into why certain communities are present, their
distribution and interactive networks for electromethanogenesis, except for some
notable exceptions (Bretschger et al., 2015; Dykstra and Pavlostathis, 2017b).
Understanding community assembly in MES is important since these systems rely
entirely on their microbiome to function; a deeper understanding allows for microbial
ecology-based engineering of efficient systems (Koch et al., 2018). Further,
understanding community assembly dynamics in these systems enables the
development of accurate models to predict reactor performance (Gadkari et al., 2018)
and ensure predictable communities that function to achieve reproducibility and
reliability for large scale applications (Kobayashi et al., 2013).
Community assembly refers to the species present in a community at a given space and
time (Begon et al., 2006). There are two main theories on what drives microbial
community assembly. The niche theory follows the assumption that certain
microorganisms with specialized fitness are better suited to survive in certain
environments or niches, and thus community assembly in these niches is driven by
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deterministic factors such as substrate availability and competition. On the other hand,
the neutral theory assumes equal fitness amongst different microbial communities, with
community assembly differences arising from stochastic factors such as birth/death and
immigration (Hubbell, 2001). Although electroactive microbes do not belong to a unique
ecological niche (Koch and Harnisch, 2016), METs create a highly selective niche
environment for electroactive microbes. Electroactive microbes have an added fitness
due to their ability to perform extracellular electron transfer to donate electrons to
anodes in METs, which serves as the main deterministic driver of anodic community
assembly, although stochastic assembly has been reported (Cotterill et al., 2018; Zhou
et al., 2013). However, the cathode environment in MES creates two main selective
factors: the ability to accept extracellular electrons using the cathode as the sole
electron donor (through direct electron uptake or H2 due to proton reduction catalyzed
by the cathode surface at lower potentials) and the capability of autotrophic growth as
CO2 is the only externally added carbon source. Extracellular electron transfer
capabilities (whether transfer to anode or uptake from cathode) have been
demonstrated across a range of phyla, while autotrophic growth in the conditions set at
the cathode in MES is thus far limited to mainly three phyla (Euryarchaeota, Firmicutes
and Proteobacteria) (Koch and Harnisch, 2016; Logan et al., 2019). Therefore, while
there are studies into community assembly and spatial variability of bioanodes, those
conclusions may not necessarily be applicable to MES biocathode community
assembly.
No studies to date have investigated cathode spatial variability in methanogenic MES
reactors. Spatial variability can arise due to a number of factors that affect microbial
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community assembly. While there is a bulk environment in these reactors, local
microenvironments arise across the cathodes due to H2 and CO2 mass transfer
limitations from the bulk solution into the biofilm, charge limitations across the biofilm as
shown in other electrode-associated biofilms (Atci et al., 2016). Within the biofilm,
further variations can occur in terms of differences in H2 gas bubble evolution along the
cathode surface as a function of cathode roughness and H2 saturation (Sapireddy et al.,
2019; Vachaparambil and Einarsrud, 2018). pH gradients due to HER (Cai et al., 2018)
affects CO2 solubility, and thus its availability, due to the shifts in the bicarbonate carbonate equilibrium in response to pH change (Bajracharya et al., 2017). Collectively,
these can potentially lead to spatial variability across the cathode biofilm, where certain
sections may have higher or lower amounts of biomass and different types of
microorganisms aggregating.
Understanding community spatial distribution and heterogeneity is important to ensure
appropriate sampling strategies are undertaken. If there is significant spatial variability,
wrong conclusions can be drawn depending on the number and position of samples. In
larger scale electrodes, this spatial variability could be quite significant. Additionally,
understanding spatial distribution can give insights on syntrophic or competitive
relationships that occur. Mixed communities offer more robust and functionally
redundant systems that are more suited to industrial applications due to their resiliency
to possible operational fluctuations; understanding spatial variability of intact mature
biofilms is important in predicting how these biofilms will behave under large scale
applications. Therefore, the objective of this study was to evaluate the spatial
distribution and variability across cathodic biofilms in an electromethanogenic MES
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system, as well as the reproducibility of biocathode community between biological
replicates. We hypothesized that if deterministic factors are the dominant driving factor,
then no significant difference in community composition (i.e., beta diversity) is expected
between replicate reactors. In contrast, if neutral or stochastic factors prevail, then
significant beta diversity would be observed.

Materials and Methods
2.2.1 MEC set up and methanogenic biocathode enrichment
Triplicate single-chamber MEC reactors were prepared using 300 ml screw-capped
borosilicate glass bottles, with a working volume of 280 ml. The caps and bottles were
modified with appropriate ports to place the electrodes, gas collection bag (Calibrate,
Inc., USA) and gas sampling port. The ports were 2 cm long, and 0.5 cm in diameter.
The anodes, made of carbon fiber brush with a titanium core (4 cm × 2.5 cm, The MillRose Company, USA), were cleaned by soaking in acetone overnight, washing with
sterile deionized water and heat-treated at 450°C for 15 min. Carbon cloth cathodes
were prepared with 160 cm2 (8 cm length x 10 cm width) geometric surface area, with
titanium wire woven through as the current collector. The cathodes were cleaned by
soaking in acetone overnight, washed with sterile deionized water and dried at room
temperature. The anode and cathode were positioned vertically within the reactor,
approximately 2 cm apart. Teflon tape and epoxy were applied on all the connections to
ensure a proper seal. Reactors were inoculated with sludge from an anaerobic
membrane bioreactor (10% v/v), mixed with a synthetic influent medium containing 10
mM sodium acetate as the carbon source and electron donor. The influent medium was
prepared using a modified DSMZ Medium 826 (DSMZ, Leibniz, Germany) with the
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following composition (g/L): NH4Cl, 1.5; Na2HPO4, 0.6; KCl, 0.1; Na2HCO3, 2.5;
CH3COONa, 0.82, and 10 ml trace minerals and vitamin solution each. To maintain
anaerobic conditions, the media was sparged for 1 hour using a N2:CO2 (80:20) gas
mixture and then autoclaved. The sodium bicarbonate was sterile filtered into the media
after autoclaving to maintain a pH of ~7.5. The reactors were operated in fed-batch
mode with an applied voltage of 0.7 V using an external power source (3645 A; Circuit
Specialists, Inc., USA). A data logger (ADC 24, PicoLog, UK) was used to measure the
voltage across an external resistor (Rex = 10 Ω). A 10% decrease in voltage from the
peak reading signaled the end of each batch for media replacement and sampling. This
was approximately every 48 hours. The reactors were enriched for a total of 5 months,
after which the enriched methanogenic biocathodes were transferred to sterile triplicate
double-chambered three-electrode MES reactors.
2.2.2 MES set up and operation
For the double-chambered MES reactors, the anodes were titanium sheets using
titanium wires as the current collectors. A Nafion® 117 cation exchange membrane (5
cm2; Sigma, USA) was used to separate the double chambers. Gas bags were attached
to gas outlet ports to collect biogas produced during each batch for analysis. The same
MEC enrichment media composition was used for the MES operation with the omission
of sodium acetate, and continuous stirring. Therefore, the only carbon source was CO2
in the form of dissolved sodium bicarbonate for pH adjustment and 100% CO2 gas,
which was continuously bubbled into the reactors at the beginning of each batch for 5
min and acted as a CO2 reservoir through passive gas diffusion from the gasbags into
the reactor headspace. An Ag/AgCl reference electrode (BASi, USA) was inserted in the
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cathode chamber to maintain the set potential control. A VMP3 potentiostat (BioLogic,
USA) was connected to the three-electrode system to chronoamperometrically maintain
a cathode set potential of –1.0 V vs. Ag/AgCl. The reactors were batch-fed with each
batch lasting 140 hours. Once stable methane production was observed for three
batches, the biocathodes were removed for microbial community analyses. To minimize
disturbance to the biofilm, biocathode sampling was done only at the end of the
experiment. Three 2 cm2 samples were cut using sterilized scissors from each
biocathode at the top, center, and bottom positions (Figure 2-1) and suspended in 6 ml
sterile media. These were vortexed for 1 min to detach the microbial cells from the
cathode and stored at -80°C for subsequent protein analysis, DNA extraction and
amplicon sequencing.

Figure 2-1 | Experimental set-up and workflow, indicating (1) MEC enrichment phase followed by transfer
of biocathode to (2) dual-chambered MES reactors, and (3) spatial sampling along the biocathode of MES
at positions T, top; C, center; and B, bottom, for subsequent p protein and DNA extraction and analysis.
“A”, “C” and “R” within the reactor schematic refer to anode, cathode and reference electrode, respectively.
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2.2.3 Measurement and analyses
Liquid and gas (H2, CH4 and CO2) samples were measured at the end of each batch
cycle using chromatographic methods. Volatile fatty acids were detected at 210 nm
using an Aminex HP-87H column (Bio-Rad, Hercules, CA) with a UV-detector high
performance liquid chromatography (HPLC; Shimadzu, Japan). The mobile phase was
0.005 M H2SO4 at a flow rate of 0.55 ml/min. Samples were filtered through 0.2 um
filters prior to analysis. The gas compositions in the reactor headspace and gas bag
were analyzed using a gas chromatograph (Model# 8610C, SRI Instruments, USA) as
previously described (Ananda Rao et al., 2017).
2.2.4 MEC calculations
Current density j (mA/cm2) was calculated as:

!=

$
%

where I was the current (mA) calculated from the recorded voltage (mV) across the
resistor (1000 mΩ, R), divided by the geometric surface area of the cathode (160 cm2).
Coulombic efficiency (CE%) was calculated as:

CE =

Ct
& 100
Cth

where Ct is the total coulombs calculated by integrating the current over time (Ct = Σ I
Δt, Δt is the cycle duration), Cth is the theoretical amount of coulombs available based
on the acetate removed over the same amount of time, calculated as Cth = [F b (Cin –
Cout)]/M, where F is Faraday’s constant (96485 C/mol), b = 8 is the number of electrons
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produced per mole of acetate, Cin and Cout are the influent and effluent acetate
concentrations and M = 82 is the molecular weight of acetate (Werner et al., 2016).
2.2.5 MES calculations
Current density was calculated as the recorded current (mA) divided by the geometric
surface area of the cathode (160 cm2). Cathodic coulombic efficiency (CCE%) was
calculated as the actual total coulombs Ct recovered as H2, CH4, formate and acetate
divided by the theoretical total coulombs Cth as recorded by the potentiostat software.
Cathodic hydrogen and methane recoveries (rcatH2 and rcatCH4) were calculated by:
rcatH2=

nH2
nCCE

rcatCH4=

nCH4
nCCE

where nH2 and nCH4 are the moles of the respective gas. nCE is the total moles of gas
possible based on the total coulombs Ct, and is calculated by:

nCCE =

Ct
bF

where b is the number of moles of electrons required for hydrogen production (2 mol e-)
or methane production (8 mol e-) and F is Faraday’s constant (96,485 C/mol e-).
2.2.6 Microbial community analyses
2.2.6.1 Protein analysis
Total protein was measured based on the Lowry method (Lowry et al., 1951). The
suspended samples described above (Section 2.2.1) were thawed at room temperature
and total protein was determined using the DC-protein assay kit (BIO-RAD
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Laboratories, Inc., USA) following the manufacturer’s instructions after being resuspended in deionized (DI) water, with a series of graded Bovine Serum Albumin
(BSA, Sigma Aldrich, USA) solutions as standards (0 – 0.5 µg/µl, R2 > 0.97) (Bian et al.,
2018; Bretschger et al., 2015; Dykstra and Pavlostathis, 2017a).
2.2.6.2 DNA extraction,
bioinformatic processing

library

preparation,

amplicon

sequencing

and

Genomic DNA was co-extracted with RNA from the carbon cloth and 150 µl of the cell
suspension in which it was stored in using the PowerBiofilm RNA Isolation Kit (Qiagen,
Germany) with a modified protocol using phenol:chloroform:isoamyl alcohol pH 6.5 –
8.0 (AMRESCO, Inc., USA) and bead beating lysing matrix E tubes (MP Biomedicals,
New Zealand) instead of the original bead beating tubes. The extracted DNA
concentration was measured using Qubit®dsDNA HS Assay Kit (Thermo Scientific,
USA), according to the manufacturer’s instructions.
Amplicon libraries were prepared for the archaeal and bacterial 16S rRNA gene V3-V4
region using up to 10 ng of the extracted DNA, the forward primer Pro341F (5′CCTACGGGNBGCASCAG-3′) and the reverse primer Pro805R (5′GACTACNVGGGTATCTAATCC-3′) (Ananda Rao et al., 2016). Each PCR reaction (25
μL) contained dNTPs (100 μM of each), MgSO4 (1.5 mM), Platinum Taq DNA
polymerase HF (0.5 U/reaction), Platinum High Fidelity buffer (1X) (Thermo Fisher
Scientific, USA) and tailed primer mix (400 nM of each forward and reverse primer). The
PCR amplification was conducted by an initial denaturation step at 95 ◦C for 2 min, 35
cycles of amplification (95 ◦C for 20 s, 50 ◦C for 30 s, 72 ◦C for 60 s) and a final
elongation at 72 ◦C for 5 min (Sapireddy et al., 2019). Duplicate PCR reactions were
performed for each sample and the duplicates were pooled after PCR. The resulting
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amplicon libraries were purified using the standard protocol for Agencourt Ampure XP
Beads (Beckman Coulter, USA) with a bead to sample ratio of 4:5. DNA concentrations
were measured using the Qubit®dsDNA HS Assay Kit, followed by product size and
purity validation with gel electrophoresis using Tapestation 2200 and D1000/High
sensitivity D1000 screentapes (Agilent, USA).
Sequencing libraries were prepared from the purified amplicon libraries using a second
PCR. Each PCR reaction (25 μL) contained PCRBIO HiFi buffer (1x), PCRBIO HiFi
Polymerase (1 U/reaction) (PCRBiosystems, UK), adaptor mix (400 nM of each forward
and reverse) and up to 10 ng of amplicon library template. The PCR amplification was
conducted by an initial denaturation step at 95 ◦C for 2 min, 8 cycles of amplification
(95◦C for 20 s, 55◦C for 30 s, 72◦C for 60 s) and a final elongation at 72◦C for 5 min. The
resulting sequencing libraries were purified as mentioned above using the Agencourt
Ampure XP Beads. DNA concentration, product size and purity were measured as
mentioned above. The purified sequencing libraries were pooled in equimolar
concentrations and diluted to 2 nM. The samples were paired-end sequenced (2 x 300
bp) on a MiSeq using a MiSeq Reagent kit v3 (Illumina, USA) following the standard
guidelines for preparing and loading samples on the MiSeq. >10% PhiX control library
was spiked in to overcome low complexity issues often observed with amplicon
samples.
Forward and reverse reads were trimmed for quality using Trimmomatic v. 0.32 (Bolger
et al., 2014) with the settings SLIDINGWINDOW:5:3 and MINLEN: 275. The trimmed
forward and reverse reads were merged using FLASH v. 1.2.7 (Magoc and Salzberg,
2011) with the settings -m 10 -M 250. The trimmed reads were dereplicated and
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formatted for use in the UPARSE workflow (Edgar, 2013). The dereplicated reads were
clustered, using the usearch v. 7.0.1090 -cluster_otus command with default settings.
Operational taxonomic unit (OTU) abundances were estimated using the usearch v.
7.0.1090 -usearch_global command with -id 0.97 -maxaccepts 0 -maxrejects 0.
Taxonomy was assigned using the RDP classifier (Wang, et al., 2007) as implemented
in the parallel_assign_taxonomy_rdp.py script in QIIME (Caporaso et al., 2010), using –
confidence 0.8 and the MiDAS database v. 1.23 (McIlroy et al., 2017), which is a
curated database based on the SILVA database, release 123 (Quast et al., 2013). The
results were analyzed in R v. 3.5.0 (R Core Team, 2017) through the RStudio using the
ampvis2 package, which was also used to visualize the relative read abundance as a
heatmap (Albertsen et al., 2015). The log abundance ratio was calculated by taking the
log (base 10) of the ratio of the OTU relative abundance of organism X (OTU_X) to
organism Y (OTU_Y) from within the same sample:
log abundance ratio = log 789:;<=>9 ;?@AB;AC9OTU_X D89:;<=>9 ;?@AB;AC9

OTU_Y

E

2.2.7 Statistical analyses
Statistical analyses were performed in RStudio using the base R, the ampvis2 package
for alpha diversity and rank abundance of the core community (Andersen et al., 2018),
and QIIME 1.9.1 for beta diversity analysis (Caporaso et al., 2010). The normality of
data distribution was examined by the Shapiro–Wilk test. The two-tailed (independent)
Student’s t-test was used to compare means between unpaired groups with an
assumption of unequal variance between sample sets. The Mann–Whitney U-test was
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used to compare nonparametric variables between two groups. One-way analysis of
variance (ANOVA) was used to compare parametric variables among three or more
groups, and the Kruskal–Wallis test was used for nonparametric variables. Quantitative
variables were expressed as the mean ± standard deviation or median and interquartile
range, according to the sample distribution. P-values less than 0.05 were considered to
indicate statistical significance against the null hypothesis of no variance.
The beta-diversity dissimilarity analyses were done using the Bray-Curtis and Weighted
UniFrac metrics with the beta_diversity.py script in QIIME. The Bray-Curtis dissimilarity
is based on abundance, while Weighted UniFrac distance matrix calculates dissimilarity
based on abundance and phylogeny. These results were visualized using non-metric
multidimensional scaling (nMDS) with the ampvis2 R package. To assess the
significance of the calculated beta-diversity dissimilarities, pairwise analyses of
similarities (ANOSIM) based on 999 permutations and Adonis/ Permutational
Multivariate Analysis of Variance (PERMANOVA) based on 719 permutations were
performed to compare each reactor and each sampling position groups using
compare_categories.py for ANOSIM and Adonis, wrapping in the vegan R package
(Oksanen et al., 2010). The ANOSIM R statistic is based on the difference of mean
ranks between groups and within groups and ranges from 0 (no separation) to 1
(complete separation). The ANOSIM R statistic is based on the difference of mean
ranks between groups and within groups and ranges from 0 (no separation) to 1
(complete separation). The Adonis/PERMANOVA pseudo-F statistic operates on ranked
dissimilarity, comparing the total sum of squared dissimilarities between groups to the
squared dissimilarity within groups. Larger F-ratios indicate greater group dissimilarity.
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Statistical significance is determined comparing the statistic values (R or F depending
on the test) retrieved from multiple permutations of the test (Buttigieg and Ramette,
2014). The beta-diversity analyses were performed using raw reads, reads rarefied to
41,955, reads normalized by cumulative sum scaling (CSS), and reads normalized by
DESeq2 to assess if different normalization methods would affect the statistical
significance of the calculated dissimilarities. Rarefaction involves subsampling all
samples to an even depth without replacement. CSS involves scaling only the relatively
invariant counts across samples, to reduce the influence of larger count values in the
same matrix column (Paulson et al., 2013). DESeq2 calculates a scaling factor for each
OTU in each sample based on the median of the scaling factors of the mean across all
samples. It assumes a Negative Binomial distribution and minimizes the influence of
large count values on the values of other OTUs allowing for increased sensitivity for
smaller datasets (Love et al., 2014). CSS and DESeq2 were implemented with the
normalize_table.py script in QIIME.
2.2.8 Nucleotide sequence accession numbers
The 16S rRNA gene sequencing reads have been deposited in the National Center for
Biotechnology Information (NCBI) under BioProject ID PRJNA541055 with accession
numbers SAMN11571464 – SAMN11571473.

Results
2.3.1 MES performance
The reactors were operated for 5 months in MEC mode to enrich for methanogens,
indicated by the detection of methane. The enriched methanogenic biocathodes were
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transferred to double-chambered MES reactors and operated in batch-fed mode for six
batches (140 hours batch-length) until stable methane production was observed in the
last three consecutive batches (ANOVA, F = 4.2, p > 0.05, Table 2-1). The MES
cathodic current density (0.02 – 0.04 mA/cm2) was similar to that observed during the
MEC operation (0.02 – 0.07 mA/cm2), with an overall increase in current consumption
over time (Figure 2-2 A and Table 2-1). While there was little variability between
reactors in each batch, there was a significant difference between batches (ANOVA, F =
5.1, p = 0.001), with the exception of methane production, which consistently averaged
between 8 and 13 µmol /cm2 (Figure 2-2 A). H2 production was more variable (KruskalWallis,

2

= 5.1, p = 0.02), reaching as high as 14 µmol /cm2 (Batch 5) and as low as

0.08 µmol/cm2 (Batch 6). The average HER rate was 0.04 µmol/cm2/h, compared to an
abiotic HER rate of 6.3 µmol/cm2/h. The rcatH2 (113% ± 7.5, Table 2-1) in the abiotic
control reactor was much higher than for the biotic rcatH2 (average of 4.9% ± 6.4). Both
electrode-assisted methanogenesis and acidogenesis occurred, as evidenced by the
products detected at the end of each batch (methane, formate and acetate) (Figure 2-2
B). The VFA production was more significantly variable than gas production. Formate
was detected in minimal amounts compared to the other products. Acetate levels varied
significantly between batches (Kruskal-Wallis,

2

= 21.9, p < 0.001), reaching a

maximum of 10 µmol/cm2 to undetectable concentrations in Batch 6.
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Figure 2-2 | Performance and product formation plots for the microbial electrosynthesis (MES) reactor. (A)
The recorded average current density j (dot and line plot) and the cathode recovery efficiency for CH4
(rcatCH4, bar chart) for the six MES batches. (B) The average concentrations of the four detected products in
the form of formate, acetate, methane and hydrogen gas. The shaded grey area indicates the period of
time where gas analysis was not done; therefore no gas data were available and it was not possible to
calculate rcatCH4. Each product data point represents the average (triplicate reactors) recorded for each
batch test. Current density was significantly variable (ANOVA, F = 5.1, p = 0.001), as was H2 concentration
(Kruskal-Wallis, c2 = 5.1, p = 0.02) and acetate concentration (Kruskal-Wallis, c2 = 21.9, p < 0.001).
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Table 2-1 | Conversion efficiencies for (A) microbial electrolysis cell (MEC) and (B) microbial
electrosynthesis (MES) reactors, showing the overall cathodic Coulombic efficiency (CCE%), and the
proportion of the total coulombs available at the cathode captured as H2 and CH4, reported as cathode
conversion efficiency, rcatH2 and rcatCH4. One-way ANOVA (parametric data) and Kruskal-Wallis (nonparametric data) results all returned p > 0.05 except for H2 concentration in MES (Kruskal-Wallis, c2 = 5.1,
p = 0.02). Each data point represents the average of the triplicate reactors. The average results of the
abiotic reactors are presented in Table S1(B).
Batch
1
2
3
4
5
6

Current density
(mA/cm2)
–0.023 ± 0.005
–0.030 ± 0.009
–0.030 ± 0.008
–0.044 ± 0.006
–0.036 ± 0.008
–0.044 ± 0.012

H2 (mmol)
–
–
–
0.52 ± 0.8
2.37 ± 2.8
0.01 ± 0.02

MES
CH4
(mmol)
–
–
–
1.29 ± 0.45
2.09 ± 0.28
1.49 ± 0.29

average
abiotic

–0.002 ± 0.0004

0.89 ± 0.3

–

CCE%

rcatH2 (%)

rcatCH4 (%)

–
–
–
65.1 ± 49.8
83.3 ± 17.0
35.5 ± 14.0

–
–
–
2.53 ± 4.1
12.14 ± 13.5
0.07 ± 0.08

–
–
–
27.18 ± 7.4
47.15 ± 9.8
34.14 ± 10.5

61.3 ± 24.1

4.9 ± 6.4

36.2 ± 10.1

113.0 ± 7.5

113.0 ± 7.5

–

2.3.2 Biomass analysis and alpha diversity
Triplicate samples (top, center and bottom) were taken from each of the replicate
biocathodes at the end of the experiment once stable performance was achieved (as
determined by methane production) to quantify biomass and characterize microbial
community diversity through amplicon sequencing. Total biomass did not vary
significantly by position (Kruskal-Wallis, c2 = 0.047, p > .05), although it varied
significantly between the biological replicates (Kruskal-Wallis, c2 = 15.16, p = .0005),
with the highest total biomass measured in Reactor 1 (Figure 2-3).
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Figure 2-3 | Biomass protein concentration at different sampling positions in each of the replicate reactors
grouped by reactor. No statistically significant differences were found for protein concentration between
sampling positions (Kruskal-Wallis, c2 = 0.047, df = 2, p > 0.05), although it varied significantly between
reactors (Kruskal-Wallis , c2 = 15.16, df = 2, p = 0.0005).

