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Summary

An enriched mixed culture of thermophilic (60°C)
bacteria was assembled for the purpose of using cel-
lulose to produce current in thermophilic microbial
electrolysis cells (MECs). Cellulose was fermented
into sugars and acids before being consumed by
anode-respiring bacteria (ARB) for current produc-
tion. Current densities () were sustained at
6.5 = 0.2 A m 2 in duplicate reactors with a coulom-
bic efficiency (CE) of 84 + 0.3%, a coulombic recov-
ery (CR) of 54 + 11% and without production of CH,.
Low-scan rate cyclic voltammetry (LSCV) revealed a
mid-point potential (E.;) of —0.17 V versus SHE.
Pyrosequencing analysis of the V4 hypervariable
region of 16S rDNA and scanning electron micro-
scopy present an enriched thermophilic microbial
community consisting mainly of the phylum
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Firmicutes with the Thermoanaerobacter (46 + 13%)
and Thermincola (28 + 14%) genera occupying the
biofilm anode in high relative abundance and Tepid-
microbium (38 + 6%) and Moorella (11 + 8%) genera
present in high relative abundance in the bulk med-
ium. The Thermoanaerobacter (15 + 16%) and
Brevibacillus (21 + 30%) genera were also present in
the bulk medium; however, their relative abundance
varied by reactor. This study indicates that ther-
mophilic consortia can obtain high CE and CR, while
sustaining high current densities from cellulose in
MECs.

Introduction

Plant biomass, the most abundant biopolymer on Earth,
consists of 3-30% lignin, 30-56% cellulose and 10-27%
hemicellulose (Emtiazi and Nahvi, 2000; Niessen et al.,
2005; Carere et al., 2008). Harnessing energy from plant
biomass is difficult, as the glycan polymers of which it is
composed are difficult to biodegrade (Olson et al., 2012;
Basen et al., 2014). Cellulose, for example, is only sus-
ceptible to degradation from organisms containing cellu-
lolytic enzymes or cellulases (Niessen et al.,, 2005;
Carere et al., 2008). For this reason, many conventional
methods for extracting energy from plant biomass con-
sist of combustion processes that produce large
amounts of ash and are highly regulated (Badger, 2002).
In contrast, bioprocessing uses non-combustion biotech-
nologies to harness the energy stored in plant biomass
to produce beneficial fermentation products, including
electricity, CH,4, ethanol, acetate or hydrogen gas
(Demain et al., 2005; Wilson, 2009; Li et al., 2012; Xia
et al., 2012; Hama et al., 2014; Saripan and Reungsang,
2014).

Consolidated bioprocessing is a rapidly advancing
field that uses bacteria to produce ethanol in high con-
centrations on an industrial scale from cellulosic biomass
in one step without exogenous cellulase enzymes (Olson
et al., 2012). Another employed biological technology uti-
lizes isolated cellulolytic enzymes to degrade cellulose
into glucose that is then fermented by yeast to produce
high ethanol concentrations; however, the process of
purifying these enzymes is costly (Olson et al., 2012).
Thermophilic bacterial consortia have been identified as
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ideal candidates for consolidated bioprocessing as they
can degrade cellulose at higher activities than isolated
enzymes (Bryant, 2011; Zambare et al.,, 2011) and can
operate at slightly acidic, neutral or slightly basic pH
conditions (Lynd et al., 2002; Sizova et al., 2011; Lusk
et al., 2016).

Microbial electrochemical cells (MxCs) utilize anode-
respiring bacteria (ARB) that are capable of consuming
sugars, acids and alcohols for the production of electrical
current (j) via anode respiration (Oh and Logan, 2005;
Kim et al., 2007; Mathis et al., 2008; Parameswaran
et al., 2013; Lusk et al., 2015, 2016). Previous studies
have reported that the products of cellulose fermentation
can be utilized in MxCs for the generation of current or
hydrogen gas using mixed cultures (Niessen et al,
2005; Rismani-Yazdi et al., 2007; Ren et al., 2008).
Coupling ARB with cellulolytic bacteria provides the pos-
sibility of converting cellulose directly into current in an
MxC without having to collect fermentation products. In
addition, MxCs may decrease inhibition caused by the
accumulation of acids from cellulose fermentation
(Demain et al., 2005; Niessen et al., 2005), as ARB con-
sume these acids to produce current. Previous studies
with mesophilic cellulolytic cultures coupled with ARB in
MxCs produced low current density — 0.05 A m~2 (Ren
et al., 2008), < 0.18 A m~2 (Rismani-Yazdi et al., 2007)
and 1.8 A m2 (Niessen et al., 2005) — and low or unre-
ported coulombic efficiency (CE). However, several ther-
mophilic bacteria exhibit cellulolytic activity in pure and
mixed culture studies (Lynd et al., 2002; Demain et al.,
2005; Kato et al., 2005; Sizova et al., 2011); thus, using
them in thermophilic MxCs may provide enhanced elec-
tron recovery and capture efficiency.