Sequence reads after quality filtering ranged between 41,944 and 75,499, for a total of
473,048 reads which were resolved into 263 total observed OTUs. The sampling depth
was sufficient to capture most of the species in the samples, as seen in the rarefaction
curves (Figure 2-4). Diversity in each sample was calculated based on the number of
observed OTUs, Shannon-Weaver, Simpson’s Diversity and Chao1 richness estimator
after rarefying to 41,944 reads. Shannon and Simpson diversity indices place more
emphasis on abundant OTUs, whereas Chao1 takes into consideration rare OTUs. The
results for the enriched biocathodes are presented based on reactor and position in
Figure 2-5. Species richness (observed OTUs) was the highest in Reactor 1, with a
median slightly greater than 130 observed OTUs, followed by Reactor 2 (median
centered between 127 and 130 observed OTUs) and Reactor 3 (median centered
between 123 and 125 OTUs). However, when considering Shannon-Weaver and
Simpson diversity indices, Reactor 1 and 3 were most similar (Student’s t-test, p >
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0.05), whilst Reactor 2 had the lowest alpha diversity, and was less evenly distributed
as reflected in the rank abundance for the three reactors (Figure 2-6), in which only four
OTUs comprised more than 80% of the cumulative read abundance for Reactor 2 as
compared to the other two reactors (eleven OTUs for Reactor 1, eight OTUs for Reactor
3). While alpha diversity was higher in Reactor 1 and 3 compared to Reactor 2, based
on the abundance-based indices (i.e., Shannon-Weaver and Simpson diversity indices),
there was less difference observed when considering the Chao1 richness and evenness
index. No statistically significant difference was observed except when comparing the
Shannon-Weaver diversity index between reactors (ANOVA, F = 7.34, p = 0.0244).
When comparing diversity based on position, the top samples had a higher diversity in
terms of observed OTUs and Chao1 richness compared to bottom samples. This
suggests some spatial heterogeneity across the cathode surface, with more richness
observed in the top part of the cathode compared to the bottom regardless of the
individual differences between reactors. However, when considering the dominant
OTUs, no statistically significant difference was apparent in Shannon-Weaver and
Simpson indices between the different sampling positions.
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Figure 2-4 | Rarefaction curves for all retrieved reads for the 263 operational taxonomic units (OTUs) for
all samples faceted by reactors and combined together. Data points are colored by sampling position (top,
center, bottom).

A

B

Figure 2-5 | Box plot of alpha diversity using observed OTUs, Chao1, Shannon-Weaver and Simpson
diversity indices by (A) Reactor and (B) Position. “R1”, “R2”, and “R3” refer to Reactor 1, Reactor 2 and
Reactor 3. Each box represents the middle 50% of the data, while the middle quartile marks the mid-point.
The lower quartile presents the 25% of scores that fall below the inter-quartile, while the upper quartile
represents the 25% above the inter-quartile. No significant difference, except in the Shannon plot by
Reactor, in Figure 4(A) (ANOVA, F = 7.34, p = 0.0244).
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Figure 2-6 | Rank abundance plot of cumulative reads (%) for all samples, grouped by reactor, after
rarefaction to 41,955 reads. The dashed grey lines denote the highest ranked number of OTUs representing
more than 80% of the cumulative read abundance. The shaded area highlights the number of OTUs
representing more than 97% of the cumulative read abundance for all samples.

2.3.3 Core dominant OTUs
In this study, the core dominant OTUs were defined as the OTUs present in all samples
with a relative abundance ≥ 0.1%. The biocathodes were enriched with a core dominant
OTUs representing 8% of total OTUs (21/263 total OTUs) and > 97% of total reads in all
samples (Figure 2-6). Of the 63 OTUs present at a relative abundance ≥ 0.1% in the
initial anaerobic sludge inoculum (Figure 2-7), only 10 were still represented at ≥ 0.1%
in the final biocathode community for all samples. These 21 OTUs represented 17 core
genera (or lowest taxonomic classification) belonging to the phylum Euryarchaeota
(domain Archaea) and to Synergistetes, Bacteroidetes, Firmicutes, Proteobacteria and
Chloroflexi (domain Bacteria), as presented in a heatmap of relative abundance (Figure
2-8). The communities were dominated by the methanogenic archaeal communities
and, to a lesser degree, a diverse group of bacteria. The biocathodes were highly
enriched with hydrogenotrophic methanogens belonging to the family

59
Methanobacteriaceae (5 OTUs in total with no less than 41%, up to almost 70% relative
abundance), and, to a lesser degree, Methanosarcina (1 OTU) and
Methanomassiliicoccus sp. (1 OTU). The sulfate-reducing bacteria (SRB), Desulfovibrio
and Desulfuromonas sp., were relatively equally distributed across the cathode, with a
relative abundance between 0.3 up to 4.6 %.
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Figure 2-7 | Heatmap of the initial inoculum community showing the 63 OTUs with relative read abundance
≥ 0.1%. Taxonomic classifications are shown as: phylum; genus or lowest taxonomic classification (c: class,
o: order and f: family) possible.
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Figure 2-8 | Heatmap of the relative read abundance (%) of the core community members for each of the
three replicate reactors, rarefied to 41,944 reads. Taxonomic classification is indicated along the two xaxes; phylum-level classifications are shown along the secondary x-axis and genus level or lowest
taxonomic classification (f: family) possible are shown along the primary x-axis.
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There appeared to be a preferential localization for some communities at the different
positions on the cathode based on the relative abundance. This is more easily
visualized by comparing log abundance ratios for the methanogenic and sulfatereducing communities within each sample (Figure 2-9). With log ratios, every 0.33
represents a doubling in ratio, or every 1.0 represents a ten-fold increase. This means
that for two OTUs with the same relative abundance, the log ratio would be zero, while if
one OTU is two times more abundant, the log ratio would equal 0.33 and so on. While
Methanobacterium sp. were the most relatively abundant community and were enriched
across the cathode, they were more localized in the upper part of the cathode relative to
the unclassified Methanobacteriaceae sp. (log ratio of 1) and Methanosarcina sp. (log
ratio of 1.1), and almost two times less in the bottom part of the cathode compared to
the ]Methanobacteriaceae sp. (log ratio -0.3). This seems to indicate a preferential
localization for this community at the top of the cathode that decreased in the lower part
of the cathode, in an inverse relationship to Methanobacteriaceae and Methanosarcina
sp. While the log ratio decreased between Methanobacterium sp. and the two SRBs
from the top to bottom, this appeared to be due to the decrease in relative abundance of
Methanobacterium rather than a decrease in the SRB abundance, as evidenced by the
log ratio comparing the two SRBs showing little difference regardless of cathode
position (0.1 – 0.2). The other less abundant members of the core community also
appeared to demonstrate less spatial variation; the results of their log ratio distributions
are not shown in Figure 2-9 for simplicity.
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Figure 2-9 | Heatmap of the log abundance ratio of the core community of methanogens and sulfatereducing bacteria (SRB) arranged by sampling position, based on the average of the relative read
abundance for the three replicates reactors. The ratios are presented as the ratio of the specific microbial
community along the x-axis to that along the y-axis, in the direction indicated by the arrows for each figure.
For the methanogens, “f_Meth.” is the family Methanobacteriaceae, “MB sp.” is Methanobacterium sp., and
“MS sp.” is Methanosarcina sp. For the SRBs, “DM sp.” is Desulfuromonas sp., and “DV sp.” is Desulfovibrio
sp.
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2.3.4 Beta diversity
Beta-diversity statistical analyses were done to determine the statistical significance of
the observed spatial heterogeneity in relative abundance. The nMDS plots of the core
community revealed that samples clustered more by reactor rather than by position
regardless of the dissimilarity matrix used (Bray-Curtis or weighted UniFrac) (Figure 210). The data were normalized differently to see if beta-diversity results would be
affected by normalization methods (McMurdie and Holmes, 2014; Weiss et al., 2017).
Pairwise comparisons using ANOSIM or Adonis/PERMANOVA with raw OTU
abundance data, data rarefied to 41,944 reads, data normalized by DESeq2 and CSS
methods for the core OTUs and all the retrieved OTUs are shown in Table 2-2. Pairwise
comparisons revealed no significant differences in beta-diversity regardless of the
normalization methods and whether core or all retrieved OTUs were used. In no case
was there a significant difference from the null distribution (Table 2-2, p > 0.05).
A

B

Figure 2-10| Non-metric multi-dimensional scaling (nMDS) plot of the core OTUs using (A) the nonphylogenetic Bray-Curtis dissimilarity matrix and (B) the phylogenetic-based Weighted Unifrac distance
matrix. Colors indicate different reactors and shapes indicate different sampling positions.
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Table 2-2 | ANOSIM and ADONIS analyses results for pairwise comparisons of β-diversity for (A) all OTUs
and (B) core community OTUs, using the Bray-Curtis dissimilarity and Weighted UniFrac distance metrics.
In the “pairwise comparison” column, “R” refers to reactor, and “T”, “C”, “B” refer to the top, center, and
bottom sampling positions, respectively. “Raw” refers to raw read counts, “rarefied” indicates rarefaction to
41,944 reads, “DESeq2” indicates normalization by the DESeq2 method, and “CSS” indicates normalization
by cumulative sum-scaling (CSS) method. ANOSIM R values are based on 999 permutations and ADONIS
F values are based on 719 permutations.

BRAY-CURTIS

(A)

CSS

DESEQ2

RAREFIED

RAW

ANOSIM

ADONIS

WEIGHTED UNIFRAC
ANOSIM

ADONIS

Pairwise
comparison

R

pvalue

F

pvalue

R

p-value

F

pvalue

R1 vs. R2

0.33

0.20

1.41

0.30

1.00

0.09

0.09

0.10

R1 vs. R3

0.52

0.12

2.98

0.10

0.07

0.43

1.42

0.40

R2 vs. R3

0.30

0.20

1.70

0.20

0.52

0.10

4.36

0.10

T vs. C

–0.22

0.71

0.51

0.80

0.04

0.29

1.11

0.20

T vs. B

0.67

0.10

3.73

0.10

0.11

0.20

1.26

0.30

C vs. B

0.30

0.11

2.54

0.10

-0.26

0.90

0.47

0.70

R1 vs. R2

0.74

0.11

4.39

0.10

0.74

0.11

3.61

0.10

R1 vs. R3

1.00

0.11

7.51

0.10

0.96

0.10

6.77

0.10

R2 vs. R3

1.00

0.10

6.08

0.10

1.00

0.10

8.75

0.10

T vs. C

–0.26

0.70

0.38

0.70

–0.37

1.00

0.38

0.70

T vs. B

0.11

0.51

1.15

0.50

–0.07

0.61

0.76

0.50

C vs. B

–0.07

0.58

0.79

0.70

–0.26

0.91

0.59

0.70

R1 vs. R2

0.74

0.11

4.39

0.10

0.74

0.11

3.61

0.10

R1 vs. R3

1.00

0.11

7.51

0.10

0.96

0.10

6.77

0.10

R2 vs. R3

1.00

0.10

6.08

0.10

1.00

0.10

8.75

0.10

T vs. C

–0.26

0.70

0.38

0.70

–0.37

1.00

0.38

0.70

T vs. B

0.11

0.51

1.15

0.50

–0.07

0.61

0.76

0.50

C vs. B

–0.07

0.58

0.79

0.70

–0.26

0.91

0.59

0.70

R1 vs. R2

0.85

0.09

4.00

0.10

0.89

0.10

4.85

0.10

R1 vs. R3

1.00

0.10

6.83

0.10

1.00

0.10

8.08

0.10

R2 vs. R3

1.00

0.08

6.40

0.10

1.00

0.10

11.16

0.10

T vs. C

–0.22

0.70

0.40

0.70

–0.26

0.70

0.38

0.70
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Discussion
2.4.1 Variations in reactor performance
Enrichment of the methanogenic biocathodes was done in single-chambered MECs
prior to the dual-chambered MES operation to facilitate the growth of a mature
methanogenic biocathode. HER rates are lower in dual-chambered reactors due to
mass transfer limitations of protons across the cation exchange membrane separating
the anode from the cathode. Several MES studies report an initial enrichment step prior
to MES reactor transfer (Babanova et al., 2016; Fu et al., 2015; Zhen et al., 2018).
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While there was little variability between reactors within each batch during MES
operation, there was a significant difference between batches in line with reported
variability in methanogenic biocathode performance (Babanova et al., 2016; BlascoGómez et al., 2017; Bretschger et al., 2015; Siegert et al., 2016). Methane production
was relatively consistent between batches compared to H2 production. It is important to
note that rcatH2 values (Table 2-1) only reflect the average H2 detected at the end of
each batch, and not the total H2 produced in the system. H2 is difficult to accurately
quantify in such systems due to its role as an electron donor (biotic reaction) in the case
of indirect electron transfer and because it can easily diffuse through the membrane and
leak out from reactors and tubing (Cotterill et al., 2018; Dykstra and Pavlostathis,
2017a; Ruiz et al., 2013). This was further supported by the rcatH2 (113% ± 7.5, Table 21) for the abiotic control reactor, which was significantly higher than for the biocathode
(rcatH2 of 4.9%). While most of this difference was due to H2-mediated methanogenesis,
it is not clear how much of the evolved H2 was lost from the system. In either case, the
H2 evolving from the cathode would not have been enough to account for the methane
detected, since CO2 reduction to methane requires 4 moles of H2 for every mole of
methane. The average amount of methane detected during the three MES batches was
1.6 mmol; an equivalent of ~ 6.5 mmol H2 would be required to maintain the 1:4
stoichiometric ratio. However, the average abiotic H2 was only 0.89 mmol, indicating
that abiotic HER was not the only source for reducing equivalents for methanogenesis,
as has been previously reported (Dykstra and Pavlostathis, 2017a) which is discussed
further in Section 2.4.2.
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2.4.2 Methanogen-dominated core community
Absolute abundance values are not possible with just amplicon sequencing, and thus
the data were only reported in terms of relative abundance. Relative abundance values
may not fully capture organism abundance due to the known limitations associated with
amplicon sequencing, namely primer specificity, PCR and DNA extraction biases, and
16S rRNA gene copy number variations between different species (Murray et al., 2015).
Nevertheless, the methanogenic biocathodes were clearly highly enriched with a core
community (> 97% similarity across all the samples) that was made up of 60 – 80%
hydrogenotrophic methanogens from the family Methanobacteriaceae
(Methanobacterium sp. and an unclassified genus of Methanobacteriaceae) and
Methanosarcina sp. (~10%). Hydrogenotrophic methanogen communities are frequently
reported to dominate methanogenic biocathodes, whether in MECs or MES, especially
Methanobacterium sp. and Methanobrevibacter sp. (Blasco-Gómez et al., 2017; Dykstra
and Pavlostathis, 2017a; Siegert et al., 2015). Members of the family
Methanobacteriaceae are capable of reducing CO2 to CH4 in the presence of H2 (or
formate) as an electron donor. H2-mediated methanogenesis is generally the most
dominant pathway for methane generation in these systems as hydrogenotrophic
methanogens do not contain cytochromes for direct electron uptake from the cathode
(Batlle-Vilanova et al., 2015; Blasco-Gómez et al., 2017; van Eerten-Jansen et al.,
2014), although Methanospirillum hungatei was recently reported to be capable of
producing electrically conductive filaments (Walker et al., 2019). Methanosarcina spp.
are metabolically versatile with mixotrophic growth; different species can produce CH4
through the three methanogenesis pathways (hydrogenotrophic, acetoclastic and
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methylotrophic) (Kendall and Boone, 2006; Worm et al., 2010). While they contain
cytochromes and are known to be involved in electroactivity (Rotaru et al., 2014b; Rowe
et al., 2019), they were present in lower abundance than the hydrogenotrophic
methanogens, which is consistent with previous reports of methanogenic MES systems
where Methanobacteriaceae spp. dominate the cathodic community (Blasco-Gómez et
al., 2017).
Roughly 10% of the core community was represented by Proteobacteria. Members of
the phylum Proteobacteria have been described as important members of
methanogenic biocathodes, especially sulfate reducing bacteria (SRB) like Desulfovibrio
sp. and Desulfuromonas sp. which were enriched across the cathodes. Desulfovibrio
spp. require an organic carbon source along with CO2 for growth due to their incomplete
Krebs cycle (Pfennig, 1989), consuming carbohydrates and VFAs with H2 as an electron
donor (Ariesyady et al., 2007) in the presence of sulfates. While SRB can outcompete
hydrogenotrophic methanogens for H2 in the presence of sulfates due to their lower Ks
and higher growth rates, under sulfate-limited conditions they instead establish a
syntrophic relationship where SRB act as H2 producers and hydrogenotrophic
methanogens as H2 consumers to maintain the thermodynamic favorability of the
reaction (Muyzer and Stams, 2008; Werner et al., 2016). This was indeed the case in
our reactors due to the presence of only trace amounts of sulfate in the media.
Additionally, electrotrophy in SRB has been demonstrated, where they can directly
accept electrons from the cathode and reduce protons to H2 since they contain
hydrogenases (Agostino and Rosenbaum, 2018; Aulenta et al., 2012). Thus, the H2
evolution coupled with limited sulfate and acetate favored the growth of
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hydrogenotrophic methanogens, especially the observed Methanobacterium sp. and the
other unclassified member of the Methanobacteriaceae family.
The remainder of the core community was made up of a diverse group of fermenters of
the phyla Bacteroidetes, Synergistetes, Firmicutes and Chloroflexi. Since no external
organic carbon source was added, their presence was probably due to endogenous
decay of the biofilm and amino acid fermentation, as has been previously reported
(Dykstra and Pavlostathis, 2017b). These fermenters can produce acetate, H2 and CO2
as end products of their fermentation, and they are discussed further in the
Supplementary Discussion. Although not part of the core dominant community (not
present at a relative abundance of 0.1% or higher in all samples), a variety of genera
capable of aerobic growth were also enriched at relative abundances > 0.1%. These
included Aquamicrobium sp., Thiobacillus and the family Comamonadaceae. Aerobic
microorganisms have been previously reported in other anaerobic bioreactors, including
microbial fuel cells (Shehab et al., 2013), where it is expected that they persist by
consuming any intruding oxygen in the system, thus aiding in maintaining an anaerobic
environment. There may have been oxygen intrusion through the cation-exchange
membrane separating the two chambers from the water-splitting abiotic anode (Chae et
al., 2008; Sethuraman et al., 2009). The diversity of the microbiomes in the replicate
reactors can help with stability and adaptability in the face of such
destabilizing/unfavorable conditions.
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2.4.3 Log

ratio

abundance
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preferential

spatial

localization

of

hydrogenotrophic methanogens
Although the hydrogenotrophic methanogens were relatively evenly distributed across
the cathode, some spatial segregation was apparent for Methanobacterium sp. (four
OTUs). and the unclassified Methanobacteriaceae sp. (one OTU) (Figure 2-8).
Methanobacterium sp. were more highly abundant in the top samples versus the
bottom, in a somewhat inverse relation to the Methanobacteriaceae sp.; this is more
evident when comparing the log ratio abundance between the two communities (Figure
2-9).
Considering the broad range of species that belong to the family Methanobacteriaceae,
the results suggested that these were two different spatially segregated
hydrogenotrophic methanogen groups, possibly due to differences in their H2 utilization
and growth kinetics. Different local microenvironments or niches may have developed at
the top compared to the bottom of the cathode, resulting in spatial segregation of
hydrogenotrophic methanogen communities. The H2 that evolves at the cathode does
not reach an equilibrium state between the headspace and dissolved H2 due to its low
solubility and density (Werner et al., 2016), and the dynamics between H2 production
and microbial consumption rates across the cathode (Dykstra and Pavlostathis, 2017a).
In this study, the rate of H2 production was a function of the abiotic HER and biotic H2
evolution by SRB and endogenous decay. The rate of H2 consumption is a function of
the maximum H2 utilization rates (vmax) and maximum specific growth rates (µmax) of the
hydrogenotrophic methanogens (Conrad, 1999). The physical proximity of the top part
of the cathode to the headspace, which has an abundance of H2 relative to the solution,
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may have resulted in relatively higher H2 availability in the compared to the bottom part
of the cathode. Since the Methanobacterium sp. preferentially aggregated in the top, it
may be inferred that this genus had a lower affinity to H2 (higher half-saturation
constant, Ks). The unclassified Methanobacteriaceae sp. may have had higher affinity to
H2 (lower Ks) allowing it to be more competitive in an environment with lower H2
availability, i.e. the bottom of the cathode. Higher versus lower HER rates have been
shown to result in the dominance of different Methanobacteriaceae spp. in
methanogenic biocathodes (Werner et al., 2016). In the case of similar H2 affinity,
competition would be based on µmax (Archer and Powell, 1985). Therefore, it is probable
that H2 affinity and maximum specific growth rates differed between the two
communities. It is not possible to determine exactly the species-level taxonomic
classification with 16S rRNA amplicon sequencing, so no comparison of exact growth
kinetics (i.e., Ks and µmax) can be made for the different species.
The distribution in relative abundance of the Methanosarcina sp. was more uniform
across the cathode. As previously stated, they are capable of methanogenesis by using
acetate, cathode or H2 as an electron donor (Rotaru et al., 2014b; Rowe et al., 2019).
Methanosarcina sp. have a reported acetate threshold between 0.2 – 1.2 mM (Jetten et
al., 1990). The maximum acetate concentration measured in the reactors was 1.6 mM,
which is above the minimum threshold, although it varied between batches to below 0.2
mM. It should be noted that the acetate concentration was measured at the end of the
batch and it is possible that the concentrations of acetate were higher during the batch
and decreased with time. H2-driven methanogenesis would have led to direct
competition between Methanosarcina sp. and other hydrogenotrophic methanogens,
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which have a lower Ks (H2) and thus a higher affinity to H2. A direct electron transfer
mechanism by Methanosarcina sp. would not have involved competition for anything
other than physical space to enable direct interaction with the cathode (along with H+
and CO2). It is possible that Methanosarcina sp. grew using a combination of acetate or
direct electron transfer relatively independent of the H2 availability, leading to their
uniform distribution across the cathode.
A similar uniformity of distribution was observed when comparing the abundances of the
sulfate-reducing Desulfovibrio sp. and Desulfuromonas sp. As with the Methanosarcina
sp., direct electron transfer for H+ reduction to H2 by the SRB would lead to uniformity
across the cathode since no concentration gradients occur in terms of physical location.
While the SRB abundance was relatively stable across the cathode in relation to each
other (log ratio of 0.1 – 0.2, Figure 2-9), they were generally more highly abundant in
the bottom part of the cathode as compared to the top of the cathode in relation to the
Methanobacterium sp. This was due to the decrease in Methanobacterium sp.
abundance in the bottom of the cathode. While Methanobacterium sp. abundance was
overall lower in the bottom of the cathode, higher abundance was observed (> 21%) in
Reactor 1 and 3 samples with concurrently higher abundances of the SRB (> 4%)
compared to Reactor 2 (8.5% Methanobacterium), which had a lower abundance of
SRB (0.6 %) (Figure 2-8). This may suggest that Methanobacterium sp. had a stronger
reliance on their syntrophic relationship with the SRB due to the lower H2 availability at
the bottom.
Figure 2-11 presents a hypothetical schematic describing these apparent spatial
distribution trends of the core community members that are central to the functional
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performance of methanogenic MES in terms of current consumption, hydrogen
production and methane production. Overall, it seemed the differences in the local
segregation of the hydrogenotrophic methanogens could be mainly due to the difference
in micro-scale H2 and CO2 availability as well as their growth kinetics (i.e., Ks and µmax).

Figure 2-11 | A hypothetical schematic developed based on the results of this study describing the spatial
distribution of the key core community members along the cathode of methanogenic MES system where
the cathode is the sole electron donor (direct or indirect v via H2) and CO2 is the sole carbon source.
“SRB” refers to sulfate-reducing bacteria. H2 can evolve directly from the surface of the cathode due to
the reduction of H+ at < -0.6 V vs. Ag/AgCl. Endogenous decay within the cathodic biofilm can act as a
source of complex substrates for various hydrolytic/fermentative bacterial communities (which were
relatively equally distributed across the cathode) to produce intermediates (such as acetate, H2 and CO2)
that are utilized by the different methanogens. H2 and CO2 partial pressure is higher in the headspace;
thus they are relatively more available to the top part of the cathode (blue arrow), which is in closer
proximity to the headspace compared to the bottom part (red arrow). SRB such as Desulfovibrio sp. can
use the cathode as an electron donor to reduce protons available in the media due to the water-splitting
reaction at the anode. In the absence of sulfates (or under sulfate-limited conditions), their syntrophic
partnership with hydrogenotrophic methanogens maintains the thermodynamic favorability of SRB-driven
H2 evolution where the methanogens consume H2 for CO2 reduction to methane. Generally, SRB partner
with hydrogenotrophic methanogens of the family Methanobacteriaceae, of which Methanobacterium sp.
are frequently described as dominant methanogens in methanogenic METs. The SRB-methanogen
partnership is beneficial for hydrogenotrophic methanogens and they co-aggregated with
Methanobacterium sp. at the bottom of the cathode. The metabolic versatility of Methanosarcina sp. to
use the cathode as an electron donor, as well as produce methane via both the hydrogenotrophic and
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acetoclastic pathways allows them to be relatively evenly distributed throughout the cathode. The
schematic was created using BioRender.com.

2.4.4 No significant beta-diversity within and between replicate biocathodes
Despite the observed differences in relative abundance distribution, no statistically
significant variance in beta-diversity was observed within and amongst the triplicate
biocathodes, suggesting a deterministic-driven assembly of the cathodic microbial
community. Seeded with the same inoculum, the microbial community at the cathode of
replicate reactors converged to the same core community. This convergence to a core
community of 21 OTUs supports a deterministic community assembly as has been
shown in bioanodes and in anaerobic digestion (Dennis et al., 2013; Peces et al., 2018).
Acting as the sole electron donor, the cathode creates a highly selective stress for
chemolithoautotrophs capable of growth via direct electron transfer mechanisms or with
H2 as an electron donor that clearly shapes the cathodic community, driving it towards a
core community dominated by hydrogenotrophic methanogens (5 OTUs). These results
are promising, as they support the reproducibility of methanogenic MES biocathodic
communities and their functional redundancy (i.e. different species that can perform the
same function) which is important when considering larger scale applications subjected
to operational fluctuations. Functional redundancy can help maintain the overall
performance of the cathode, since differences in the cathode local micro-environments
can arise in terms of HER variability that can occur due to cathode materials and pH
gradients, H2 availability throughout the thickness of the biofilm, and syntrophic
relationships that contribute to substrate (H2 and CO2) availability. The results highlight
the importance of sufficient and appropriate sampling for microbial community analyses.
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Local variabilities in abundance can affect the conclusions drawn regarding factors
shaping the community and the dominance of certain communities. Triplicate samples
from multiple points across the cathode are the minimum needed for statistical analyses
to determine whether observed variabilities are significant. However, many MEC and
MES do not report their results in the framework of statistically relevant differences. It
should be noted that amplicon DNA sequencing technique does not differentiate active
from non-active members in the microbial community. Methods such as reversetranscribed rRNA, can be applied in future studies, for identifying active populations to
gain a deeper understanding of the functionally relevant interactions between
communities.

Conclusions
This study presents insights into the microbial community assembly, spatial distribution
and homogeneity of electromethanogenic biocathodes. Our data showed that while the
functional performance of these bioreactors may vary, it is unlikely to be due to
differences in the overall communities present as deterministic assembly led to the
development of a specific core community responsible for the majority of CO2
conversion to CH4 via different syntrophic relationships. Even though local community
segregation may occur due to the differences in H2 utilization and competitive
relationships, this did not result in any statistically significant overall beta diversity within
the cathodes or between reactors. This information is relevant to understanding cathode
community assembly in microbial electrochemical technologies, especially those
conducted with CO2 as the sole electron donor. For METs applied to wastewater
treatment, where more complex organic substrates are available, obviously there would
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be differences in the core community assembly with a higher abundance of fermenters
and heterotrophic growth due to the presence of larger amounts of fermentable
substances, and stochastic community assembly may be stronger with continuousoperation reactors due to a regular immigrant influx. Additionally, this study highlights
the importance of sufficient sampling for statistical analyses purposes that allow for
more in-depth and meaningful investigations of sequencing data generated from the
many MET studies carried out.
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Effect of set cathode potential on the methanogenic
biocathode structure and function in a microbial electrosynthesis
system

Introduction
Microbial electrochemical technologies (METs) exploit the bioelectrocatalytic activity of
microorganisms for electric current generation. The main application explored for METs
in the last two decades has been wastewater treatment (organic oxidation and removal)
with simultaneous energy recovery in the form of electricity (microbial fuel cell; MFC)
(Logan, 2008) or H2 (microbial electrolysis cell; MEC) (Kim et al, 2001; Angenent, et al.,
2004; Rabaey and Verstraeta, 2005; Rabaey et al., 2010; Oh et al., 2010; Hari et al.,
2016; Katuri et al., 2019; Shehab et al., 2013). These applications have since been
expanded to include reduction of CO2 waste streams to CH4 and/or acetate at the
cathode of microbial electrosynthesis (MES) system (Alqahtani et al., 2018; Bian et al.,
2018; Cheng et al., 2009; Nevin et al., 2010; Rabaey and Rozendal, 2010). MES is a
promising application of MET for resource recovery from CO2 waste streams, and can
be utilized in biogas upgrading and renewable energy storage (Blasco-Gómez et al.,
2017). Electromethanogenesis in MES systems is the process of CO2 reduction to CH4
catalyzed by methanogens using a cathode as the electron donor directly, as shown in
Reaction (1), or via H2 through the hydrogen evolution reaction (HER) as shown in
Reactions (2) and (3) (Cheng et al., 2009; Villano et al., 2010).
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Direct electron transfer-related reaction
CO2 + 8e- + 8H+ à CH4 + 2H2O

– 0.443 V vs. Ag/AgCl, pH 7 (1)

Indirect electron transfer-related reactions
8H+ + 8e- à 4H2
CO2 + 4H2 à CH4 + 2H2O

– 0.613 V vs. Ag/AgCl, pH 7 (2)
ΔG = – 131 kJ/mol, pH 7 (3)

Direct electron transfer encompasses the transfer of free electrons from cell to a solid
surface (i.e. the electrodes in MET) and vice versa, as well as the transfer of electrons
between species through direct connections or electrically conductive materials (Katuri
et al., 2018). The latter is referred to as direct interspecies electron transfer (DIET).
Indirect transfer relates to the movement of electrons between the cell-solid and cell-cell
interfaces via mediators, mainly molecular hydrogen. Indirect electron transfer rates are
highly dependent on substrate (H2 and CO2) concentration gradients within the cathodic
biofilm and are regulated by the energy available from catabolic reactions by the
microorganisms (Storck et al., 2016; Cheng and Call, 2016) and by the efficiency of the
cathode material to catalyze the HER (Katuri et al., 2018). The low solubility of H2 and
CO2 (1.6 mg H2 L-1 at 1 atm H2 and around 1.5 g CO2 L-1 at 1 atm CO2 at 298K) (Zhang
et al., 2013) directly affects their availability to microbial catalysts. For H2, a high rate of
evolution that is beyond the rate of consumption of methanogens in the biofilm would
result in the escape of H2, limiting its availability to the biofilm (Werner et al., 2016).
Although it is more energetically favorable to produce CH4 via direct electron transfer,
many studies have shown the dominance of H2-mediated electron transfer (Blanchet et
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al., 2015; Choi and Sang, 2016a; Rosenbaum et al., 2011; van Eerten-Jansen et al.,
2014; Villano et al., 2010).
Since the cathode is key to controlling reaction kinetics and, ultimately, CH4 production
rates and yields, it is important to focus on the cathode to further develop MES systems
for commercial scale-up. Cathodic reactions vary in their theoretical onset potentials
due to thermodynamic differences. Therefore, set cathode potential is a crucial
parameter to optimize for the scale-up of MES systems for CO2 reduction to CH4.
Several studies have explored the effect of the set cathode potential in both MEC and
MES on metabolic pathways and reactor performance, with lower potentials leading to
higher cathodic production rates. For example, Cheng et al. (2009) observed direct CO2
reduction to CH4 at cathode potentials lower than –0.7 V vs. Ag/AgCl in MEC, with
maximum current capture at –1.0V. Villano et al. (2010) tested a range of cathodic
potentials (–0.65 to –0.9 V vs. Ag/AgCl), concluding that CH4 generation occurred
through both direct and indirect electron transfer, although they demonstrated that
indirect transfer was dominant in their MES system. Jiang et al. (2013) investigated the
effects of cathode potentials from –0.85 V to –1.15 V vs. Ag/AgCl in MES cells; they
observed that only CH4 and H2 were produced in the range from –0.85 V to –0.95 V,
while at potentials lower than –0.95 V CH4, H2 and CH3COOH were simultaneously
produced. While these studies have demonstrated the effect of the cathode potential on
reactor performance in general there is a knowledge gap regarding the functional
dynamics of the biocathode performance due to metatranscriptional changes in
response to different cathode potentials specifically for methanogenic biocathodes in
MES. Although there are reports investigating metatranscriptional changes in
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methanogenic MES biocathode communities in response to set cathode potential
compared to an open circuit (Perona-Vico et al., 2019), there is a general lack of studies
that investigate the changes in the cathodic microbial community and its functional
response to several different set potentials and their resulting differences in HER rates
at a metatranscriptional level.
Different set cathode potentials can affect hydrogen and electron availability at the
cathode, hence affecting CH4 metabolism-related gene expression, which may highlight
genes important in electron transfer for CO2 reduction to CH4. At less negative cathode
set potentials, abiotic hydrogen evolution should be minimal due to thermodynamic
limitations with HER; thus, theoretically only CO2 reduction should take place (i.e.,
Reaction 1). This would limit indirect H2-mediated electron transfer, which would lead to
transcriptional changes in the community that would highlight genes involved in electron
transfer. At more negative cathode set potentials more abiotic hydrogen will evolve and
thus indirect electron transfer will be the main mechanism. Therefore, the objective of
this study was to understand the functional dynamics of biocathode methanogenic
community in MES in relation to set cathode potential using a metagenomic and
metatranscriptomic approach. The knowledge gained from this work will add to the
lacking fundamental understanding of cathode-microbe interactions. This lays the
groundwork for rationally developing more efficient cathode materials and searching for
robust and efficient methanogenic microbial communities that can be selectively
enriched, to aid in improving the overall MES systems’ performance for practical
applications.
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Materials and Methods
3.2.1 MEC set up and methanogenic biocathode enrichment
Triplicate single-chamber MEC reactors were prepared using 300 ml screw-capped
borosilicate glass bottles, with a working volume of 280 ml. The caps and bottles were
modified with appropriate ports to place the electrodes, gas collection bag (Calibrate,
Inc., USA) and gas sampling port. The ports were 2 cm long, with a diameter of 0.5 cm.
The anodes, made of carbon fiber brush with a titanium core (4 cm × 2.5 cm, The MillRose Company, USA), were cleaned by soaking in acetone overnight, washing with
sterile deionized water and heat-treated at 450 oC for 15 min. Carbon cloth cathodes
were prepared with a 160 cm2 (8 cm length x 10 cm width) geometric surface area, with
titanium wire woven through to act as the current collector. The cathodes were cleaned
by soaking in acetone overnight, washed with sterile deionized water and dried at room
temperature. The anode and cathode were positioned vertically within the reactor,
approximately 2 cm apart. Teflon tape and epoxy were applied on all the connections to
ensure a proper seal. Reactors were inoculated with sludge from an anaerobic
membrane bioreactor (10% v/v), mixed with a synthetic influent medium containing 10
mM sodium acetate as the carbon source and electron donor. The influent medium was
prepared using a modified DSMZ Medium 826 (DSMZ, Leibniz, Germany) with the
following composition (g/L): NH4Cl, 1.5; Na2HPO4, 0.6; KCl, 0.1; Na2HCO3, 2.5;
CH3COONa, 0.82, and 10 ml trace minerals and vitamin solution each. To maintain
anaerobic conditions, the media was sparged for 1 hour using a N2:CO2 (80:20) gas
mixture and then autoclaved. The sodium bicarbonate was sterile filtered into the media
after autoclaving to maintain a pH of ~7.5. The reactors were operated in batch-fed
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mode with an applied voltage of 0.7 V using an external power source (3645 A; Circuit
Specialists, Inc., USA). A data logger (ADC 24, PicoLog, UK) was used to measure the
voltage across an external resistor (Rex = 10 Ω). A 10% decrease in voltage from the
peak reading signaled the end of each batch for media replacement and sampling. This
was approximately every 48 hours. The reactors were enriched for a total of 5 months,
after which the enriched methanogenic biocathodes were transferred to sterile triplicate
double-chambered three-electrode MES reactors.
3.2.2 MES set up and operation
For the double-chambered MES reactors, the anodes were abiotic titanium plates using
titanium wires as the current collectors. A Nafion® 117 cation exchange membrane (5
cm2, Sigma, USA) was used to separate the double chambers. Gas bags were attached
to gas outlet ports to collect biogas produced during each batch for analysis. The same
MEC enrichment media composition was used for the MES operation with the omission
of sodium acetate, and continuous stirring. Therefore, the only carbon source was CO2
in the form of dissolved sodium bicarbonate for pH adjustment and 100% CO2 gas,
which was continuously bubbled into the reactors at the beginning of each batch for 5
min and acted as a CO2 reservoir through passive gas diffusion from the gasbags into
the reactor headspace. An Ag/AgCl reference electrode (BASi, USA) was inserted in the
cathode chamber to maintain the set potential control. A VMP3 potentiostat (BioLogic,
USA) was connected to the three-electrode system to chronoamperometrically maintain
a cathode set potential of – 1.0 V vs. Ag/AgCl. The reactors were batch-fed with each
batch lasting 140 hours.
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3.2.3 Set potential changes and sampling
All reactors were maintained at the same set cathode potentials to allow for triplicate
samples which are required for metatranscriptional analyses to determine statistical
significance. Once stable methane production was observed for three batches, the set
potential changes and sampling were started. Before the start of the set potential
experiment, baseline samples were taken from all the biocathodes using sterilized
scissors and suspended in 6 ml sterile media. This was followed by replacing the
cathode media and continuously flushing the headspace for 5 min with 100% CO2. The
reactors were then connected to the potentiostat and maintained at – 1.0 V for 1 hour to
allow for current density recovery from the baseline sampling event, as determined from
previous tests (data not shown). The reactor headspaces were once again flushed with
100% CO2 and the set cathode potential was switched to – 0.7 V. After 45 min, the
second sampling took place to represent the – 0.7 V sample point. After the second
sampling event, the cathode media was replaced, the headspace flushed with 100%
CO2 and the reactors were reconnected to the potentiostat and maintained at – 0.7 V for
another 45 min after which the final sampling event took place. The operational changes
and sampling points are summarized in Figure 3-1. All biocathode samples were
collected using sterilized scissors and placed in 6 ml sterile media with an equal amount
of RNAlater to prevent RNA degradation and immediately placed in liquid nitrogen for 1
min to arrest any further RNA transcription. These samples were subjected to vortexing
for 1 min to detach the microbial cells from the cathode and stored at -20 °C for
subsequent protein analysis, DNA/RNA co-extraction, and sequencing for amplicon,
metagenomics and metatranscriptomics analyses.
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Figure 3-1 | Overview of the operational and sampling scheme. “MEC enrichment” represents the
enrichment of the triplicate reactors at 0.7 V applied voltage in the single chamber MECs. “MES operation”
represents the dual-chambered MES reactors operated at different set cathode potentials. “16S” refers to
samples taken for 16S rRNA gene amplicon sequencing, “MG” denotes the samples taken for metagenomic
analyses, and “MT” denotes the samples taken for metatranscriptional analyses.

3.2.4 Measurement and analyses
Liquid and gas (H2, CH4 and CO2) samples were measured at the end of each batch
cycle using chromatographic methods. Volatile fatty acids were detected at 210 nm
using an Aminex HP-87H column (Bio-Rad, Hercules, CA) with a UV-detector high
performance liquid chromatography (HPLC; Shimadzu, Japan). The mobile phase was
0.005 M H2SO4 at a flow rate of 0.55 ml/min. Samples were filtered through 0.2 µm
filters prior to analysis. The gas composition in the reactor headspace and gas bag were
analyzed using a gas chromatograph (GC; Model# 8610C, SRI Instruments, USA) as
previously described (Ananda Rao et al., 2017). During the set potential sampling
experiment, gas and liquid samples were taken at the start and end of each operational
change.
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3.2.5 MEC calculations
Current density j (mA/cm2) was calculated as:
!=

$
%

where I is the current (mA) calculated from the recorded voltage (mV) across the
resistor (1000 mΩ, R), divided by the geometric surface area of the cathode (160 cm2).
Coulombic efficiency (CE%) was calculated as:
CE =

Ct
& 100
Cth

where Ct is the total coulombs calculated by integrating the current over time (Ct = Σ I
Δt, Δt is the cycle duration), Cth is the theoretical amount of coulombs available based
on the acetate removed over the same amount of time, calculated as Cth = [F b (Cin –
Cout)]/M, where F is Faraday’s constant (96485 C/mol), b = 8 is the number of electrons
produced per mole of acetate, Cin and Cout are the influent and effluent acetate
concentrations and M = 82 is the molecular weight of acetate (Werner et al., 2016).

3.2.6 MES calculations
Current density was calculated as the recorded current (mA) divided by the geometric
surface area of the cathode (160 cm2). Cathodic conversion efficiencies in terms of
hydrogen, methane, formate and acetate recovery (rcatH2, rcatCH4, rcatform, rcatace) were
calculated by:
rcat=

n
nCCE
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where n is the moles of the specific product (H2, CH4, formate or acetate). nCCE is the
total moles of gas possible based on the total coulombs Ct as recorded by the VMP3
software, and is calculated by:
nCCE =

Ct
bF

where b is the number of moles of electrons required for hydrogen production (2 mol e-),
methane production (8 mol e-), formate production (2 mol e-), and acetate production (8
mol e-), and F is Faraday’s constant (96,485 C/mol e-).
3.2.7 Adenosine triphosphate (ATP) analysis
Adenosine triphosphate (ATP) was quantified to measure the amount of live biomass on
the biocathodes. ATP content in duplicate 200 µl samples of the suspension as
described above was quantified by the Celsis Amplified ATPTM reagent kit on an
Advance luminometer (Celsis, UK) with sterile media as a negative control. The
luminescence was subsequently measured as an integral over 10 s, expressed in
relative light units (RLU). The RLU values were converted to ATP concentrations
using a calibration curve (R2 > 0.99), which was prepared with pure ATP standard
(10 mM; Promega Corporation, USA) diluted in ATP-free, sterile water to different
concentrations. All samples were measured in duplicates. Since the ATP and protein
(discussed below) samples were taken from the cells suspended from the same
biocathode sample, the ATP concentration was normalized to the total protein
concentration (as measured in µg BSA per cm2 of biocathode).