As no bacterium is known to be capable of cellulose
fermentation and anode respiration, we chose to employ
a thermophilic microbial consortium for the efficient con-
version of cellulosic material into current. Thermophilic
MxCs have the potential to convert cellulose into current
with high coulombic recovery (CR) and high CE due to
the superior growth kinetics, cellulase activity, stability
and diffusion rates of H™ within the biofilm anode with
thermophilic temperature (McBee, 1950; Mathis et al.,
2008; Torres et al., 2008; Taylor et al., 2009; Sizova
et al., 2011; Parameswaran et al., 2013; Lusk et al,
2015, 2016). For example, Thermincola ferriacetica, a
thermophilic ARB capable of producing current from the
consumption of acetate, has a doubling time five times
faster than Geobacter sulfurreducens — a model meso-
philic ARB (Parameswaran et al.,, 2013) — has a large
pH range (5.2-8.3) (Lusk et al., 2016) for growth and
can achieve a high j (> 8 A m~2) (Parameswaran et al.,
2013; Lusk et al., 2016) and CE (93%) in MxCs (Para-
meswaran et al., 2013). In addition, Thermoanaerobacter
pseudethanolicus is capable of fermenting cellulose

degradation products, including glucose and cellobiose,
into acetate before ultimately producing current (Lusk
et al., 2015). This study employed a consortium contain-
ing T. ferriacetica and T. pseudethanolicus with an
enriched culture of cellulolytic bacteria for the purpose of
showing that higher current densities from cellulose are
possible in thermophilic MxCs.

Results and discussion

Initial growth and current production from cellulose-fed
microbial electrolysis cells

Chronoamperometry results in Fig. 1 indicate that a con-
sortium of cellulose-fermenting bacteria and ARB was
capable of producing a sustained current density of
6.4 A m~2 in microbial electrolysis cell 1 (MEC 1) when
using cellulose as the sole donor substrate. The corre-
sponding coulombic efficiency (CE) and coulombic
recovery (CR) were 84% and 46%, respectively, and
were calculated on the final day (day 26). The chemical
oxygen demand (COD) conversion rate was 0.05
gCOD |- ' day'. The current density was much higher
than previously reported for cellulose-fed thermophilic
microbial fuel cells (MFCs) at 0.4 A m~2 (Mathis et al.,
2008), cellulose-fed mesophilic MFCs at 0.05 A m~2
(Ren etal, 2008) and <0.18 Am 2 (Rismani-Yazdi
et al, 2007) and cellulose-fed mesophilic MECs at
1.8 Am~2 (Niessen et al., 2005). The higher current
density in the MECs from this study in comparison to the
MFCs from other studies was partly the result of the
MEC mode of operation, which eliminated O, intrusion to
the anode and allowed the potential of the anode to be
poised. At day 25, both anodes in MEC 1 were sacri-
ficed for the purpose of imaging active biofilm anodes
with scanning electron microscopy (SEM) and confocal
laser scanning microscopy (CLSM).

Batch bottle studies with cellulolytic cultures indicated
that the four primary products formed from cellulose

Current Density (Am~2)
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Fig. 1. Chronoamperometry shows current generation (black line)

from cellulose-fed MEC 1 over 25 days. Black arrow indicates time
(day 13) when LSCV was taken.
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fermentation were acetate, lactate, ethanol and H,
(Fig. S1A-F). Previous studies have reported that cellu-
lose fermentation products can be utilized in MxCs for the
production of electricity or hydrogen using other mixed
cultures (Niessen et al., 2005; Rismani-Yazdi et al.,
2007; Ren et al., 2008). To assess the products of cellu-
lose fermentation and their role in current production in
MECs, liquid samples were acquired during batch opera-
tion of MEC 2, and the results are in Fig. 2. The acetate
concentration rose as cellulose fermentation occurred
and then fell as it was consumed by ARB for current gen-
eration. The initial acetate concentration (2 mM) was from
fermentation of cellulose in the serum bottles. However,
as the filter paper was not completely degraded in the
serum bottles before transferring to the MEC, an increas-
ing acetate concentration (~15 mM) was the result of cel-
lulose fermentation in the anode compartment.