88
3.2.8 Protein analysis
Total protein was measured based on the Lowry method (Lowry et al., 1951). The
suspended cell samples in sterile media were thawed at room temperature and total protein
was determined using the DC-protein assay kit (BIO-RAD Laboratories, Inc., USA) following
the manufacturer’s instructions after being re-suspended in deionized (DI) water, with a
series of graded Bovine Serum Albumin (BSA, Sigma Aldrich, USA) solutions as standards
(0 – 0.5 µg/µl, R2 > 0.97) (Bian et al., 2018; Bretschger et al., 2015; Dykstra and
Pavlostathis, 2017b).
3.2.9 Microbial community analyses
3.2.9.1 DNA/RNA co-extraction
Genomic DNA was co-extracted with RNA using the PowerBiofilm RNA Isolation Kit
(Qiagen, Germany) with a modified protocol using phenol:chloroform:isoamyl alcohol pH
6.5 – 8.0 (AMRESCO, Inc., USA) and bead beating lysing matrix E tubes (MP
Biomedicals, New Zealand) instead of the original bead beating tubes. The extracted
DNA concentration was measured using Qubit®dsDNA HS Assay Kit (Thermo Scientific,
USA) and the RNA concentration was measured using the Qubit® RNA HS Assay Kit
(Thermo Scientific, USA), according to the manufacturer’s instructions.
3.2.9.2 16S rRNA gene library preparation, sequencing and bioinformatics
processing
Amplicon libraries were prepared for the archaeal and bacterial 16S rRNA gene V3-V4
region using up to 10 ng of the extracted DNA, the forward primer Pro341F (5′CCTACGGGNBGCASCAG-3′) and the reverse primer Pro805R (5′GACTACNVGGGTATCTAATCC-3′) (Ananda Rao et al., 2016). Each PCR reaction (25
μL) contained dNTPs (100 μM of each), MgSO4 (1.5 mM), Platinum Taq DNA
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polymerase HF (0.5 U/reaction), Platinum High Fidelity buffer (1X) (Thermo Fisher
Scientific, USA) and tailed primer mix (400 nM of each forward and reverse primer). The
PCR amplification was conducted by an initial denaturation step at 95 oC for 2 min, 35
cycles of amplification (95 oC for 20 s, 50 oC for 30 s, 72 oC for 60 s) and a final
elongation at 72 oC for 5 min (Sapireddy et al., 2019). Duplicate PCR reactions were
performed for each sample and the duplicates were pooled after PCR. The resulting
amplicon libraries were purified using the standard protocol for Agencourt Ampure XP
Beads (Beckman Coulter, USA) with a bead to sample ratio of 4:5. DNA concentrations
were measured using the Qubit®dsDNA HS Assay Kit, followed by product size and
purity validation with gel electrophoresis using Tapestation 2200 and D1000/High
sensitivity D1000 screentapes (Agilent, USA).
Sequencing libraries were prepared from the purified amplicon libraries using a second
PCR. Each PCR reaction (25 μL) contained PCRBIO HiFi buffer (1x), PCRBIO HiFi
Polymerase (1 U/reaction) (PCRBiosystems, UK), adaptor mix (400 nM of each forward
and reverse) and up to 10 ng of amplicon library template. The PCR amplification was
conducted by an initial denaturation step at 95 oC for 2 min, 8 cycles of amplification (95
o

C for 20 s, 55 oC for 30 s, 72 oC for 60 s) and a final elongation at 72 oC for 5 min. The

resulting sequencing libraries were purified as mentioned above using the Agencourt
Ampure XP Beads. DNA concentration, product size and purity were measured as
mentioned above. The purified sequencing libraries were pooled in equimolar
concentrations and diluted to 2 nM. The samples were paired-end sequenced (2 x 300
bp) on a MiSeq using a MiSeq Reagent kit v3 (Illumina, USA) following the standard
guidelines for preparing and loading samples on the MiSeq. >10% PhiX control library
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was spiked in to overcome low complexity issues often observed with amplicon
samples.
Forward and reverse reads were trimmed for quality using Trimmomatic v. 0.32 (Bolger
et al., 2014) with the settings SLIDINGWINDOW:5:3 and MINLEN: 275. The trimmed
forward and reverse reads were merged using FLASH v. 1.2.7 (Magoc and Salzberg,
2011) with the settings -m 10 -M 250. The trimmed reads were dereplicated and formatted
for use in the UPARSE workflow (Edgar, 2013). The dereplicated reads were clustered,
using the usearch v. 7.0.1090 -cluster_otus command with default settings. Operational
taxonomic unit (OTU) abundances were estimated using the usearch v. 7.0.1090 usearch_global command with -id 0.97 -maxaccepts 0 -maxrejects 0. Taxonomy was
assigned using the RDP classifier (Wang, et al., 2007) as implemented in the
parallel_assign_taxonomy_rdp.py script in QIIME (Caporaso et al., 2010), using –
confidence 0.8 and the MiDAS database v. 1.23 (McIlroy et al., 2017), which is a curated
database based on the SILVA database, release 123 (Quast et al., 2013). The results
were analyzed in R v. 3.5.0 (R Core Team, 2017).
3.2.9.3 Metagenome library preparation, sequencing and bioinformatic processing
The DNA was fragmented to approximately 550 bp using a Covaris M220 with
microTUBE AFA Fiber screw tubes at 200 cycles/burst for 45s with a Duty Factor of
20% and Peak/Displayed Power of 50W. The fragmented DNA was used for
metagenome preparation using the NEB Next Ultra II DNA library preparation kit (New
England BioLabs, USA). The DNA library was paired-end sequenced (2 x 150bp) on a
NextSeq system (Illumina, USA).
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The sequence reads were trimmed for adaptors using cutadapt (v. 1.10; Martin, 2011)
and assembled using spades (v. 3.7.1; Bankevich et al., 2012). The reads were mapped
back to the assembly using minimap2 (v. 2.5; Li, 2017) to generate coverage files for
metagenomic binning. The 16S rRNA genes were identified using BLAST (v. 2.2.28+;
Altschul et al., 1990), and the 16S rRNA fragments were classified using SINA (v.
1.2.11; (Pruesse et al., 2012) with the min identity adjusted to 0.80 but otherwise default
settings. The supporting data for binning was generated according to the description in
the mmgenome package (v. 0.7.1; (Karst et al., 2016). Genome binning was carried out
in R (v. 3.3.4; R Core Team, 2017), refined manually as described in the mmgenome
package and the final bins were annotated using PROKKA (v. 1.12-beta; (Seemann,
2014).
Average Nucleotide Identity (ANI) between the extracted bin and the genomes of
representative species of Methanobacterium was calculated with OrthoANI (Yoon et al.,
2017). The cut-off threshold for species delineation was ≥ 97% (Lee et al., 2016). For
phylogenomic analyses, available genomes assemblies of Methanobacterium were
downloaded from the NCBI GenBank (June, 2019). Hidden Markov model profiles for
139 single-copy core genes (Campbell et al., 2011) were concatenated using the anvi’o
platform (Eren et al., 2015). Phylogenetic trees with estimated branch support values
were constructed from these concatenated alignments using MEGA7 (Kumar et al.,
2016) with Neighbor-Joining and Maximum-likelihood. The evolutionary distances were
computed using the Poisson correction method (Zuckerkandl and Pauling, 2014) and
are in the units of the number of amino acid substitutions per site. All positions with less
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than 95% site coverage were eliminated. That is, fewer than 5% alignment gaps,
missing data, and ambiguous bases were allowed at any position.
3.2.9.4 Metatranscriptome library preparation, sequencing and bioinformatic
processing
RNA quality was confirmed using TapeStation with RNA ScreenTape (Agilent
Technologies). The samples were depleted for rRNA using the Ribo-zero Magnetic kit
(Illumina, USA) according to the manufacturer’s instructions. Any potential residual DNA
was removed using the DNase MAX kit (MoBio Laboratories Inc., Germany). After rRNA
depletion and DNase treatment, the samples were cleaned and concentrated using the
RNeasy MinElute Cleanup kit (QIAGEN, Germany) and successful rRNA removal was
confirmed using TapeStation HS RNA Screentapes (Agilent Technologies, USA). The
samples were prepared for sequencing using the TruSeq Stranded Total RNA kit
(Illumina, USA) according to the manufacturer’s instructions. Library concentrations
were measured using Qubit HS DNA assay and library size estimated using
TapeStation D1000 ScreenTapes (Agilent Technologies, USA). The samples were
sequenced on an Illumina HiSeq2500 using a 1x50 bp Rapid Run (Illumina, USA).
Raw sequence reads in fastq format were trimmed using USEARCH (v10.0.2132;
Edgar, 2010) -fastq_filter with the settings -fastq_minlen 45 -fastq_truncqual 20. The
trimmed transcriptome reads were depleted of rRNA using BBDuk (Bushnell, 2014)
using the SILVA database as reference database (Quast et al., 2013). The reads were
then mapped to the predicted protein coding genes generated from Prokka (v1.12;
Seemann, 2014) using minimap2 (v2.8-r672; Li, 2017), both for the total metagenome
and each genome bin. Reads with a sequence identity below 0.98 were discarded. To
identify differentially expressed genes, the count tables were imported to R (R Core
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Team, 2017), processed using the DESeq2 workflow (Love et al., 2014) and visualized
using ggplot2. Transcriptional counts were normalized to transcripts per million (TPM).
TPM was calculated by dividing the read counts by the length of each gene in kilobases
to get reads per kilobases (RPK). All the RPK values were added for each sample and
divided by 1 million to get the “per million” scaling factor. Finally, the RPK values were
divided by the “per million” scaling factor to yield the TPM values (Li et al., 2009). To
reconstruct the metabolic pathways present in the extracted genome, Kegg Orthology
(KO) identifiers/homologs were assigned to the genome with BlastKOALA (Kanehisa et
al., 2016). Subcellular location of the proteins was predicted with PsortB v3.0 (Yu et al.,
2010). Pathway expression was calculated as the average expression of the steps
within a pathway. If a pathway step included an enzyme complex, the average
expression of each subunit was used as the expression value for that step. If a reaction
could be catalyzed by more than one enzyme, or if multiple copies of an enzyme were
encoded by the genome, the summed expression of the enzymes or copies was used
as the expression value for that step (Woodcroft et al., 2018).
3.2.10 Statistical analyses
Statistical analyses were performed in RStudio IDE using the base R and the ampvis2
package (for alpha diversity and rank abundance of the core community) (Andersen et
al., 2018). The normality of data distribution was examined by the Shapiro–Wilk test.
One-way analysis of variance (ANOVA) was used to compare parametric variables
among three or more groups, and the Kruskal–Wallis test was used for nonparametric
variables. The two-tailed (independent) Student’s t-test was used to compare means
between unpaired groups with an assumption of unequal variance between sample
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sets. The Mann–Whitney U-test was used to compare nonparametric variables between
two groups. Quantitative variables were expressed as the mean ± standard deviation.
P-values less than 0.05 were considered to indicate statistical significance against the
null hypothesis of no variance.
3.2.11 Data availability
The 16S rRNA gene sequencing reads are deposited in the National Center for
Biotechnology Information (NCBI) under BioProject ID PRJNA543631 with accession
numbers SAMN12169213 - SAMN12169222. The GenBank file of the extracted
Methanobacterium sp. 34x draft genome genome from this study is filed under the
accession number VCMF00000000.1. The Sequence Read Archive (SRA) accession
numbers are SRR9192478 and SRR9192479. The genome binning and differential
expression analyses are entirely reproducible using the R files available at
https://github.com/DarioRShaw/Cathode-set-potential.

Results
3.3.1 MES performance before sampling event
The reactors were operated for 5 months in MEC mode to enrich for methanogens,
indicated by the detection of methane. The enriched methanogenic biocathodes were
transferred to double-chambered MES reactors and operated in batch-fed mode for six
batches (140 hours batch-length) until stable methane production was observed for
three consecutive batches (ANOVA, F = 4.2, p > 0.05). The MES cathodic current
density (0.02 – 0.05 mA/cm2) was similar to that observed during the MEC operation
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(0.02 – 0.07 mA/cm2), with an overall increase in current consumption over time. During
the MES operation, methane production was significantly varied between batches,
averaging about 14 µmol /cm2 (Table 3-1, Kruskal-Wallis, χ = 7.7, p = 0.005). However,
when the total coulombs available were accounted for, the rcatCH4 was not significantly
varied (ANOVA, F=4.2, p>0.05). This was also true for H2 production, where the H2
concentration was significantly varied (Kruskal-Wallis, χ = 4.3, p = 0.04), while the
conversion efficiency to H2 was not more variable (ANOVA, F=1.8, p>0.05). The
average recorded HER rate was 0.03 µmol/cm2/h, compared to an abiotic HER rate of
6.3 µmol/cm2/h. The biotic HER rate was lower than the abiotic rate due to microbial
consumption of H2. Both electrode-assisted methanogenesis and acidogenesis
occurred, as evidenced by the products detected at the end of each batch (methane,
formate and acetate). The VFA production was not significantly variable between
batches (p > 0.05). Formate concentrations varied between undetectable levels up to a
maximum of 2.5 µmol/cm2, averaging 0.6 µmol/cm2 ± 1.0 overall. Acetate levels varied
between batches, with an average concentration of 5.5 µmol/cm2 ± 0.07.
3.3.2 Current and gas performance in response to set potential changes during the
sampling event
Both current density and gas production were adversely affected by the operational
changes during the sampling event for the three reactors (Table 3-1), which was
expected as less negative cathode potential means a reduction in electron availability
along the cathode as charge and H2 via HER. There was some variation between the
reactors, especially between Reactor 3 and the other two reactors. Although Reactor 3
showed the highest current density (–0.05 mA/cm2) at –1.0 V vs. Ag/AgCl, the gas
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production was very limited in comparison to the other two reactors (Table 3-1). The
biocathodes responded quickly between set potential changes; H2 and CH4 reached
detectable limits within 45 min after changing the potential from –1.0 V to –0.7 V.
Although no VFAs were detected during the baseline –1.0 V sampling, acetate and
formate concentrations were much higher than the gas products, with formate at 0.6 –
0.7 µmol/cm2 and acetate reaching up to 2.6 µmol/cm2. However, with prolonged
operation at –0.7 V (90 min), the gas products and formate were below detectable
limits, while acetate concentrations were greatly increased to >10 µmol/cm2 for
Reactors 1 and 2, and 3.5 µmol/cm2 in Reactor 3.
Table 3-1 | Current density j (mA/cm2) and product concentration (µmol/cm2) observed for each reactor.
The “–1.0V, baseline” refers to performance during the 1-hour recovery from the baseline sampling that
preceded the change in set cathode potential experiment.
–1.0 V, baseline

–0.7 V, 45 min

–0.7 V, 90 min

Parameter

R1

R2

R3

R1

R2

R3

R1

R2

R3

j

0.008

0.007

0.05

5.9 x
10-6

6.9 x
10-4

4.6 x
10-4

1.0 x
10-4

7.8 x
10-4

1.1 x
10-3

H2

0.47

0.28

0.02

0.03

0.08

0.002

0

0

0

CH4

0.05

0.10

0.03

0.08

0.08

0

0

0

0

Formate

0

0

0

0.67

0.64

0.59

0

0

0

Acetate

0

0

0

0.69

0

2.55

10.73

10.08

3.48

3.3.3 Protein and ATP concentrations in response to set potential changes during
the sampling event
Protein and ATP were analyzed for each sample taken during testing (baseline –1 V, –
0.7 V, Table 3-2). Observed differences were reactor-specific rather than conditionspecific. Although Reactor 1 sample taken at –0.7 V was extremely high in protein
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content compared to all other samples (1500 µg BSA/cm2, Table 3-2), this was not
reflected in the ATP content normalized to the protein content (Table 3-2), indicating
that this biomass was not particularly overactive compared to the other replicates. While
not much variation was observed for the other reactors and samples in terms of both
protein and ATP, Reactor 2 sample taken during the –0.7 V recovery point was more
than double that of any other sample. In terms of ATP normalized to protein (Table 3-2),
both Reactor 2 and Reactor 3 showed an increase in ATP with each subsequent
sampling.
Table 3-2 | Amount of protein/cm2 of cathode sample and ATP/cm2 of cathode sample normalized to
protein amount for each reactor.
Protein (µg/cm2)

ATP (µg/cm2)

Condition

R1

R2

R3

R1

R2

R3

–1 V, baseline

74.6 ± 4

41.7 ±9.9

34.5 ± 1.3

0.7 ± 0.04

0.4 ± 0.1

0.2 ± 0.01

–0.7 V, 45 min

1506.1 ±
1592

63.0 ± 3.4

48.5 ± 4.7

2.4 ± 2.5

4.1 ± 0.2

1.3 ± 0.1

–0.7 V, 90 min

95.1 ± 0.1

413.1 ± 90.2

75.5 ± 17.5

0.6 ± 0.01

38.8 ± 7.8

4.9 ± 1.1

3.3.4 16S rRNA gene amplicon sequencing
Sequence reads for the three baseline samples taken from each reactor after quality
filtering ranged between 47,369 and 51,415, for a total of 150,141 reads which were
resolved into 145 total observed OTUs. The sampling depth was sufficient to capture
most of the species in the samples, as shown in the rarefaction curves (Figure 3-2).
Diversity in each sample was calculated based on observed OTUs, Shannon-Weaver,
Simpson’s Diversity and Chao1 richness estimator after rarefying to 47,369 reads
(Table 3-3). Shannon and Simpson diversity indices place more emphasis on abundant
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OTUs, whereas Chao1 takes into consideration rare OTUs. Species richness (observed
OTUs) was lower in Reactor 3 (103 OTUs) versus the other two reactors. However,
when considering Shannon-Weaver and Simpson diversity indices, Reactor 1 and 2
were more similar, whilst Reactor 3 had the lowest alpha diversity for all indices.

Figure 3-2 | Rarefaction curve for the three baseline samples from the triplicate reactors. Samples were
rarefied to 47,369 reads in subsequent analyses.

Table 3-3 | Alpha diversity results for the three baseline samples, rarefied to 47,369 reads.

Reactor

Observed OTUs

Shannon

Simpson

Chao1

R1

129

2.52

6.99

132.24

R2

127

2.87

11.93

172.33

R3

103

2.24

4.22

105.00

3.3.5 Methanogenic core dominant community
Of the total 145 unique OTUs observed, 25 OTUs represented the core dominant
community, which is defined as OTUs present in all samples at a relative abundance
≥0.1%. representing ≥80% of total reads (Saunders et al., 2016). The core community
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actually represented >95% of the total reads in the three baseline samples, indicating
highly enriched and highly similar microbial communities amongst the three reactors
(Figure 3-3). The relative abundances of these 25 OTUs are shown in a heatmap
(Figure 3-4). The biocathodes were dominated by methanogenic communities, mainly
Methanobacterium sp. (5 OTUs), and family Methanobacteriaceae (1 OTU) in general.
The mixotrophic Methanosarcina sp. (1 OTU), capable of direct electron transfer due to
their transmembrane cytochromes (Holmes et al., 2019; Rowe et al., 2019; Thauer et
al., 2008) and can produce acetate, was also enriched along with the hydrogenotrophic
Methanobrevibacter (1 OTU). Additionally, sulfate-reducing bacteria (SRB) of the
genera Desulfovibrio and Desulfuromonas were present. SRB have been shown to
participate in direct electron transfer with cathodes to produce H2 in the absence of
sulfate and in syntrophy with methanogens (Agostino and Rosenbaum, 2018; Aulenta et
al., 2012). Various fermentative bacteria of the phyla Bacteroidetes, Synergistetes,
Firmicutes and Chloroflexi (such as Aminivibrio, Gelria, Lutispora, Petrimonas,
Proteiniborus sp.) were also represented in the core community. These fermenters are
known to degrade amino acids into acetate from endogenous decay of the biofilm
(Dykstra and Pavlostathis, 2017b; Hattori, 2008; Ito et al., 2011).
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Figure 3-3 | Venn diagram of the distribution of the core community OTUs amongst the three reactors.

Figure 3-4 | Heatmap of the relative abundance of the 25 OTUs associated with the core dominant
community (≥ 0.1%) at the genus or family (f) level with the corresponding specific OTU.

3.3.6 Metagenomic analysis
The main extracted bin amongst all the reactors was Bin 1, corresponding to a
Methanobacterium species. This is shown in the differential coverage plot of the
assembled metagenomic scaffolds (Figure 3-5). This bin was highly enriched in the
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reactors in comparison to the initial inoculum (Figure 3-5 A), as indicated by the 16S
rRNA data (Figure 3-6). The extracted Bin 1 genome had a size of 2.2 Mbp, with a
mean GC content of 37% (Table 3-4). The percentage of metagenomic reads mapped
to the Bin 1 was between 68 – 83% of the total reads in the triplicate reactors (Figure 36). Average Nucleotide Identity (ANI) is a measure of similarity between genomes (Yoon
et al., 2017), with the usual threshold of 97% similarity required to confirm that a
genome is identical to another (Lee et al., 2016). Average Nucleotide Identity by
Orthology (OrthoANI) is an improved ANI algorithm that is faster and more robust (Lee
et al., 2016). None of the OrthoANI calculations (Table 3-5) comparing the extracted Bin
1 to whole genome assemblies were higher than 70% similarity, suggesting that Bin 1 is
a novel Methanobacterium species. This was further confirmed by phylogenomic
analyses comparing the extracted Bin 1 to 90 species available in the NCBI database,
where there was a clear evolutionary distance of 0.025 between Bin 1 and the most
closely related sequences reported to date (Figure 3-7). Of the 2,141 genes identified
and functionally annotated with the PROKKA, and COG databases, 457 were annotated
as ‘hypothetical proteins’, 1008 had an ‘unknown function’ or only a “general function
prediction’. The remaining 676 genes were involved in a variety of different functions,
including energy production and conversion (81 genes), transcription (18 genes),
translation (90 genes), replication (33 genes), cell cycle control (12 genes) and cell wall
biogenesis (43 genes). Additionally, there was substantial expression of metabolicrelated functions, including coenzyme transport and metabolism (74 genes), amino acid
metabolism (87 genes), carbohydrate metabolism (40 genes), lipid metabolism (23
genes) and nucleotide metabolism (40 genes).
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Figure 3-5 | Differential coverage plot of the assembled metagenomic scaffolds (>10,000 bp) from the
baseline samples taken from each reactor and the initial inoculum, highlighting the extraction of the
scaffolds for Bin 1. The size of the circles represents the length of the scaffolds. The colors of the circles
represent a phylum-level taxonomic classification based on the essential genes identified in the scaffolds.
Scaffolds in grey either contain no essential genes or could not be assigned a phylum-level classification.
The x and y-axes show the log-scaled sequencing coverage in the samples. Panel “a” shows the
comparison of coverage plots of Reactor 1 to “a”, the initial inoculum; “b”, Reactor 2; and “c”, Reactor 3.
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Table 3-4 | Basic statistics of the extracted genome Bin 1. Number of scaffolds is the number of scaffolds
in the extracted genome bin. N50 (bp) is a median statistic that indicates that 50% of the entire assembly
is contained in scaffolds equal to or larger than this value (bp). Length Total (bp) is the total combined
length of the extracted genome. Length max (bp) is the length of the largest scaffold in the extracted bin.
Length mean is the mean length of the scaffolds in the extracted bin. Mean GC content (%) is the mean
GC content of all scaffolds in the bin weighted by scaffold length. The cov_prefix shows the average
coverage of the bin in all available samples. Total essential genes (#) is the total number of identified
essential “single copy” genes in the genome bin. Unique essential genes (#) is the number of unique
essential “single copy” genes.
General statistics

Value

Number of scaffolds

80

N50 (bp)

72243

Length Total (bp)

2245896

Length max (bp)

230406

Length mean (bp)

28073.7

Mean GC content (%)

36.95

cov_Baseline -1V_1 (% of reads mapped to Bin 1)

83.22

cov_Baseline -1V_2 (% of reads mapped to Bin 1)

68.43

cov_Baseline -1V_3 (% of reads mapped to Bin 1)

72.65

cov_Inoculum_0 (% of reads mapped to Bin 1)

0.61

Total essential genes (#)

35

Unique essential genes (#)

35

100

Metagenome reads mapped to Bin 1 (%)

83.22
75

68.43

72.65

50

25

0

0.61
Inoculum

Reactor 1

Reactor 2

Reactor 3

Figure 3-6 | Abundance of Bin 1 in each respective metagenome.
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Table 3-5 | Average Nucleotide Identity by Orthology (OrthoANI) of the extracted Bin 1 compared to
representative whole genome species.
Methanobacterium

OrthoANI value (%)

LT607756.1 Methanobacterium congolense

69.29

CP022706.1 Methanobacterium sp. BAmetb5

69.69

CP022705.1 Methanobacterium sp. BRmetb2

69.08

CP017768.1 Methanobacterium subterraneum strain A8p

69.61

CP017767.1 Methanobacterium sp. MZ-A1

69.66

CP017766.1 Methanobacterium sp. MO-MB1

69.72

LN515531.1 Methanobacterium formicicum genome assembly DSM1535

69.03

CP006933.1 Methanobacterium formicicum strain BRM9

69.21

HG425166.1 Methanobacterium sp. MB1

69.45

CP002772.1 Methanobacterium paludis strain SWAN1

69.68

CP002551.1 Methanobacterium lacus strain AL-21

68.98
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Figure 3-7 | Evolutionary relationships of taxa using phylogenetic trees generated by using the NeighborJoining (N-J) method (A) and the Maximum Likelihood (ML) method (B). The N-J tree was generated
using all 90 Methanobacterium sequences available in the NCBI database; only a zoomed in version of
the tree is shown here for clarity. The ML tree was generated using representative sequences commonly
used in the literature. The percentage of replicate trees in which the associated taxa clustered together in
the bootstrap test (1000 replicates) are shown next to the branches (Felsenstein, 1985). The trees are
drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer
the phylogenetic trees. The evolutionary distances were computed using the Poisson correction method
(Zuckerkandl and Pauling, 2014) and are in the units of the number of amino acid substitutions per site.
Fewer than 5% alignment gaps, missing data and ambiguous bases were allowed at any position; all
positions with less than 95% site coverage were eliminated. Evolutionary analyses were conducted in
MEGA7 (Kumar et al., 2016).

3.3.7 Metatranscriptomic analysis
Transcriptomic analyses were focused on the extracted Bin 1 due to it being the most
abundant bin in all reactors under all conditions, as well as the most active member of
the overall community, with ≥ 90% of non-rRNA reads mapped to Bin 1 (Table 3-6,
Figure 3-8). Of the total 2,141 genes expressed, there was no significant differential
expression (p > 0.05, Figure 3-9 A and 3-9 C). Pairwise comparisons of the number of
reads per gene per sample, both the intra- and inter-replication was very high (>90%
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Pearson’s correlation) in all the samples for all the conditions. These results suggested
that Bin 1 was possibly using the same pathway(s) under the two different potentials, or
that the change in potential was not sufficient to produce a significant change in
expression profile. Comparing the expression levels of genes known to take part in
methane and carbon metabolism further supported this, as seen in Table 3-7, which
presents the expression of genes (TPM) involved in methane metabolism, as well as
carbon metabolism and coenzyme biosynthesis (Table 3-7). These results were also
used to reconstruct a metabolic pathway for Methanobacterium Bin 1 (Figure 3-10). The
reconstructed metabolic pathway highlights the increased expression levels of specific
genes under all conditions. Within the methane metabolism pathway, which is a 7-step
process referred to as the Wolfe cycle (Thauer, 2012), an increased expression of the
genes for enzymes catalyzing Step 4 – Step 7 was observed. These include Mtd (EC:
1.5.98.1, Step 4), Mer (EC: 1.5.98.2, Step 5), Mtr (EC: 2.1.1.86, Step 6) and Mcr (EC:
2.8.4.1, Step 7). The Hdr complex (EC: 1.8.7.3 and 1.8.98.5), which is crucial for the
electron bifurcation process that turns the pathway into a cycle by linking with the
thermodynamically unfavorable Step 1, was also highly expressed (Evans et al., 2019;
Thauer, 2012; Wolfe, 2005). Carbon metabolism genes were also highly expressed, of
which acetyl-CoA synthetase, ACS (EC: 6.2.1.1) was the most expressed gene of the
total mapped genes. ACS is part of the CODH/ACS or ACDS complex (acetyl-CoA
decarbonylase/synthase complex), which is involved in activating acetate into acetylCoA with ATP input. Acetyl-CoA can be passed to the pyruvate metabolic pathway as
pyruvate via Por, which encodes for pyruvate ferredoxin oxidoreductase (EC: 1.2.7.1),
which was also relatively highly expressed.
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Table 3-6 | Bin 1 metatranscriptomic sequencing statistics.
–1.0 V, baseline

–0.7 V, 45 min

–0.7 V, 90 min

R1

R2

R3

R1

R2

R3

R1

R2

R3

Total raw reads

23882232

23007256

17605921

25032345

24847101

20780365

16870228

20775674

21255588

Reads after filtering

23473030

22525809

17246244

24270527

24446390

20456427

16552288

20381947

20908929

Total mapped reads

19285676

18076847

13060741

20553437

17155122

15853567

12783523

16081855

16563685

Non-rRNA mapped
reads

8082943

8666373

7847438

6542286

11013536

10811475

7127615

8607688

11731518

Reads mapped to
Bin 1

7249249

7429946

6087028

6196525

8829602

9732602

6425014

7688412

11249856

% non-rRNA reads
mapped to Bin 1

89.69

85.73

77.57

94.71

80.17

90.02

90.14

89.32

95.89
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100

95.89

94.71
90.02

89.69

90.14

89.32

85.73
80.17

non-rRNA reads mapped to Bin 1 (%)

77.57

75

R1
R2
R3

50

25

0
-1.0 V

-0.7 V (45 min)

- 0.7 V (90min)

Condition

Figure 3-8 | Abundance of non-rRNA reads (%) mapped to Bin 1 under each condition for each reactor.
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Figure 3-9 | A differential expression analysis of genes (MA-plots) showing the fold change (log2) as a
function of the average expression of each gene. Panel “a” shows the comparison of the expression
between -1.0V vs. -0.7V after 45 min while Panel “c” shows the comparison between -0.7V after 45 min vs.
after 90 min. Panels “b” and “d” show a pairwise comparison of the number of reads per gene per sample.
The counts were normalized to log2+1 values. Panel “b” shows the normalized counts while Panel “d” shows
the corresponding Pearson’s correlation coefficient between samples and their p-values.
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Table 3-7 | Expression counts in transcripts per million (TPM) for the proteins shown in the reconstructed metabolic pathway for the three different
sample points (-1.0V, -0.7V for 45 min, -0.7V for 90 min) for the three reactors. The proteins shaded in orange belong to the hydrogenotrophic
methanogenesis pathway, the green shading denotes proteins that are part of carbon metabolism (includes acetoclastic methanogenesis) and the
unshaded area denotes the co-enzyme metabolism.
-1.0V
Abbreviation in graphical
model

Protein

fwdA, fmdA; formylmethanofuran
dehydrogenase subunit A
[EC:1.2.7.12]

fwdB, fmdB; formylmethanofuran
dehydrogenase subunit B
[EC:1.2.7.12]

1.2.7.12

fwdC, fmdC; formylmethanofuran
dehydrogenase subunit C
[EC:1.2.7.12]

fwdD, fmdD; formylmethanofuran
dehydrogenase subunit D
[EC:1.2.7.12]

fwdE, fmdE; formylmethanofuran
dehydrogenase subunit E
[EC:1.2.7.12]

-0.7V, 45 min

-0.7V, 90 min

locus tag

R1
(TPM)

R2
(TPM)

R3
(TPM)

R1
(TPM)

R2
(TPM)

R3
(TPM)

R1
(TPM)

R2
(TPM)

R3
(TPM)

FGO69_0749
0

912.9

460.4

695.0

1137.9

500.0

604.0

1607.9

671.5

631.0

FGO69_0948
0

1258.8

594.0

1615.0

555.5

715.1

613.6

1166.3

642.2

852.3

FGO69_0748
5

611.6

329.8

475.1

781.2

350.7

398.5

1036.5

485.3

431.3

FGO69_0947
5

828.8

369.6

863.9

416.1

436.0

397.2

738.3

388.7

535.5

FGO69_0197
0

311.9

315.0

397.7

401.7

349.1

365.0

325.6

363.8

380.0

FGO69_0749
5

1153.0

617.9

892.9

1016.3

639.2

560.8

1684.0

776.0

582.9

FGO69_0948
5

1153.7

619.3

1093.0

741.0

681.9

546.2

1420.4

723.6

640.1

FGO69_0748
0

716.4

348.1

407.5

826.1

379.3

337.9

1054.1

473.6

353.6

FGO69_0947
0

902.8

414.3

740.2

475.6

477.8

349.0

711.1

405.6

467.8

FGO69_0113
5

361.4

344.3

210.7

233.4

275.2

308.5

294.5

216.8

277.8

FGO69_0755
0

55.9

12.2

121.5

14.9

11.7

17.9

10.7

12.5

17.9

FGO69_0753
0

90.5

74.5

116.5

81.2

71.8

76.0

77.0

81.8

74.4
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fwdF, fmdF; 4Fe-4S ferredoxin

2.3.1.101

ftr; formylmethanofuran-tetrahydromethanopterin Nformyltransferase [EC:2.3.1.101]

FGO69_0952
0

70.0

53.3

76.9

23.8

50.6

41.0

32.8

41.2

36.0

FGO69_1081
5

12.5

11.8

26.0

12.1

14.4

16.4

6.9

12.7

13.2

FGO69_1154
5

22.6

11.2

70.6

7.3

12.5

6.1

6.1

8.0

10.9

FGO69_0747
0

1130.9

593.0

583.3

1557.6

750.1

562.1

2445.5

884.5

514.1

FGO69_0757
0

318.9

715.2

611.0

360.5

685.3

912.9

405.5

898.5

786.3

FGO69_0946
0

1026.6

465.3

727.1

593.4

615.9

399.3

1185.8

482.3

433.1

FGO69_0288
0

362.6

317.7

465.9

240.2

312.2

344.0

292.7

305.0

356.2

FGO69_0371
0

106.8

53.2

259.2

38.0

55.9

80.3

40.9

62.8

110.6

3.5.4.27

mch;
methenyltetrahydromethanopterin
cyclohydrolase [EC:3.5.4.27]

FGO69_0422
5

312.4

334.5

375.0

233.0

336.3

310.1

340.6

331.0

306.3

1.5.98.1

mtd;
methylenetetrahydromethanopterin
dehydrogenase [EC:1.5.98.1]

FGO69_0832
0

693.4

1010.1

2722.0

732.0

1297.9

2259.1

1203.2

1099.3

2271.4

1.5.98.2

mer; 5,10methylenetetrahydromethanopterin
reductase [EC:1.5.98.2]

FGO69_0018
5

1799.0

1128.2

5819.6

1233.3

1148.2

3438.1

2323.6

981.1

3526.0

mtrA; tetrahydromethanopterin Smethyltransferase subunit A
[EC:2.1.1.86]

FGO69_0104
5

1560.8

545.5

3030.5

1126.6

661.9

1165.3

2384.5

582.1

1317.2

mtrB; tetrahydromethanopterin Smethyltransferase subunit B
[EC:2.1.1.86]

FGO69_0105
0

913.5

244.4

1629.0

544.1

314.4

598.0

949.3

274.7

788.8

mtrC; tetrahydromethanopterin Smethyltransferase subunit C
[EC:2.1.1.86]

FGO69_0105
5

820.5

260.6

1732.4

504.9

333.7

657.6

863.1

318.5

910.4

2.1.1.86
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2.8.4.1

mtrD; tetrahydromethanopterin Smethyltransferase subunit D
[EC:2.1.1.86]

FGO69_0106
0

769.4

337.9

1826.3

643.5

377.9

818.0

1059.5

313.8

859.9

mtrE; tetrahydromethanopterin Smethyltransferase subunit E
[EC:2.1.1.86]

FGO69_0106
5

881.1

293.7

1536.6

601.3

303.1

798.8

953.8

262.5

908.8

mtrF; tetrahydromethanopterin Smethyltransferase subunit F
[EC:2.1.1.86]

FGO69_0104
0

1984.2

568.4

2861.1

1350.8

682.4

1162.3

2840.5

646.6

1426.7

mtrG; tetrahydromethanopterin Smethyltransferase subunit G
[EC:2.1.1.86]

FGO69_0103
5

1582.5

469.9

1952.9

1063.7

612.6

1003.6

2216.9

510.5

1154.9

mtrH; tetrahydromethanopterin Smethyltransferase subunit H
[EC:2.1.1.86]

FGO69_0103
0

3447.0

1270.3

5464.3

2185.7

1508.6

2399.6

5019.5

1261.8

2465.4

mcrA; methyl-coenzyme M
reductase alpha subunit [EC:2.8.4.1]

FGO69_0107
0

6400.1

3143.7

24772.
2

4652.5

3432.2

9032.0

9520.7

3041.4

10220.
5

mcrB; methyl-coenzyme M
reductase beta subunit [EC:2.8.4.1]

FGO69_0109
0

4899.1

1522.7

12929.
0

3147.1

1749.6

4876.7

5281.4

1541.9

6515.2

mcrG; methyl-coenzyme M
reductase gamma subunit
[EC:2.8.4.1]

FGO69_0107
5

4248.8

1412.3

11362.
3

2946.7

1618.5

4571.0

5639.8

1489.1

5836.7

FGO69_0337
0

5669.6

7070.5

4750.9

5207.0

6744.7

6924.0

6909.9

8258.0

7591.8

FGO69_0362
5

474.6

661.1

378.4

405.6

724.0

528.8

430.1

1021.1

472.7

FGO69_0149
5

2051.1

952.2

2651.8

1779.4

1072.1

975.3

2787.9

1053.8

888.6

FGO69_0363
0

379.0

433.4

270.4

385.2

522.9

285.7

316.5

718.8

238.5

FGO69_0150
0

999.6

303.7

980.0

1680.0

708.6

352.6

1849.0

735.1

386.3

FGO69_0363
5

406.9

486.7

185.5

488.2

547.3

328.8

289.7

695.7

262.6

hdrA2; heterodisulfide reductase
subunit A2
[EC:1.8.7.3, 1.8.98.4, 1.8.98.5, 1.8.9
8.6]

1.8.7.3

hdrB2; heterodisulfide reductase
subunit B2
[EC:1.8.7.3, 1.8.98.4, 1.8.98.5, 1.8.9
8.6]

hdrC2; heterodisulfide reductase
subunit C2
[EC:1.8.7.3, 1.8.98.4, 1.8.98.5, 1.8.9
8.6]
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FGO69_0098
0

2047.5

1209.3

4416.1

1414.3

1413.7

3654.2

2760.3

1553.4

4249.4

FGO69_0194
0

606.1

774.6

843.5

431.5

812.1

1043.3

666.0

842.2

1044.1

FGO69_0098
5

1962.2

1109.2

4002.8

1584.8

1316.0

2608.9

2637.6

1481.4

3009.0

FGO69_0193
5

611.1

781.4

824.6

500.7

868.0

1091.4

758.2

980.2

1060.3

mvhD, vhuD, vhcD; F420-nonreducing hydrogenase iron-sulfur
subunit
[EC:1.12.99.- 1.8.98.5 1.8.98.6]

FGO69_0099
0

1306.8

745.6

2556.6

1166.3

908.7

1603.1

1678.6

902.3

1714.0

ATPVI; V/A-type H+/Na+transporting ATPase subunit I

FGO69_0065
0

147.7

92.4

310.1

105.1

113.0

172.9

152.9

87.9

146.2

ATPVK; V/A-type H+/Na+transporting ATPase subunit K

FGO69_0065
5

189.5

118.2

563.0

146.6

136.9

235.6

177.0

124.3

265.5

ATPVE; V/A-type H+/Na+transporting ATPase subunit E

FGO69_0066
0

148.7

59.6

290.1

70.7

71.9

128.2

103.0

71.4

133.9

ATPVC; V/A-type H+/Na+transporting ATPase subunit C

FGO69_0066
5

130.3

60.8

265.6

76.6

84.1

131.6

94.7

62.6

130.1

ATPVF; V/A-type H+/Na+transporting ATPase subunit F

FGO69_0067
0

161.9

69.6

352.7

80.1

84.8

113.2

93.3

54.4

127.8

ATPVA; V/A-type H+/Na+transporting ATPase subunit A
[EC:7.1.2.2, 7.2.2.1]

FGO69_0067
5

142.2

82.4

509.1

89.1

100.1

169.7

122.6

100.4

207.9

ATPVB; V/A-type H+/Na+transporting ATPase subunit B

FGO69_0068
0

191.2

136.7

614.8

119.8

148.0

269.0

174.7

138.1

295.6

ATPVD; V/A-type H+/Na+transporting ATPase subunit D

FGO69_0068
5

130.7

68.3

412.9

53.1

62.8

138.0

81.4

58.7

136.0

ehaO; energy-converting
hydrogenase A subunit O

FGO69_0373
0

482.4

381.6

567.2

340.4

427.7

452.9

475.4

439.4

471.0

ehaL; energy-converting
hydrogenase A subunit L

FGO69_0374
5

81.6

51.1

95.6

36.4

54.5

91.0

54.6

31.9

64.3

mvhA, vhuA, vhcA; F420-nonreducing hydrogenase large subunit
[EC:1.12.99.- 1.8.98.5]

1.8.98.5

7.1.2.2

Eha

mvhG, vhuG, vhcG; F420-nonreducing hydrogenase small subunit
[EC:1.12.99.- 1.8.98.5]
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6.2.1.1

ACDS (acetyl-CoA
decarbonylase/syntha
se (ACDS) complex)

ehaJ; energy-converting
hydrogenase A subunit J

FGO69_0375
5

142.7

111.3

260.7

80.4

114.1

171.5

145.9

81.7

129.6

ehaH; energy-converting
hydrogenase A subunit H

FGO69_0376
5

198.0

117.9

344.0

132.7

126.4

204.0

168.2

117.6

172.0

ehaG; energy-converting
hydrogenase A subunit G

FGO69_0377
0

335.9

258.7

510.3

229.4

263.4

449.1

332.7

203.3

359.6

ehaF; energy-converting
hydrogenase A subunit F

FGO69_0377
5

503.1

483.8

659.8

438.0

554.9

749.9

566.2

403.2

632.7

ehaE; energy-converting
hydrogenase A subunit E

FGO69_0378
0

511.8

632.3

478.8

427.9

674.0

853.6

656.7

481.0

619.9

ehaD; energy-converting
hydrogenase A subunit D

FGO69_0378
5

467.0

645.3

331.5

371.0

630.4

709.7

586.3

467.8

552.0

ehaC; energy-converting
hydrogenase A subunit C

FGO69_0379
0

664.0

870.2

304.1

541.4

669.8

946.5

671.0

452.2

682.2

ehaB; energy-converting
hydrogenase A subunit B

FGO69_0379
5

1445.9

2270.0

1784.9

1187.0

1820.7

2541.9

1781.9

1677.6

2122.0

ehaM; energy-converting
hydrogenase A subunit M

FGO69_0374
0

300.4

149.8

385.2

131.5

144.2

206.1

173.5

108.0

151.0

FGO69_0531
5

12079.
1

10766.
2

12862.
4

10482.
9

10629.
9

11954.
2

12209.
6

12030.
0

13349.
2

FGO69_0999
0

325.3

543.4

395.6

230.6

519.9

684.0

326.8

572.7

646.0

cdhC; acetyl-CoA
decarbonylase/synthase,
CODH/ACS complex subunit beta
[EC:2.3.1.169]

FGO69_0032
0

424.2

819.8

742.2

344.9

963.2

1184.2

641.2

1204.6

1522.9

cdhE, acsC; acetyl-CoA
decarbonylase/synthase,
CODH/ACS complex subunit
gamma [EC:2.1.1.245]

FGO69_0033
5

563.1

1296.6

1237.1

438.2

1487.5

1971.3

800.6

2039.0

2679.3

cdhD, acsD; acetyl-CoA
decarbonylase/synthase,
CODH/ACS complex subunit delta
[EC:2.1.1.245]

FGO69_0033
0

504.0

1110.6

1079.1

410.7

1321.1

1611.9

803.3

1845.9

2267.1

ACS, acs; acetyl-CoA synthetase
[EC:6.2.1.1]
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1.2.7.4

1.2.7.1

1.8.1.4

1.2.7.3, 1.2.7.11

4.2.1.147

cdhA; anaerobic carbon-monoxide
dehydrogenase, CODH/ACS
complex subunit alpha [EC:1.2.7.4]

FGO69_0031
0

522.3

1222.8

1077.3

442.3

1366.4

2016.6

786.2

1728.3

2554.6

cdhB; anaerobic carbon-monoxide
dehydrogenase, CODH/ACS
complex subunit epsilon

FGO69_0031
5

536.6

1059.5

1122.5

396.3

1160.7

1634.0

767.0

1635.5

2201.0

cooF; anaerobic carbon-monoxide
dehydrogenase iron sulfur subunit

FGO69_0030
0

1803.7

1961.6

1717.7

1499.1

2163.9

2524.8

2165.3

2797.4

3009.4

porA; pyruvate ferredoxin
oxidoreductase alpha subunit
[EC:1.2.7.1]

FGO69_0029
0

4839.3

6805.9

5568.1

5170.7

7911.8

9065.3

6675.1

9900.8

11565.
5

porB; pyruvate ferredoxin
oxidoreductase beta subunit
[EC:1.2.7.1]

FGO69_0029
5

4436.7

5627.6

4993.0

3914.2

5870.7

7573.0

4850.0

7643.6

9465.4

porD; pyruvate ferredoxin
oxidoreductase delta subunit
[EC:1.2.7.1]

FGO69_0028
5

4624.4

5646.0

3629.5

4483.6

6134.1

7601.9

4301.8

7049.1

9495.1

porG; pyruvate ferredoxin
oxidoreductase gamma subunit
[EC:1.2.7.1]

FGO69_0028
0

1338.1

2324.6

1294.9

1123.9

1442.7

2892.1

724.5

1202.2

2344.6

DLD, lpd, pdhD; dihydrolipoamide
dehydrogenase [EC:1.8.1.4]

FGO69_0515
5

278.1

313.1

360.5

386.7

378.7

475.4

376.5

422.0

422.4

korA; 2-oxoglutarate/2-oxoacid
ferredoxin oxidoreductase subunit
alpha [EC:1.2.7.3, 1.2.7.11]

FGO69_1055
5

119.2

132.0

188.6

143.0

150.9

153.8

161.7

179.6

183.5

korC; 2-oxoglutarate ferredoxin
oxidoreductase subunit gamma
[EC:1.2.7.3]

FGO69_1054
5

205.1

167.8

278.7

167.3

184.6

208.5

149.7

234.1

246.2

korB; 2-oxoglutarate/2-oxoacid
ferredoxin oxidoreductase subunit
beta [EC:1.2.7.3 1.2.7.11]

FGO69_1055
0

93.1

123.4

140.0

112.2

120.3

150.8

112.1

170.0

177.5

5,6,7,8-tetrahydromethanopterin
hydro-lyase [EC:4.2.1.147]

FGO69_0101
0

364.4

290.4

343.5

194.6

214.8

427.7

204.5

181.4

307.2

bifunctional enzyme Fae/Hps
[EC:4.2.1.147, 4.1.2.43]

FGO69_0834
5

942.6

1371.1

1232.0

894.9

1457.2

1453.6

1127.9

1466.9

1642.4
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1.17.1.10

1.97.1.4

4.4.1.19

fdhA; formate dehydrogenase
(NADP+) alpha subunit
[EC:1.17.1.10]

FGO69_0990
0

93.5

84.6

146.2

60.1

81.5

89.4

82.2

91.4

94.5

pflX; putative pyruvate formate lyase
activating enzyme [EC:1.97.1.4]

FGO69_0994
0

63.8

39.9

83.2

23.2

30.0

55.0

32.6

29.0

41.7

pflA; pyruvate formate lyase
activating enzyme [EC:1.97.1.4]

FGO69_0330
5

1259.6

931.8

468.7

1580.6

1034.4

702.6

1425.2

1035.3

584.8

FGO69_1060
5

139.8

195.3

203.4

130.9

177.4

253.1

114.0

164.2

255.7

FGO69_1070
5

140.4

141.7

120.1

115.8

126.0

186.9

110.6

123.1

172.8

comA; phosphosulfolactate synthase
[EC:4.4.1.19]

3.1.3.71

comB; 2-phosphosulfolactate
phosphatase [EC:3.1.3.71]

FGO69_0119
5

185.7

321.4

266.2

331.4

446.9

544.8

395.7

339.4

488.6

1.1.1.337

comC; L-2-hydroxycarboxylate
dehydrogenase (NAD+)
[EC:1.1.1.337]

FGO69_0253
0

161.4

189.0

209.9

111.1

168.1

153.7

147.9

173.0

143.8

comE; sulfopyruvate decarboxylase
subunit beta [EC:4.1.1.79]

FGO69_0254
5

252.6

289.1

276.4

251.9

295.8

312.1

338.0

288.0

321.2

comD; sulfopyruvate decarboxylase
subunit alpha [EC:4.1.1.79]

FGO69_0254
0

166.5

203.7

291.2

184.1

198.4

233.5

259.7

180.1

258.4

2.7.9.2

pyruvate, water dikinase [EC:2.7.9.2]

FGO69_0976
0

243.8

219.6

235.1

188.4

209.6

298.9

256.5

202.8

258.7

FGO69_0604
5

94.0

49.7

201.9

83.1

64.9

79.0

101.9

59.1

77.3

2.5.1.147

cofH; 5-amino-6-(Dribitylamino)uracil---L-tyrosine 4hydroxyphenyl transferase
[EC:2.5.1.147]

FGO69_0760
5

60.5

43.8

94.3

38.3

44.0

42.1

59.1

34.2

33.5

4.1.1.79

4.3.1.32

cofG; 7,8-didemethyl-8-hydroxy-5deazariboflavin synthase
[EC:4.3.1.32]

FGO69_0248
0

155.4

118.8

259.7

102.1

133.4

182.8

156.1

122.0

156.1

2.7.7.68

cofC; 2-phospho-L-lactate
guanylyltransferase [EC:2.7.7.68]

FGO69_0581
0

194.4

260.2

199.9

166.5

259.0

263.7

221.3

290.2

299.0

2.7.8.28

cofD; LPPG:FO 2-phospho-L-lactate
transferase [EC:2.7.8.28]

FGO69_0955
5

100.5

78.0

151.0

53.7

69.0

105.6

74.1

50.3

84.1
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6.3.2.31, 6.3.2.34

cofE, fbiB; coenzyme F420-0:Lglutamate ligase / coenzyme F4201:gamma-L-glutamate ligase
[EC:6.3.2.31 6.3.2.34]

FGO69_0956
0

160.0

140.8

245.7

93.6

145.8

189.8

135.8

148.8

186.6
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Figure 3-10 | Reconstructed hydrogenotrophic methanogenesis metabolic pathway with
associated carbon metabolism and coenzyme biosynthesis by Methanobacterium Bin1. Table 7
details the genes and enzymes associated with each EC number/protein shown in the model.
Average expression for the three conditions is color coded in transcripts per million (TPM). Fdo,
oxidized ferredoxin; Fdred, reduced ferredoxin; F420, coenzyme F420; MF, methanofuran; THMPT,
tetrahydromethanopterin; HSCoM, co-enzyme M; HSCoB, co-enzyme B; ACDS, acetyl-CoA
decarbonylase/synthase (ACDS) complex; Eha, energy-converting hydrogenase.

Discussion
While many MET systems report the biocathode enrichment of hydrogenotrophic
methanogens (Blasco-Gómez et al., 2017; Dykstra and Pavlostathis, 2017b;
Siegert et al., 2015), they are generally not known to directly accept electrons
from cathodes due to their lack of membrane-bound cytochromes. Methanogens
conserve energy through methane production, and in . hydrogenotrophic
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methanogenesis this is the 7-step biochemical Wolfe cycle with a total standard
free energy change (ΔGº’) of –131 kJ/mol (Reactions 1 – 7, Table 3-8). These
reactions require the input of 8 electrons for every CH4 molecule produced. In
hydrogenotrophic methanogenesis, the electron donor is generally recognized to
be H2, and formate to a lesser degree, although H2-independent mechanisms
have been reported (Walker et al., 2019), (Lohner et al., 2014). H2 is oxidized by
hydrogenases, which include the ferredoxin-reducing hydrogenases Eha, Ehc
and the F420-reducing hydrogenase Frh (Reaction 8 and 9, Table 3-8). The ATP
gain from hydrogenotrophic methanogenesis is 0.5 mole per 1 mole CH4(Thauer
et al., 2008). All methanogenesis pathways involve the final step catalyzed by
Mcr to reduce methyl-CoM to CH4 and the regeneration step of CoM and CoB.
Table 3-8 | Methanogenesis pathway enzymes and energy conservation. Adapted from (Buan,
2018; Thauer et al., 2008)
Reaction

Equation

ΔGº’
(kJ/mol)

Enzyme

1

CO2 + MFR + Fdred2- + 2H+ à
CHO – MFR + Fdox + H2O
CHO–MFR + H4MPT à CHO –
H4MPT + MFR
CHO – H4MPT + H+ à CH ≡
H4MPT+ + H2O
CH ≡ H4MPT+ + F420H2 à CH2 =
H4MPT + F420 + H+
CH ≡ H4MPT+ + H2 à CH2 = H4MPT
+ H+
CH2 = H4MPT + F420H2 à CH3 –
H4MPT + F420
CH3 – H4MPT + HS – CoM à CH3
– S – CoM + H4MPT
CH3 – CoM + H4MPT + HS – CoB
à CH4 + CoM – S – S – CoB

0

Formyl-methanofuran
dehydrogenase, Fmd
Formyl-methanofuran: H4MPT
formyl transferase, Ftr
Methenyl- H4MPT cyclohydrolase,
Mch
F420-dependent methyleneH4MPT dehydrogenase, Mtd
H2-dependent methylene-H4MPT
dehydrogenase, Hmd
F420-dependent methyleneH4MPT reductase, Mer
Methyl- H4MPT:coenzyme M
methyltransferase, Mtr
Methyl-coenzyme M reductase,
Mcr

2
3
4

5
6
7

–5
–5
+6
–6
–6
–30
–30
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8

H4 + Fdox à Fdred2- + 2H+

+16

9

H4 + F420à F420H2 (x2)

–11

10

CoM – S – S – CoB reduction
with H2 for non-cytochrome
methanogens
2 H2 + CoM – S – S – CoB + Fdox
à HS – CoM + HS – CoB + Fdred2–
+ 2 H+

–39

Ferredoxin reducing hydrogenase,
Eha/Ehc
F420-reducing hydrogenase, Frh

Electron-bifurcating
hydrogenase:heterodisulfide
reductase complex, Mvh:HdrABC
Electron-bifurcating
ferredoxin:F420:heterodisulfide
reductase, HdrABC

11
12

CoM – S – S – CoB reduction
with H2 for cytochrome
methanogens
H2 + MPà MPH2
MPH2 + CoM – S – S – CoB à
MP + HS – CoM + HS – CoB

–50
–5

Proton translocating
methanophenazine:heterodisulfide
reductase, HdrED

13

ADP + Pi à ATP + H2O

–32

ATP synthase

14

2H+ (outside) + 1Na+ (inside) à
2H+ inside) + 1Na+ (outside)
CH3COOH + CoA – SH + ATP à
CH3 – CoA + AMP + PPi
4H2 + CO2 à CH4 + 2H2O
CH3COOH à CO2 + CH4

0

Sodium-proton antiporter, MrpA

–6

Acetyl-coA synthetase

–131
–36

Overall hydrogenotrophic reaction
Overall acetoclastic reaction

15

In electromethanogenic systems, H2 evolves abiotically from the cathode as a
function of the set cathode potential. With a theoretical HER onset potential of –
0.6 V vs. Ag/AgCl, more negative potentials yield higher HER while less negative
potentials limit the abiotic H2 availability which would be expected to affect the
expression of methanogenesis-related genes in hydrogenotrophic methanogens.
Both hydrogen-mediated and direct electromethanogenesis are expected to
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occur at –1.0 V vs. Ag/AgCl using carbon cloth (Blasco-Gómez et al., 2017;
Perona-Vico et al., 2019; Rosenbaum et al., 2011; Siegert et al., 2014c) in a
double-chambered MES fed with CO2, where systems operated at higher
cathode potentials report increased current consumption and CH4 production
rates (Table 3-9). This holds true for our results as well when comparing the
rates at the more negative potential of –1.0 V compared to –0.7 V. Based on the
gas production observed at –1 V compared to –0.7 V, 45 and 90 min, H2 was
clearly limited with the set potential change. While the change set cathode
potential did negatively impacted the current consumption and gas production, an
increase in VFA concentration was observed upon switching from –1.0 V to –0.7
V. This may indicate that the VFA production was a biogenic process occurring
independently from the cathode potential, or that the consumption of the VFAs by
the syntrophic members of the biocathodic community decreased in response to
the change in potential, thereby allowing the VFAs to reach detectable limits.
This second hypothesis could be supported by the presence of formate at 45 min
and not at 90 min, whereby it is possible that there was a lag in using it as an
alternative electron donor by Methanobacterium sp. Strain 34x to support the
metabolic activity observed in terms of detected ATP and the continued
expression of transcription-related and metabolic genes.
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Table 3-9 | Summary of selected electromethanogenesis studies with CO2 as the sole carbon
source at the cathode operated at different cathode potentials.
Cathode

j (A/m2)

CH4
(mmol/m2/d)

Ref.

–0.4

GR

0.05

3.5

(Beese-Vasbender et al., 2015)

–0.5

CC

0.04

0.2

(Bretschger et al., 2015)

–0.5

CC

0.05

0.04

(Babanova et al., 2016)

–0.5

CC

3.1

365

(Fu et al., 2015)

<–0.5

GFB

0.30

200

(Cheng et al., 2009)

–0.55

GF

0.25

4.6

(Van Eerten-Jansen et al.,
2012)

<–0.6

GF

1.60

205

(Van Eerten-Jansen et al.,
2013)

–0.7

GF

0.78

38.2

(Van Eerten-Jansen et al.,
2012)

–0.7

GF

5.9

437

(van Eerten-Jansen et al.,
2014)

–0.8

Porous CF

12 – 15

603

(Dykstra and Pavlostathis,
2017b)

–0.8

GG

0.07

5.1

(Batlle-Vilanova et al., 2015)

–0.8

GG

0.20

15.4

(Batlle-Vilanova et al., 2015)

–0.82

GFB

1.6

60.5

(Luo et al., 2014)

–0.84

GFB

1.42

118.2

(Luo et al., 2014)

–0.9

CP

0.69 *

400

(Villano et al., 2010)

–0.95

CF

0.17 *

22.6 *

(Jiang et al., 2013)

Ecat
(V vs. SHE)

CC, carbon cloth; CF, carbon felt; CP, carbon paper; EBC, enriched biocathode; GB, graphite
block; GF graphite felt, GFB graphite fiber brush; GG granular graphite; GR, graphite rod.
calculated based on reported data and standard conditions.

*
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While the metatranscriptional analysis did not reveal any significant differential
expression between the set cathode potentials tested, this does not necessarily
mean that cathode potential does not affect gene expression in
Methanobacterium sp. Strain 34x. It may have been due to H2-limited conditions
even at –1.0 V. This is supported by the continuous expression of the mcr
isoenzyme MRI (mcrABC), which has a lower specific activity (Km=0.6-0.8 mM)
and higher affinity (Vmax=6 µmol/min x mg-1) compared to MRII (Km= 1.3 – 1.5
mM, Vmax=21 6 µmol/min x mg-1) (Bonacker et al., 1993), which was not
expressed in our system. While MRI and MRII are both expressed under non-H2
limiting conditions(Rospert et al., 1990), preferential expression of MRI under H2limited conditions due to its higher affinity for H2 in Methanothermobacter
thermoautotrophicus, another hydrogenotrophic methanogen. However, due to
the lower Km, MRI must be continuously expressed, which would account for the
high expression levels in this study even in the absence of detectable CH4 after
90 min –0.7 V.
Just as the availability of H2 affected the expression profile of Methanobacterium
sp. Strain 34x, the effect of acetate was also evident in the elevated expression
of acetyl CoA synthetase (ACS). While hydrogenotrophs do not use acetate for
CH4 generation for energy, they require it for growth in the presence of H2/CO2 as
an energy source where it is activated to acetyl-CoA and carboxylated to form
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pyruvate (Choquet et al., 1994; Jetten et al., 1990; Leahy et al., 2013; Lin et al.,
2003; Maus et al., 2013; Patel et al., 1993).
Euryarchaeota assimilate the C1 carbon molecule using the reductive acetyl-CoA
pathway(Evans et al., 2019), (Berg et al., 2010), (Rühlemann et al., 1985;
Schäfer et al., 1993; Stupperich and Fuchs, 1983), where ACS activates two
molecules of CO2 into one molecule of acetyl-CoA using a coenzyme and
enzyme metal center as the CO2 acceptors. One of the CO2 molecules is reduced
to a methyl group, which can then be bound to the H4MPT coenzyme. The
second CO2 molecule is reduced to CO which is bound to Ni in the active site of
CO dehydrogenase:acetyl-CoA synthase complex (CODH/ACS). The methyl
group in methyl-H4MPT combines with the bound CO in the CODH to release
acetyl-CoA (Reaction 15, Table 3-8). Although this reductive acetyl-CoA pathway
has a low energetic cost (~ 1 ATP molecule to synthesize 1 molecule of
pyruvate), there are additional energetic requirements for the synthesis of the
cofactors involved (Berg et al., 2010). The resulting acetyl-CoA can then enter
the biosynthetic pathway by being converted to pyruvate by pyruvate synthase
(Por) or it may be channeled into methanogenesis as methenyl-H4MPT
(acetoclastic methanogenesis) or CO for carboxydotrophic methanogenesis.
Our reconstructed metabolic pathway (Figure 5) indicated that the genes
encoding enzymes involved in the early steps (Step 1 – 3, Table 3-8) of the
hydrogenotrophic methanogenesis pathway are low in expression levels, while
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the later steps are more highly expressed where 5-methyl-H4MPT enters the
pathway (Step 6 – 7, Table 3-8). Coupled with the functional performance data, it
is likely that the metabolic processes in Methanobacterium sp. Strain 34x were
diverted somehow away from methane generation and towards central carbon
metabolism possibly due to the increased levels of acetate prompting the
metabolic switch in response to the cathode potential changes (Wolfe, 2005).
This was in line with our transcriptional results, where both the ACS/CODH
complex and por genes were highly transcribed under all conditions (ACDS,
1.2.7.4, 6.2.1.1, and 1.2.7.1, Figure 3-10). Although not significantly differentially
expressed, the expression of these genes was relatively higher at –0.7 V after 90
min compared to the baseline –1V and –0.7 V after only 45 min. It is unclear why,
despite having the full hydrogenotrophic and acetoclastic metabolic pathways,
hydrogenotrophic methanogens do not utilize acetate as a source of energy.
Richards et al. attempted to investigate this question by creating a metabolic
reconstruction of the central energy-generating electron bifurcation reaction and
carbon assimilation pathways in M. maripaludis as a model hydrogenotrophic
methanogen. They demonstrated that the energy-converting hydrogenases (Eha
and Ehb) required for the acetoclastic pathway could not function in a central
stoichiometric role due to limitations on their overall electron flux. Eha/Ehb could
only support the production of 10% CH4, supporting their anaplerotic role
(Richards et al., 2016). In agreement, our results showed that eha expression
was not high, and did not appear to respond to changes in set potential, as
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previously demonstrated (Perona-Vico et al., 2019). This supports that the role of
acetate and acetyl CoA was not towards methanogenesis but rather carbon
assimilation as has been shown in other hydrogenotrophic methanogens. The
high level of transcription for energy-consuming biosynthetic functions
suggests the production of other proteins in response to the substrate
limitation, which require proteomic studies to fully understand.
Although it was surprising that we did not observe significant differential gene
expression, despite the obvious differences in current density and the associated
H2 and CH4 production, this was in line with the results from a recent report by
Perona-Vico et al (Perona-Vico et al., 2019). As with this study, they found no
statistically significant differential gene expression in a Methanobacterium sp.
dominant biocathode that was operated under –1.0 V (vs. Ag/AgCl) and OCV for
6 hours (Perona-Vico et al., 2019). However, clearly the methanogenesis
pathway was affected in our system, since after 90 min at –0.7 V, no CH4 was
detected in any of the replicates. This suggests that either Methanobacterium sp.
Strain 34x was not directly affected at a transcriptional level by electron
availability, that the changes in H2 availability were not large enough to elicit a
significant response, that prolonged testing conditions were required beyond 90
min to observe differential expression, or a combination of these possibilities.
The high number of genes expressed involved in translation compared to
transcription supports the need for proteomic studies to fully understand the
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functional response of electromethanogenic communities in response to set
potential changes. Clearly, further experiments that analyze the full
metagenome-metatranscriptome-metaproteome are required to close the loop on
methanogenesis regulation under varying electron donor availability are needed.

Conclusions
An electromethanogenic community was enriched which was dominated by a
novel species of Methanobacterium Bin 1. While the cathode set potential clearly
affected the overall functional performance of the reactors in terms of current
generation and product formation, differential transcriptional expression analyses
did not reveal any significant effect of different set potential and lower electron
donor availability via the cathode on Methanobacterium. Metatranscriptome
analyses revealed the presence of the full hydrogenotrophic and acetoclastic
methanogenesis pathways genes. The significance of carbon assimilation was
highlighted by the high expression levels of the CODH/ACDS complex.
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Evaluating the use of indium tin oxide (ITO) as a
potentially HER-inert cathode material for fundamental electron
transfer studies in microbial electrosynthesis (MES)

Introduction
Electron transfer mechanisms are of great interest in MET research due to the
importance of understanding the fundamentals of different microbial interactions
with solid conductive surfaces cathode-microbe interactions for efficient system
engineering. An understanding of the contributions to the cathodic reactions by
different electron transfer mechanisms is critical to design systems that favor
efficient electron transfer, whether with cathode materials that have high HER
capacity or surface modifications to improve biocompatibility and biofilm
attachment, or by relevant substrate/mediator addition. Electron transfer studies
generally rely on observing the effect of cytochrome and hydrogenase gene
knockouts (Rotaru et al., 2014a; Rowe et al., 2019), enzyme studies (Deutzmann
et al., 2015; Reda et al., 2008), electrochemical calculations (Cheng et al., 2009;
Rowe et al., 2019), the addition of methanogenesis inhibitors (Lohner et al.,
2014) or mediators like formate (Srikanth et al., 2014). However, these methods
are difficult to apply in mixed culture settings, which involve complicated
competitive and syntrophic relationships that are difficult to understand with just
co-cultured studies, or that cannot be fully understood with electrochemical
calculations and balances.
Using material science can be useful in this context by using HER-inert materials
to eliminate the effect of H2 on the entire cathode environment, and isolate the
role of direct electron transfer in pure culture and mixed communities. Materials
like indium tin oxide (ITO), with a window of inert reduction potential where no
HER takes place that fits well with potentials typically applied in
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electromethanogenesis, can be used to ensure that no H2 evolution takes place
at neutral pH at the cathode in the working cathode potential window (-0.6 V to 1.0 V vs. Ag/AgCl) (Figure 4-1). This would provide a simple and effective
method to eliminate the interference of abiotic H2 evolution, allowing for
investigations of pure and mixed cultures in the absence of H2 (Figure 4-2).
Additionally, as a transparent material, the use of ITO electrodes could allow for
real-time monitoring of growth using optical absorption techniques (Benck et al.,
2014).

Figure 4-1 | Electrochemical activity and inert potential range for indium tin oxide (ITO) in acidic
(0.1 M H2SO4, pH 1.0), neutral (0.1 M NaAc, pH 7.2 – 7.8) and basic conditions (0.1 M NaOH, pH
13.0) based on progressive cyclic voltammograms. “a” denotes oxidative features observed when
sweeping towards positive potentials after a reductive current. “b” denotes a corresponding
reductive peak prior to hydrogen evolution onset. The inert potential window within which no oxygen
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evolution and no hydrogen evolution occur is denoted for each condition. At neutral pH, the defined
inert potential range is – 0.62 V to 1.96 V vs. reversible hydrogen electrode (RHE), which is
equivalent to – 1.1 V to 2.8 V vs. Ag/AgCl (Benck et al., 2014).

The aim of this study was to evaluate ITO as a potentially HER-inert cathode
material to elucidate and quantify the contribution of H2 in electron transfer in
electromethanogenesis using a pure culture of Methanosarcina barkeri. A
genetically tractable organism, M. barkeri has a wide range of substrates,
contains both cytochromes and hydrogenases that allow for direct and indirect
electron transfer, and is frequently enriched in methanogenic systems, including
biocathodes. It has been used as a model methanogen in electron transfer
studies due to its mixotrophic nature (Guss et al., 2005; Holmes, 2017; Holmes et
al., 2018; Kohler and Metcalf, 2012; Lovley, 2018; Rowe et al., 2019).
Methanosarcina spp. have been shown to use direct electron transfer for CO2
reduction to CH4 from elemental iron (Uchiyama et al., 2010), iron oxides (Kato
et al., 2012), activated carbon (Liu et al., 2012) as well as participate in DIET in
co-cultures with Geobacter metallireducens (Rotaru et al., 2014a). M. barkeri has
also been shown to uptake electrons from cathodes using cytochromes, free
extracellular hydrogenases and another as yet undefined mechanism (Rowe et
al., 2019).
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Figure 4-2 | A schematic representation of cathodes coated with an ITO/FTO layer (in blue), which
only allows for direct electron transfer (blue arrows) from the cathode to electroautotrophs for CO2
reduction to value-added products, or a HER catalyst layer (in green), where both direct (blue
arrows) or H2-mediated electron transfer (green arrows) can take place. ITO: indium tin oxide; FTO:
fluorine doped tin oxide; HER: hydrogen evolution reaction (Katuri et al., 2018).

Materials and Methods
4.2.1 Culture Growth
M. barkeri 800 was grown from an active culture (DSMZ, Germany) in serum
vials using DSMZ 120a media in an inert N2 environment. The media composition
per liter of deionized water was: K2HPO4, 0.35 g; KH2PO4, 0.23 g; NH4Cl, 0.50 g;
MgSO4 x 7 H2O, 0.50 g; CaCl2 x 2 H2O, 0.25 g; NaCl, 2.25 g; FeSO4 x 7 H2O
solution (0.1% w/v in 0.1 N H2SO4), 2.00 ml; trace element solution SL-10, 1.00
ml; yeast extract, 2.00 g; casitone, 2.00 g; Na-resazurin solution (0.1% w/v), 0.50
ml; methanol, 10 ml; L-Cysteine-HCl x H2O, 0.30 g; Na2S x 9 H2O, 0.30 g and
vitamins and trace elements. The media was adjusted to a pH of 6.5 with
NaHCO3 prior to autoclaving. During the log phase of growth, the cells were
centrifuged at 10,000 rpm for 7 min. The supernatant was decanted, and the
cells were washed in sterile media but omitting all reducing equivalents and
methanol. The washed cells were once again centrifuged and inoculated into the
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cathode chamber of MES cells for testing. At the start of each batch, the cathode
chambers were flushed with 100% CO2 for 10 min.

4.2.2 ITO Electrode Preparation
The commercial ITO on glass electrodes (50 x 50 x 1.1 mm) were purchased
from Changzhou best optoelectronic Co. Ltd. (ChangZhou City, China), with a
sheet resistance of 5 – 7 ohms. The ITO electrodes were cleaned by sequential
soaking in acetone, ispropanol, ethanol and MilliQ water for 5 min each and dried
under ambient air conditions. The ITO electrodes were attached to an insulated
copper wire (the current collector) using conductive carbon paste, which was fully
covered by a layer of inert epoxy glue and Teflon tape to prevent the interaction
of the copper wire with the electrolyte.
The ITO/Si electrodes were fabricated at the KAUST Nanofabrication Core Lab
using a photolithography method. The silicon wafers were cleaned by immersion
for 10 min in hot piranha solution (3:1 H2SO4/H2O2) at 115oC, rinsed in deionized
water for 10 min and blown dry using N2 gas. The cleaned wafers were coated
with hexamethyldisilazane (HMDS), which was vapor-primed on the surface, to
improve the attachment of the photoresist used during photolithography to create
the nano-pillar structures. Photoresist AZ 5214 was then spin-coated onto the
wafers at 3000 rpm for 30 s, and baked off at 110oC for 1 min. The resist-coated
wafers were then exposed in EVG 620S contact aligner through a chrome mask
at 100 mJ/cm2 dose, and developed in AZ726 developer for 60 sec to form the
pattern. The patterned wafers were then plasma-etched for 90 s under SF6/O2
conditions to transfer the pattern to the silicon substrate. After etching, the
residual photoresist was cleaned in acetone and isopropyl alcohol. This process
is summarized in Figure 4-3, Steps 1 – 4. The nano-pillared wafers were sputtercoated by magnetron sputtering using an ITO target (In2O3/SnO2, 90:10 wt%)
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(Figure 4-3, Step 5). The ITO was deposited at a RF power of 60 W, pressure of
10 mT and an argon (Ar) flow of 25 sccm, at a deposition rate of 2 nm/min, for a
200 nm-thick ITO layer. Finally, the ITO/Si electrodes were annealed in a Rapid
Thermal Process System at 500oC under Ar ambient conditions to reduce sample
resistivity. The final ITO/Si electrodes had 200 nm high nano-pillars with a
diameter of 2.5 nm, coated with a 500 mm-wide, 100 nm-thick conductive gold
ring was sputter coated around the edge of the ITO/Si to act as a low resistance
contact point for the copper wire current collector.

Figure 4-3 | ITO/Si electrode fabrication method.

4.2.3 Reactor Setup, Electrochemical Characterization and
(bio)Electrochemical Operation
4.2.3.1 Reactor Setup
Dual-chambered glass reactors with a 125 ml working volume, and a total
volume of 150 ml were autoclaved and assembled using a Nafion membrane (3
cm2) to separate the anode and cathode chambers. The commercial ITO
electrodes were placed flat on the bottom of the cathode chamber, with the
current collector extended outside of the reactors through a sampling port (Figure
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4-4 A). The lengths of the sampling ports were 1 cm, with a diameter of 0.5 cm.
The area of the exposed active layer of the electrode was 5 cm2. The reference
electrode was Ag/AgCl (3M KCl) and an iridium-coated (20 nm) titanium plate
was used as the counter electrode. For the fabricated ITO/Si electrodes, cubeshaped, double-chamber reactors with a cylindrical chamber (28-mL working
volume) were constructed, with the two chambers separated by Nafion
membrane. The reference electrode was Ag/AgCl (3M KCl) and an iridiumcoated (20 nm) titanium sheet was used as the counter electrode. The fabricated
ITO/Si cathode was placed in a vertical orientation within the cathode chamber.
The area of the exposed active layer of the electrode was 7 cm2.

Figure 4-4 | Glass reactor setup for the commercial ITO tests (A) and cube reactor setup for the
fabricated ITO/Si test (B). (1) are the anode chambers, (2) are the Ir-coated titanium plate anodes,
(3) are the cathode chambers, and (4) are the ITO cathodes.

4.2.4 Electrochemical Operation
Potentio-electrochemical impedance spectroscopy (PEIS) was employed to
measure the electrode resistance. Linear sweep voltammetry (LSV) was
employed to determine the HER onset potential window of the new ITO
electrodes and the reduced electrodes by sweeping through the cathodic
potential range of 0 to –1.2 V (vs. Ag/AgCl) at a scan rate of 5 mV/s for 4 cycles.
A potentiostat (Bio-Logic VMP3) was used for potential control and data
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acquisition. EC-Lab Software was used for PEIS analysis and fitting. All
electrochemical tests were done using the DSMZ medium described above as an
electrolyte to simulate culturing conditions.
4.2.5 (bio)Electrochemical Operation
4.2.5.1 Commercial ITO electrode
Abiotic reactor 1 (AB1) was operated at -1V vs. Ag/AgCl for 24 h with 100% CO2,
after which it was inoculated with M. barkeri (AB1+MB) and operated for two
batches of 24 h each to compare its electrochemical and gas performance with
(AB1+MB) and without (AB1) the culture. M. barkeri was inoculated at the same
time into three reactors (biotic reactors R1 and R2 and abiotic reactor 2, AB2)
operated at -1V vs. Ag/AgCl with 100% CO2 for two batches of 24 h each. The
media was changed after these two batches and the reactors were then switched
to between -0.7 and -0.79 V vs. Ag/AgCl for 2 h, and -1V vs. Ag/AgCl for a third
batch of 24 h. LSV was done at the end of the second and third batch. PEIS was
done at the end of the experiment (i.e., 76h), along with X-ray photoelectron
spectroscopy (XPS), energy-dispersive X-ray (EDX) spectroscopy and scanning
electron microscopy (SEM) surface analyses (Section 4.2.7).
4.2.5.2 Fabricated ITO/Si electrode
After initial PEIS and LSV analyses, the ITO/Si electrode was operated
chronoamperometrically at -1.0 V with 100% CO2 for 168 h (1 week). LSV and
PEIS were done at the end of the experiment, along with XPS, EDX and SEM
surface analyses (Section 4.2.7).
4.2.6 Gas Analysis and MES Calculations
The gas composition (H2, CH4, and CO2) in the reactor headspace was analyzed
using a gas chromatograph (Model# 315 8610C, SRI Instruments, United States)
at 0 h, 6 h, 12 h and 24 h as previously described (Ananda Rao et al., 2017).
Current density was calculated as the recorded current (mA) divided by the
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surface area of the cathode. Cathodic hydrogen and methane recoveries (rcatH2
and rcatCH4) were calculated by:
rcatH2=

nH2
nCCE

rcatCH4=

nCH4
nCCE

where nH2 and nCH4 are the moles of the respective gas. nCCE is the total moles of
gas possible based on the total coulombs Ct recorded, and was calculated by:
nCCE =

Ct
bF

where b is the number of moles of electrons required for hydrogen production (2
mol e-) or methane production (8 mol e-) and F is Faraday’s constant (96,485
C/mol e-).
4.2.7 Surface analyses using XPS, SEM and EDX

At the end of the experiments, the reduced ITO and ITO/Si electrodes were
rinsed in MilliQ water and either prepared for SEM analysis or dried with N2 and
stored for surface characterization. The biotic SEM electrode samples were
stored overnight in a 2% glutaraldehyde in 1x PBS solution, washed in 1x PBS
and serially dehydrated in ethanol solutions. The samples were fixed on the
aluminum metal stub and sputter coated with iridium for 30 seconds at 25 mA
current (5 nm thickness, Q150T S Sputter Coater, Quorum Technologies Ltd,
UK). The abiotic electrode samples were directly fixed to the metal stub and
imaged. Scanning electron micrographs were visualized with an accelerating
voltage of 4 kV and a spot size of 2.5 using Quanta 600 FEG and ZEISS Merlin
61-95 SEM (ThermoFisher Scientific, USA). The EDX detector was used at an
accelerating voltage of 20KV and a spot size of 4.5. Elemental peaks were
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identified using the built-in software and the atomic (At) % of each element was
analyzed over the scanned area.
The surface of the reduced ITO was also characterized by XPS (AMICUS XPS,
Model ESCA-3400, Kratos Analytical, Shimadzu, UK) using a Mg K X-ray source.
Peak fitting and calibration to the C 1s peak of adventitious carbon at a binding
energy of 284.8 eV was done using the CasaXPS software package
(CasaXPS software Version 2.3.22, Casa Software Ltd).

Results
4.3.1 Fabricated ITO/SI electrode electrochemical performance
ITO is known to have a smooth surface due to the annealing step during
preparation. SEM analysis of the commercial ITO from a trial where the electrode
was positioned at a 90o within the cathode chamber and operated at -1 V with M.
barkeri showed no microbial attachment due to the smooth surface of the
electrode (data not shown). Therefore, nano-pillared ITO electrodes on Si wafers
were fabricated to increase the surface roughness and promote microbial
attachment (Figure 4-5). The ITO/Si wafer had a high internal resistance of 145 Ω
prior to reduction compared to the commercial ITO, which had a measured
internal resistance of 16.8 Ω (Figure 4-6). The internal resistance increased to
207.2 Ω after reduction at -1V.
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Figure 4-5 | SEM of (A) new Si/ITO and (B) reduced Si/ITO with salt crystals deposited on
surface.
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Figure 4-6 | Nyquist plot representations of the impedance measurements for A) new commercial
ITO, B) new and reduced ITO/Si, and C) the reduced R1, R2 and AB2. The inset in (A) is the
equivalent circuit used for EIS fitting, or zfit. Zfit is a data analysis tool to evaluate the fit of the
model circuit to the experimental data. The associated internal resistances of the electrode material
(R1 in the circuit) are shown in the table.
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4.3.2 Commercial ITO electrode bioelectrochemical performance
AB1 was operated chronoamperometrically at -1.0 V for two batches of 24 h. The
average current density j in the first batch was 21.8 µA/cm2, while the second
batch recorded a slightly higher average of 25 µA/cm2 (Figure 4-7 A). This was
associated with the production of 20 µmol H2 in batch 1 and 23 µmol H2 in batch
2. The cathode potential was then switched to -0.8V for 6 h, and then -0.6V for
another 6 h. The average j at -0.8V was 10.6 µA/cm2 (0.84 µmol H2) and 6
µA/cm2 (0.07 µmol H2) at -0.6V. Finally, M. barkeri was inoculated into AB1
(AB1+MB), and it was operated for another two batches of 24 h at -1V (Figure 47 A). Two replicate reactors (biotic reactors R1 and R2) with new ITO electrodes
were inoculated and operated alongside AB1+MB . An abiotic reactor (AB2), was
also operated with a new ITO electrode, to compare the performance of the new
(unreduced) electrodes with and without the addition of the culture.
The average j for R1 and R2 in the first batch was ~17.5 µA/cm2 and for the
abiotic AB2 it was 35 µA/cm2, while j for all three reactors increased in the
second batch up to 29 µA/cm2 for the biotic reactors and 56 µA/cm2 for AB2
(Figure 4-7 B). For AB1+MB, j decreased to between 8 – 11.5 µA/cm2 upon
adding the M. barkeri culture, compared to 21 – 25 µA/cm2 (AB1 at -1V) (Figure
4-7 C). This decrease was possibly due to the age of the electrode in terms of
prolonged polarization, which had been reduced for a total of 60 h prior to the
addition of the M. barkeri. The effects of prolonged polarization at low cathode

140

potentials on the electrode activity are discussed in Section 4.4. In general,
AB1+MB exhibited lower j and gas production compared to R1 and R2.

Figure 4-7 | Current density j plots. A) Recorded j for AB1 at -1.0 V for two batches of 24 h, followed
by -0.8 V for 6 h and -0.6 V for 6 h. After inoculation with M. barkeri, AB1+MB2 was operated at 1V for two batches of 24 h. B) j for R1, R2 and AB2 at -1.0 V for two batches of 24 h. C) j at -0.7 V
for 2 h (R1), -0.79 V for 2 h (R2) and -0.76 V for 2 h (AB2), as denoted by the asterisk, followed by
a third batch of 24 h at -1.0 V.

H2 was observed in all reactors from the earliest sample time point (6 h), where it
increased over time until 24 h in AB2 and was relatively stable in the biotic
reactors (Figure 4-8 A – D). In AB2, 23 µmol H2 were detected in the headspace
after the first batch of operation at -1V, which doubled to 56 µmol H2 in the
second batch. Minimal H2 was detected in the biotic reactors R1 and R2
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compared to AB2, suggesting that the majority of the abiotic H2 was consumed
by M. barkeri (Figure 4-8A – D, Figure 4-9). In the first batch, H2 was 0.1 µmol in
R1 and R2, which increased in the second batch to 1 µmol. The same trend was
observed in AB1+MB, with 0.035 µmol H2 in the first batch and 0.3 µmol H2 in the
second batch.
Since 4 moles of H2 are required to reduce 1 mole of CO2 to 1 mole of CH4, and
the abiotically produced H2 was equal to 23.4 µmol in the first batch and 56 µmol
in the second batch, the first batch should have yielded 5.8 µmol CH4 and the
second batch should have yielded 14 µmol of CH4 (Table 4-1). However, both R1
and R2 had a final concentration of 2.3 µmol CH4 in the first batch, and between
4 – 8 µmol CH4 in the second batch. For AB1+MB, the abiotic H2 concentration
was 23 µmol H2, which theoretically would result in 5.8 µmol CH4, however, it
reached a maximum of only 2.3 µmol CH4 in the second batch (Table 4-1). This
means that approximately only 20 – 40 % of the available electrons were
recovered as CH4 in the biotic reactors (except for R1, batch 2 where rcatCH4 was
64%, Table 4-1). The biotic rcatH2 was between 0.2 – 2 % while the abiotic rcatH2
was between 30 – 50%. Therefore, while it appears that hydrogenotrophic
methanogenesis was the main pathway for CH4 generation, it was not the only
electron sink for H2 nor for electrons directly available from the cathode, as
shown by the rcat values which were <100%. This was also apparent when
comparing the distribution of the total milli electron equivalents (me-eq) available
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based on the total recorded charge towards the two different gas products
(Figure 4-9).
The rcat <100% values may have also been due to H2 and CH4 losses across the
membrane into the anode chamber (Dykstra and Pavlostathis, 2017a), which
were not measured. Another loss may have been due to dissolved CH4, since
CH4 solubility is 18.6 mg/l (or 1162 µM) (Liu et al., 2014). Theoretically, dissolved
CH4 could have been up to 116 µM, based on a working cathode volume of 125
ml within our system. However, this would require 89 coulombs, assuming
completely H2-mediated electron transfer, which is much lower than was
recorded (max. coulombs recorded was 12.6 A/s for R2_b2, Table 4-1). With
biotic rcatCH4 values between 23 – 64%, the average undefined coulombs
generated was approximately 5 A/s, which equals 6.5 µM CH4 that could have
been solubilized.
The diversion of available me-eq was not just a factor of the biological activity of
M. barkeri, since >50% of the generated me-eq in both abiotic AB1 and AB2 were
unaccounted for by the abiotic H2 evolution. The remainder of the electrons may
have been diverted to the irreversible reduction of In and Sn to zero-valent
metals (see Section 4.4), and H2 losses across the membrane into the anode
chamber (Dykstra and Pavlostathis, 2017a). The lower performance observed in
current density (Figure 4-7 C) and gas production (Figure 4-8, Table 4-1) in
AB1+MB was probably due to the longer duration of operation of the electrode

143

with concurrent loss of electrode conductivity compared to R1 and R2 , as seen
in terms of the current density magnitude observed with LSV analysis after
chronoamperometric operation at -1.0 V (Figure 4-10 B).
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Figure 4-8 | Time series (0 h, 6 h, 12 h, 24 h) plots of the H2 and CH4 concentrations (µmol) for two
batches of 24 h each for biotic reactors (R1, R2 and AB1+MB) compared to the abiotic H2
production (H2_AB2 for R1 and R2, H2_AB1 for Ab1+MB) operated at – 1.0 V. The first batch data
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are shown in Fig. 1A (R1), C (R2), E (AB1+MB) and the second batch data are shown in Fig. 1B
(R1), D (R2), and F (AB1+MB).
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Table 4-1 | Distribution of total coulombs available at the cathode into H2 and CH4 (rcat, %) under
different operating conditions. AB1 is the abiotic reactor 1, while AB1+MB is the aged AB1 electrode
with M. barkeri added. AB2 is the abiotic reactor 2, which was operated with a new ITO electrode
alongside the biotic R1 and R2. “_b1” and “_b2” refer to batch 1 and 2 of operation at -1V with
100% CO2.
Total Coulombs
(A/s)

Concentration (µmol)

rcat (%)

H2

CH4

H2

CH4

AB1_b1

9.2

20

-

42.0

-

AB1_b2

11.0

23

-

40.8

-

AB1+MB_b1

3.4

3.5 x 10-2

1.7

0.19

39.3

AB1+MB_b2

5

0.3

2.3

1.15

36.2

R1_b1

7.6

8.5 x 10-2

2.3

0.22

23.5

R1_b2

9.9

1.0

8.2

2.02

63.7

R2_b1

7.8

0.1

2.3

0.26

22.9

R2_b2

12.6

1.0

4.4

1.49

27.0

AB2_b1

15

23

-

30.2

-

AB2_b2

22

56

-

49.4

-

R1_-0.7V + -1V

2.0 x 10-4

3.2 x 10-6

2.0 x 10-5

3.1 x 10-3

0.08

R2_-0.79V + -1V

2.0 x 10-3

8.5 x 10-6

1.4 x 10-4

8.2 x 10-4

0.06

AB2_-0.76V + -1V

2.8 x 10-3

1.0

-

66.8

-

LSV analysis of a new commercial ITO electrode showed an initial onset
reduction potential at -1.1 V (Figure 4-10 A). However, a reductive shoulder
appeared between -0.8 V and -1.0 V corresponding to changes in the valency of
In and Sn from the second LSV loop onwards, and the onset reduction potential
shifted slightly to -1.0 V. HER onset occurred at -1.0 V prior to
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chronoamperometric measurements, after which the reduction profile shifted so
that HER onset occurred at -0.8 V (Figure 4-10 B). This may be the reason that
the second batch produced more current, H2 and, consequently, CH4 (Figure 4-8
& 4-9, Table 4-1). Similar results were observed with the fabricated ITO/Si
electrode. LSV analysis prior to reduction showed that the reductive shoulder in
the fabricated ITO/Si electrode appeared at -1.0 V, and the HER reduction onset
potential was at -1.3 V. After reduction at -1.0 V for 168 h, the reduction onset
had shifted to around -1.1 V (Figure 4-11).
It is unclear why AB2 exhibited a different LSV profile compared to the biotic R1
and R2 (Figure 4-10 C), but the current densities were much lower with R1 and
R2 in comparison to AB2. The onset reduction potential shifted positively to >0.6V, and the current densities were greatly reduced in the biotic reactors as
compared to AB2 (Figure 4-10 C). Based on the LSV analyses (Figure 4-10 C),
R1, R2 and AB2 were operated for a third batch of 24 h. Initially, the cathode
potential was set as high as possible to maintain reduction for 2 h prior to
switching back to -1.0 V for the third batch at -1.0 V in an attempt to operate the
electrodes at a potential that would not evolve H2. For R1, this meant a set
cathode potential of -0.7 V, while R2 was set at -0.79 V and AB2 was set at -0.76
V. However, due to current densities of almost zero at these potentials, the
cathode potential was set to -1.0 V once again. However, the reactors did not
fully return to their previous performance with lower current densities observed in
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both the biotic reactors and AB2, while R1 was the most negatively affected
(Figure 4-7 C). The available charge and gas amount were decreased in all three
reactors (i.e., R1, R2 and AB2) by several magnitudes after three batches of
operation (Table 4-1). R2 and AB2 had similar current density (average 15 and
20 µA/cm2), while the current density in R1 was reduced by a factor of 10 to 1.5
µA/cm2. However, the difference between R1 and R2 was not as large in terms of
rcatCH4 (0.08 and 0.06%), although of course it was also greatly reduced
compared to the previous two cycles of operation.
These differences were also apparent in the final LSV analyses at the end of the
experiments. While the reduction onset potential was still approximately -0.6 V
for R2 and AB2, it had shifted to > -0.4 V for R1 (Figure 4-10 D). Since R1 had
been set at the highest potential (-0.7 V), presumably the ITO layer had
undergone irreversible damage related to the possible surface reactions as a
function of cathode potential (see Section 4.4) which affected its electrochemical
activity and conductivity.
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Figure 4-10 | LSV plots for the range of 0 to -1.2 V (vs. Ag/AgCl) at a scan rate of 5 mV/s for 4
loops. A) The 4 individual LSV loops of a new ITO electrode. B) AB1 electrode prior to
chronoamperometry (CA), AB1 after -1.0 V CA (2 batches of operation), and AB2 after -1.0 V CA
(2 batches of operation and before disassembly). C) AB2 compared to R1 and R2 after -1V CA (after 2
batches of operation. D) Comparison of new ITO electrode to electrodes before disassembly (i.e., after 74
hours of operation).

Figure 4-11 | LSV within the range of 0 to -1.5 V at a scan rate of 5 mV/s for the new and reduced
ITO/Si electrode at pH 7.5.
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ITO is known to lose its transparency and conductivity with electrochemical
reduction (Benck et al., 2014; Liu et al., 2015), as a function of potential and
electrolyte composition due to changes in the metal valencies, leading to
electrode dissolution. Pinholes were observed in SEM images (Figure 4-12 B)
indicating areas of ITO dissolution, as well as bright circles that are probably InSn zero valent metals as previously described (Liu et al., 2015). Salt deposition
was also observed on the electrode surface (Figure 4-12 B and C), and XPS
results showed the presence of calcium and metal carbonates after cathode
polarization (Figure 4-13 B). While the EDX analysis showed the deposition of
iron (1.6 wt%) from the medium onto the surface of the reduced electrodes,
which was not present in the new electrode material (Figure 4-12 G & H). SEM
images clearly show the clustered attachment of M. barkeri to the electrode
surface (Figure 4-12 D-F).
XPS is a useful technique for surface analyses up to a depth of up to 10 nm. It
involves applying sufficient energy to break photoelectrons away from the
nuclear attraction forces of an element. Binding energies are used to identify
surface elements, while peak intensities are used to quantify atomic
concentrations (%). Different valencies affect the kinetic energies of the ejected
photoelectrons, binding energy that must be overcome for the photoelectron
release, leading to slight shifts that can be used to identify different types of
chemical bonds. The new ITO electrode contained 12.7% In and 1.5 % Sn
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(Figure 4-13 A). Typically, ITO contains 5 – 10% Sn (Benck et al., 2014). After
reduction, the ITO electrode showed a decrease in In concentration (Figure 4-13
A), a change in In speciation, and the disappearance of Sn peaks (Figure 4-13
B). After exposure to electrochemical conditions, Sn was no longer present within
detection limits, while the concentration of In was reduced by 75% (Figure 4-13
A), and had clearly undergone irreversible chemical changes as shown in the
shift in binding energies of the double In 3d peaks (Figure 4-13 B). The Sn:In
ratio was 1:8.5 prior to reduction, and the In:O ratio was 1:2. After reduction, the
In:O ratio was 1:8.
While the amount of oxygen did not change significantly after electrode reduction
(26.8%), the O 1s peak (Figure 4-13 B) displayed a chemical shift which was
reflected in the difference in binding energy between the new and reduced
electrodes. O 1s is intrinsically an asymmetric peak (Brumbach et al., 2007) and
upon prolonged exposure to air or water vapour (or complete submersion in
water as in our case), hydroxylation occurs leading to a shoulder at 533 eV. This
binding energy is also associated with the chemical binding of oxygen in metal
carbonates, which is not unexpected under the test conditions since the medium
used contains bicarbonates. C 1s present in the new electrode was adventitious
carbon (Barr and Seal, 1995; Miller et al., 2002). While its source is debated, it
may arise due to atmospheric CO or CO2. Due to its ubiquity, it is frequently used
as a calibration peak with known binding energy of 284.8 eV in XPS analysis. It
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was present with a shoulder at 286.5 eV, corresponding to C-O-C speciation
after reduction. Additional peaks were detected after reduction corresponding to
Ca 2p (2%) and N 1s (4%) as well.
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G
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H

Iron K, 1.6 wt%

Figure 4-12 | Scanning electron micrographs of the reduced ITO electrodes at pH 6.5, using the
MB media at the end of the experiments of A) virgin ITO electrode, B & C) reduced AB2 electrode,
D) reduced R1 electrode, E) reduced R2 electrode and F) reduced AB1+MB electrode. The EDX plots
are shown in G) for the virgin ITO electrode and H) the reduced R2 electrode.
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Figure 4-13 | XPS spectra of the new ITO and reduced ITO electrodes scanned for 200 ms/sweep
for 15 sweeps. A) Survey scan from 0 – 1200 eV with atomic% of the various elements shown. B)
High-resolution individual element peaks for oxygen (O), indium (In), carbon (C), and tin (Sn).

XPS analysis of the new and reduced ITO/Si electrode showed similar results to
those of the commercial ITO electrodes, with some differences in speciation and
In:Sn ratios (Figure 4-14). Survey scan results showed that the In 3d was present
at 17.8% in the new ITO/Si electrode, which decreased to 3.1% after reduction
(Figure 4-14 A). Sn 3d corresponded to 2.7% (which was higher than the
commercial ITO Sn content of 1.5%).
In 3d peaks corresponded to In2O3 (445 eV), while Sn 3d corresponded to SnO2
peaks (487.3 eV) (Figure 4-14 A). Both elements decreased in signal intensity
after reduction, where the Sn peaks were almost indistinguishable from the
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background signal (Figure 4-14 B). O 1s was present as a mixture of metal
oxides (530.5 eV) and metal carbonates (532.3 eV), as seen by the asymmetry
of the O 1s peak (Figure 4-14 B). After reduction, it appeared that this ratio
shifted towards an increase of metal carbonates due to the binding energy shift
and the change in the shape of the peak. While the total oxygen content
increased in the reduced electrodes compared to the new electrodes (Figure 414 A), the oxygen was mainly associated with carbonates rather than oxides
(Figure 4-14 B). This indicated changes in the oxygen vacancies which can affect
the conductivity of the material, as evidenced by the increase in internal
resistance after reduction (Figure 4-6). C 1s was present as adventitious carbon
with C – C bonds (284.8 eV).
After exposure to electrochemical conditions, Sn reduced by 89%, while the
concentration of In was reduced by 83%, and had clearly undergone irreversible
chemical changes, as shown in the shift in binding energies of the double In 3d
peaks (Figure 4-14 B). The Sn:In ratio was 1:6.7 prior to reduction, and the In:O
ratio was 1:1.6. After reduction, the Sn:In ratio was 1:11, while the In:O ratio was
1:16.5. The change in In:Sn ratio was due to the changes in valency. The O 1s
peak (Figure 4-14 B) displayed a chemical shift which was reflected in the
difference in binding energy between the new and reduced electrodes. As with
the commercial ITO, additional peaks were detected after reduction
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corresponding to Ca 2p (12%) (Figure 4-14 A), but at a much higher amount than
with the commercial material (Figure 4-13 A).

Figure 4-14 | XPS spectra of the new ITO/Si and reduced ITO/Si electrodes scanned at 200
ms/sweep for 15 sweeps. A) Survey scan from 0 – 1200 eV with atomic% of the various elements.
B) High resolution individual element peaks for oxygen (O), indium (In), carbon (C), and tin (Sn).
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Discussion
Generally, electron transfer mechanisms in bioelectrochemical systems are
studied using a combination of electrochemical techniques and genetically
modified microbes. Since H2 is a common electron donor, and H2 abiotically
evolves from the surface of cathodes at - 0.6 V (Ag/AgCl), genetically modified
organisms with cytochrome (the main outer membrane protein interacting with
electrodes) knockout strains are used to study direct electron transfer
mechanisms and hydrogenase knockout strains to eliminate H2-driven
methanogenesis. However, using a material science approach to study direct
electron transfer without the abiotic H2 interference can simplify experimental
designs by eliminating the need to prepare specific knock out strains which
require resources and expertise, thus allowing for more accessibility to this type
of fundamental research. This study explored the possibility of using ITO as an
HER-inert material for direct electron transfer mechanism studies in the absence
of H2 interference using M. barkeri 800 as a model organism. M. barkeri is an
ideal candidate to study different electron transfer mechanisms involved in
hydrogenotrophic methanogenesis by direct and indirect transfer mechanisms.
Since it contains membrane-bound cytochromes, and hydrogenases, it is
capable of both direct CO2 reduction to CH4 and H2-mediated methanogenesis
(Buan, 2018; Rotaru et al., 2014a). While Methanosarcina spp. have been the
subject of multiple studies involving gene knockout strains to understand its
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electron transfer pathways (Forzi et al., 2005; Guss et al., 2005; Holmes et al.,
2018; Kohler and Metcalf, 2012; Lovley, 2017, 2018; Mand et al., 2018; Rowe et
al., 2019; Stojanowic and Hedderich, 2004; Welte et al., 2010; Welte and
Deppenmeier, 2011), a material science approach is rarely applied to study direct
electron transfer in methanogens.
Surface area and roughness are known to play a role in microbial attachment
and colonization (Crawford et al., 2012). ITO is known to be a fairly smooth
material, as required for its optoelectronic applications, although this can be
affected by annealing temperature (Kavei et al., 2008). To overcome this, ITO/Si
electrode were fabricated with 200 nm-high nano-pillars to promote microbial
attachment to the electrode and encourage the occurrence of direct electron
transfer. However, the resistance of the fabricated electrodes was very high,
possibly due to problems with the sputter coating of the ITO onto the substrate.
Additionally, the elevated annealing temperature may have also increased
resistivity (Kavei et al., 2008). Therefore, the majority of this study focused on the
characterization and bioelectrochemical reduction of commercial ITO with M.
barkeri.
Based on the available literature, the HER-inert cathodic polarization window for
ITO at pH 7 is up to -1.1 V (vs. Ag/AgCl) (Benck et al., 2014), which can be
appropriate for studies focusing on cathode-driven microbial activity since most
of these studies are done within the range of -0.8 V to -1.0 V. While many
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bioelectrochemical studies have been conducted with ITO as the bioanode, few
report its use as a cathode with an electroactive microorganism and none at the
conditions described in this study (Table 4-2). Deng et al. (2015) observed direct
electron transfer by Desulfovibrio ferrophilus Strain IS5 from an HER-inert ITO
cathode operated at -0.4 V vs. Ag/AgCl for up to 10 h in pH 7. Their reported
HER onset potential was -1.1 V, which is similar to the results of this study.
Schmidt et al., reported longer-term operation (24 days) of an Au-modified ITO
electrode at -0.8 V, where they observed metal leaching after 5 days even with
the Au nanoparticle modification. However, neither of these studies tested a bare
ITO electrode at lower potentials. In our study, after operating at -1.0 V for 48 h,
a shift in reduction onset of our commercial ITO was observed. Over time this
reached -0.6 V (and -0.3 V in the case of R1). This is associated with the
irreversible reduction of In and Sn to zero-valent metals (Eq. 1 and 2) and their
dissolution into the electrolyte. This was confirmed by XPS, which showed that
after operating at -1.0 V for a total of 74 h , no Sn peak was present within limits
of detection (<1 atomic %), while the In amount decreased. SEM images showed
pinholes associated with areas of complete dissolution of the substrate into the
electrolyte. Due to the positive shift in HER onset, it was not possible to evaluate
the effect of the cathode as the sole electron donor on the activity of M. barkeri
800 since all the produced CH4 could be accounted for by the abiotically
produced H2.
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In2O3 + 3H+ + 6e- à 2In + 3OH-

(1)

(where the oxygen atom of the oxide lattice (bound in the form of In2O3) reacts
with protons to form hydroxyls)
SnO2 + 4H+ + 4e- à Sn + 2H2O

(2)

(where the oxygen atom of the oxide lattice (bound in the form of SnO2) reacts
with protons to form water)(Liu et al., 2015; Matveeva, 2005).
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Table 4-2 | Summary table of selected papers using ITO as bioanode and as biocathode.
Configuration

Microorganism

Objective

ITO fabrication

Potential (vs.
Ag/AgCl)

Duration

Ref.

ITO as cathode, or cathode and anode
3-electrode
single chamber

Desulfovibrio
ferrophilus
strain IS5

Determine if electrical microbial
induced corrosion is due to SRB
directly extract electrons from an
electrode

Spray pyrolysis deposition
on glass

-0.6 V

5 h or 10 h

(Deng et
al., 2015)

3-electrode
single chamber

Enriched biofilm
from domestic
wastewater

Analyze electron transfer
dynamics in mixed community
EAB

100 nm ITO on sodalime
glass by electrodeposition

+0.2, 0, -0.2 &
-0.5 V

9 min

(Virdis et
al., 2016)

EIS flow
chamber biochip

E. coli
RFM443/pBR2T
TS cells

Develop new method for realtime biofilm characterization

Commercial ITO

+0.6, +0.05 &
-0.5 V

48 h

(Ben-Yoav
et al., 2011)

3-electrode
single chamber

-0.2 V enriched
biofilms

Improve performance of ITO
anode by Au modification

Commercial ITO on glass
modified by DC-sputtering
deposition of Au
nanocrystallites

-0.8 V

24 days

(Schmidt et
al., 2017)

Proof-of-concept of an integrated
optoelectronic measurement
platform with LEDs

Plasma treated to increase
hydrophilicty

ITO as anode
3-electrode
single chamber

S. oneidensis
(WT and
ΔOMC)

Determine specific cell
respiration rate and electron
transfer

Lithographic etching on
glass, 300 nm thick

+0.4 V

>15 min

(Gross and
El-Naggar,
2015)

Single chamber
MFC, ITO vs.
LBL-ITO

S. Ioihica PV-4

Improve current and bacterial
attachment by ITO modifications

Commercial ITO on glass
with/without α-Fe2O3
nanorods and chitosan

+0.2 V

24 h

(Ji et al.,
2011)a
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Dualchambered
MFC

Lactic acid
bacteria

Improve current by ITO
modifications

Commercial ITO on glass
with/without α-Fe2O3
nanorods and chitosan

-1.0 to +0.5 V

NA

(Wang et
al., 2017)

MFC

Municipal
sludge

Examine ITO anode as a
material in mixed culture MFC
and interactions with microbes

Commercial ITO on glass,
“pickled” in HCl to increase
roughness

NA

73 days

(Jiang et
al., 2018)

3-electrode
single chamber

S. Ioihica PV-4
(and mutants)

Examine in vivo EET properties
of OMCs

Spray pyrolysis deposition
on glass, 150 um thick

+0.2 V

NA

(Okamoto
et al., 2011)

3-electrode
single chamber

S. Ioihica PV-4

Compare smooth ITO and rough
graphite effect on EET
mechanism of S. Ioihica PV-4

Commercial ITO

+0.2 V

120 h

(Jain et al.,
2013)

3-electrode
single chamber

S. oneidensis
(WT and
ΔMtrC/OmcA,
PilD, SO3177)

Investigate role of c-type
cytochromes at a distance from
electrode surface

Commercial ITO

+0.2 V

25 h

(Okamoto
et al., 2012)

Flow-cell

Stentrophomon
as meltohphilia
&
Staphylococcus
sciuri

Investigate influence of
polarization on biofilm adhesion
and developmentfor biofouling
control

Commercial ITO on glass

± 0.8 V

18 – 164 h

(Schaule et
al., 2008)

3-electrode
single chamber

G.
sulfurreducens

Investigate EET

Commercial ITO on glass

± 0.4 V

Up to 35 h

(Matsuda et
al., 2011)

3-electrode
single chamber

Enriched biofilm
from primary
wastewater

Use 3-electrode single chamber
as biocide sensor

Photolithographic &
micromolding to deposit 185nm thick ITO film on a
PDMS substrate, patterned
with photoresist, wet-etched

+0.1, +0.2 and
+0.3 V

8 days

(Ahn and
Schröder,
2015)
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ITO is a solid solution of In2O3 and SnO2, widely used as a transparent
conductive material in the fields of optoelectronics. It is favored due to its low
electrical resistivity (1 – 3 x 10-4 Ω cm), high transparency to both visible and UV
light, and stability under a wide range of pHs (Liu et al., 2015). Sn atoms doped
into the In2O3 crystalline lattice through interstitial bonds with oxygen at oxygen
vacancies to form SnO and SnO (Kavei et al., 2008). SnO has a lower valency
(+2) compared to SnO2 (+4), and this affects the conductivity of the ITO film .
Therefore, the conductivity of ITO is mainly due to the presence of oxygen
vacancies and the Sn substitutions within the lattice promoting n-type doping via
the SnO2 state to the SnO state (Kavei et al., 2008; Matveeva, 2005). However,
while it has been reported to inertly operate within a wide potential range (Benck
et al., 2014), extreme anodic or cathodic polarization leads to electrochemical
instability, especially under acidic conditions (Huang et al., 2003; Spada et al.,
2013). In terms of the electrochemical stability of ITO, studies have been done to
evaluate it under different pHs, cathode potentials and electrolyte composition to
understand the surface reactions that take place which irreversibly change the
electrochemical activity of ITO (Cid et al., 2013; Geiger et al., 2017; Huang et al.,
2003; Liu et al., 2015; Matveeva, 2005; Senthilkumar et al., 2008; Spada et al.,
2013).
Matveeva (2005) analyzed the electrochemical stability of ITO in 1 M NaOH (pH
13) by galvanostatic methods which cycled the ITO electrode within a range of
1.2 V to -1.2 V (vs. Ag/AgCl) (Matveeva, 2005). Spada et al. (2013) investigated
the structural changes in ITO electrodes (with 10% Sn content) observed during
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galvanostatic operation at different set current densities (50 – 1000 uA/cm2)
under different electrolyte/pH conditions (pH 2.5 (AlCl3), 4.6 (GdCl3), 7 (Na2SO4),
13.1(NaOH). They observed that while the different electrolyte/pH conditions led
to varying HER onset potentials (more negative at higher pH) with associated
increases in current density, this was followed by a sudden drop in current
density to zero. Under galvanostatic operation, they observed that the cathode
potential increased with time to maintain a specific current density, indicating the
loss of conductivity of the electrodes after less than 30 min of operation. This was
attributed to structural changes, mainly due to changes in the oxidation states of
In and Sn to their zero-valency metallic forms leading to their deposition on the
electrode surface as a passivating layer.
In and Sn species have different standard reduction potentials, which is important
to determine the favorability of reduction reactions happening at a specific
potential and pH. Since SnO2 has a low standard reductive potential (-0.96 V)
compared to In3+ (-0.34 V), it is preferentially reduced to SnO(s) and Sn(s) at a
higher rate than In and thus the Sn peak was below detection limits by the end of
the electrochemical testing with the commercial ITO electrodes (Table 4-3). The
reduction of Sn and In requires protons (Eq. 1 -3), and at pH 6.5 the main stable
form of both Sn and In is their zero-valent metals, based on their respective
Pourbaix plots, which further drives the favorability of their reduction reactions
(Pourbaix, 1966). The consumption of protons by these reductive reactions
prevents its reduction to molecular H2. Once In and Sn ions are depleted from
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the crystalline oxide matrix, protons become the main target for reduction with a
standard reduction potential of 0.00V and H2 gas is observed. This reaction
would be subject to the conductivity of the ITO electrode once the passivating
metal layer is created. Iron was also available in our system Iin trace amounts in
the media; since Fe2+ has a similar standard reduction potential as In3+, therefore
Fe species were observed on the surface of the electrode after
chronoamperometry at -1.0 V, albeit at a very low concentration. These reactions
are summarized in Figure 4-15. These phenomena explain the increased H2
observed in batch 2 of operation at -1.0 V. Although the integrity of the metal
oxide lattice was decreasing, the formation of H2 became favorable as the
protons were freed to reduce to molecular H2, and the reduction of Fe2+ and its
deposition on the cathode surface allowed it to further catalyze the HER. Zerovalent iron has been shown to increase both abiotic H2 production and CH4
outputs in electromethanogenic biocathodes, thus it may have contributed to the
increase in gas and current density observed in the second batch of operation
(Dykstra and Pavlostathis, 2017a). However, by the third batch of operation, it is
likely that the passivating layer formed on the surface of the electrode led to the
increased internal resistance and the subsequent drop in current density and gas
production. Additionally, the presence of Cl- ions has been reported to increase
the rate of dissolution (Spada et al., 2013). The medium in these experiments
contained Cl- ions (0.5 g/l NH4Cl, 2.5 g/l NaCl, 0.25 g/l CaCl2) due to the growth
requirements of M. barkeri and the pH was slightly acidic at pH 6.5 to limit salt
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precipitation; this may have also contributed to the dissolution of the metals out
of the electrode and into the solution. The rate of these irreversible cathodic
polarization reductions can be controlled by increasing pH (thereby reducing the
number of available protons to attack the lattice) and maintaining the cathode
potential at a less negative potential. Additionally, the electrolyte composition can
play a role in the rate of ITO reduction, with the presence of Cl- increasing the
rate of dissolution while NO3- can play an inhibitory role (Liu et al., 2015).
Table 4-3 | Standard reduction potentials of indium, tin, iron, and hydrogen (Harris, 2015).
Element

Standard Reduction Potential (Eo)

Tin
SnO2(s) + 4H+ + 3e- ßà Sn2++ 2H2O

– 0.09 V

Sn2+ + 2e- ßà Sn(s)

– 0.14 V

SnO2(s) + H2O + 2e- ßà SnO(s) + 2OH-

– 0.96 V

Indium
In3+ + 3e- ßà In(s)
In3+ + 2e- ßà In+

– 0.34 V
– 0.44 V

Iron
Fe2+ + 2e- ßà Fe(s)

– 0.44 V

Hydrogen
2H+ + 2e- ßà H2(g)
H2O + e- ßà ½ H2(g) + 2OH-

+0.00 V
– 0.83 V

167

Figure 4-15 | Schematic of the ITO electrode surface and the main reduction reactions occurring
that affect the electrode stability.

Conclusions
It was not possible to quantify the contribution of direct and indirect H2-mediated
electron transfer on the bioelectrochemical activity of M. barkeri due to H2
interference from the electrochemically unstable ITO cathode. This
electrochemical instability manifested as an irreversible reduction of the In and
Sn in the oxide lattice forming the conductive layer of the electrode to zero-valent
metals that created a passivating layer on the surface of the electrode, leading to
changes in the surface morphology, conductivity and a reduction in the
transparency of the material. Further work is needed to optimize ITO as an HERinert electrode material under the conditions required for M. barkeri activity
(medium composition and pH requirements), and ITO should be used for shortterm (hours) experiments only. Other materials that may be more suitable to
explore as HER-inert cathodes include FTO and glassy carbon which also have a
reportedly large inert potential window.
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Summary and Conclusions
The work presented in this dissertation focuses on fundamental insights into the
effects of electron donor availability on electromethanogenesis occurring at the
cathodes of microbial electrochemical systems. Specifically, my interest was the
effects on the structure and function of electromethanogenic cathodic
communities in MES. This objective was met by integrating microbial ecology,
genome-enabled molecular biology tools and material science. To address this,
several studies were conducted to evaluate 1) the spatial homogeneity of
microbial distribution across the length of electromethanogenic biocathodes, 2)
the effect of the set cathode potential (-1.0 V and -0.7 V vs. Ag/AgCl) on the
functional performance and methanogenesis-related gene expression using
metagenomic and metatranscriptomic methods, and 3) evaluating the use of
indium tin oxide (ITO) as a potentially HER-inert cathode material for use in
electron transfer mechanism studies with M. barkeri as a model methanogen.
For large scale reactors, it is important to ensure spatial homogeneity for process
reproducibility and efficiency by understanding the mechanisms that affect spatial
distribution of microbial communities present at the biocathode. This was
explored in Chapter 2, where insights into the microbial community assembly,
spatial distribution and homogeneity of electromethanogenic biocathodes were
gained. The results showed the high similarity in community composition due to
deterministic community assembly, and overall spatial homogeneity in microbial
distribution. A specific core community was identified to be majorly responsible
for the majority of CO2 conversion to CH4 via different syntrophic relationships.
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Some local community segregation was observed possibly due to localized
differences in H2 utilization and competitive relationships, which may be
exacerbated in larger scale reactors. This needs to be further investigated, as
well as the community distribution and assembly in response to continuous
feeding operation rather than batch feeding as was done in this work. Similar
studies are needed that compare the effect of reactor configuration for insights
into engineering large-scale electromethanogenic reactors. This study highlighted
the importance of sufficient sampling for statistical analyses purposes to allow for
more in-depth and meaningful investigations of sequencing data generated from
the many MET studies carried which was relevant for the Chapter 3 objectives.
Chapter 3 focused on a metagenomic and metatranscriptomic approach to gain
in-depth insight into the transcriptional regulation involved in the functional
dynamics of the electromethanogenic biocathode community in relation to set
cathode potential. As in Chapter 2, a core Methanobacterium-dominated
community was enriched that accounted for more than 95% of the total cathode
community present in relative abundances >1%. The genome of novel
Methanobacterium sp. Strain 34x was described by metagenomic binning and
assembly. It was clear that the functional performance of the biocathodes in
terms of current density and gas production was highly dependent on electron
donor availability. However, differential transcriptional expression analyses did
not reveal any significant effect of different set potential and lower electron donor
availability via the cathode on the novel Methanobacterium sp. Strain 34x. The
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significance of carbon assimilation was highlighted by the high expression levels
of the CODH/ACDS complex. Few studies have reported this level of in-depth
analyses into the transcriptional pathways of Methanobacterium spp., which is
needed to gain a better understanding of their processes, especially since
Methanobacterium spp. are generally reported to be highly enriched in MET
studies and thus are an important community in the overall function of
electromethanogenesis. Further studies are required that evaluate temporal
transcriptional changes and possible long-term changes in the microbial
community at different set cathode potentials.
Mixed culture electromethanogenesis clearly involves syntrophic relationships,
but the extent of their importance on functional performance is difficult to
establish with gene knockout studies and electrochemical measurements that
struggle to capture the full intricacies of multi-species communities. The objective
of Chapter 4 was to explore taking a material-science approach to develop and
evaluate an HER-inert cathode material that would simplify multi-species studies
on the effects of electron donor availability on biocathode function. ITO was
proposed for use as a potentially HER-inert cathode material to elucidate and
quantify the contribution of H2 in electron transfer in electromethanogenesis
without the interference of abiotic H2. This was tested with a pure culture of
M.barkeri. The ITO electrodes proved to be electrochemically unstable at the set
cathode potential of -1.0 V and with the medium (electrolyte) composition and
was thus shown to be an unsuitable material for use in HER-inert studies
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conducted for longer than 6 h at -1.0 V. Future work should be done to evaluate
ITO stability using different electrolyte compositions, and at higher cathode
potentials to establish a window of stable, non-H2 evolving operation that can
allow ITO to be used for electron transfer studies. Additionally, while further
optimization of the ITO fabrication process to create more stable materials is
needed, other reportedly HER-inert materials like fluorine-doped tin oxide or
glassy carbon should be investigated further to evaluate their stability and
potential for use in these kinds of studies.
The results highlight the importance of electron donor availability as H2 on the
functional performance of methanogenic biocathodes. Further studies are
required that explore the proteomic and metabolomic changes that occur in
response to short-term changes in donor availability, since transcriptional
regulation was not apparent from these results. The outcome of this dissertation
adds to the growing fundamental knowledge of the mechanisms occurring at
biocathodes, and the interactions of syntrophic communities since mixed culture
is important in large scale applications of microbial electrochemical technologies.
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