In addition, pH measurements in MEC 2 indicated that
acetate production led to a decrease in pH, while, follow-
ing lactate depletion, diminishing acetate concentrations
led to a rise in pH. The drop in pH between days 9
(pH = 7) and 20 (pH = 6.5) correlated with a decrease in
current production, suggesting that the biofilm anode
became pH-inhibited (Torres et al., 2008; Marcus et al.,
2011; Yuan et al., 2012; Lusk et al., 2015, 2016). (See
Fig. S3 for confocal laser scanning microscopy confirm-
ing that the live portion of the biofilm was limited to 40—
60 um at the operating buffer concentration and anode
configuration.) The small anode surface area in compar-
ison to the bulk volume created a scenario in which fer-
mentation products could accumulate faster than they
were consumed, resulting in acidic conditions within the
biofilm anode and bulk media.

8.0 ®
7.5 o
= ° °
z
7.0 o ©
o ©
o
6.5 o
, 16
® o
6 14
5 12
o B
E 10E
-4 14 5
E m 8 F
2 3 04 £
2 6 £
g d g
524 ©
3 A A4 4
L4
s B @
1 Aa, )
°
0 000 0N 2 0

&
0 5 10 15 20 25 30
Time (days)

w

5 40 45 50

——Current Density ~ ¢ Acetate B Lactate A Ethanol

Fig. 2. Current generation (black line) from cellulose-fed MEC 2
along with concentrations of fermentation by-products in mM is
shown: acetate (blue diamonds), lactate (red squares) and ethanol
(purple triangles). Corresponding pH is indicated by orange circles.
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Although H, production was observed in all cellulolytic
serum bottles (Fig. S1A-F), H, was observed in neither
MEC 1 nor MEC 2. Thermophilic ARB, including T. ferri-
acetica and T. pseudethanolicus, are capable of H, con-
sumption when performing dissimilatory metal reduction
(Onyenwoke et al., 2007; Zavarzina et al., 2007); thus, it
is likely that, if any H, was produced during cellulose or
ethanol fermentation in an MEC, it was quickly con-
sumed by anode respiration. In addition, the ethanol
concentration decreased gradually during MEC opera-
tion, whether acetate was increasing or decreasing; the
decrease in ethanol was due to its fermentation to acet-
ate or to its consumption by the biofiim anode. By day
37, lactate and ethanol concentrations became unde-
tectable, and the acetate concentration was <1 mM.
However, biomass endogenous decay sustained current
production at <1 A m~2 for nine days. TCOD analysis
indicated a CE of 84%, a CR of 62% and a COD con-
version rate of 0.04 gCOD I~' day~'. Previous reports
attribute ~15% of non-current electrons to net biomass
synthesis (Rabaey et al., 2003; Lee et al., 2008; Li et al.,
2015); therefore, most of the non-recovered electrons
possibly were contained in non-decayed biomass in the
biofilm anode.

CH,4 gas was not detected in the anode of MEC 1 or
MEC 2. As CH, acts as an electron sink in MECs,
inhibiting its production increases CE and CR, as more
electrons can be recovered as current (Lee et al., 2008).
The absence of CH, despite the presence of 15 mM
acetate means that either acetoclastic methanogenic
archaea were absent or were inhibited in the ther-
mophilic MECs for the duration of the experiments — an
observation consistent with other studies (Nozhevnikova
et al., 2007; Lu et al., 2014).

Low-scan rate cyclic voltammetry

The derivative LSCV plots (Fig. 3) reveal a mid-point
potential (Ey,) of —0.169 + 0.003 V versus SHE, and
the same value occurred in a duplicate reactor. This Eg,
value is similar to previously reported data for
T. pseudethanolicus (Lusk et al., 2015), suggesting that
the ARB from the enriched cellulolytic culture played a
role in current production. Similar Ey, values from MEC
1 and MEC 2 indicate a consistent microbial consortium
on the anode biofilm across duplicate reactors.

Community analysis of thermophilic, cellulolytic microbial
consortium

The DNA-sequence analysis in Fig. 4A shows that bio-
film anodes contained a greater abundance of bacterial
genera associated with ARB and dissimilatory metal
reduction than the bulk medium, because these bacteria
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Fig. 3. Derivative LSCV at 1 mV s~' (normalized to D/Dyy) from
cellulose-fed MECs 1 (day 13) (blue) and 2 (day 11) (red). Black
arrows indicate the Eg..

may require the anode for respiration. Results indicate
that the biofilm anode was enriched with bacteria from
the Thermincola genus (28 + 14%, turquoise in Fig. 4A),
representing the Thermincola ferriacetica ARB that was
used to inoculate the MECs. The presence of the Ther-
moanaerobacter genus (pink in Fig. 4A) is important in
the biofilm anode (46 + 13%) and the anode bulk med-
ium (26% in Bulk MEC 1 and 3% in Bulk MEC 2), as
T. pseudethanolicus has been implicated in previous
studies for its ability to ferment cellulose fermentation
products including glucose and cellobiose while simulta-
neously performing current production in an MEC (Lusk
et al., 2015).

Another major inhabitant of the biofilm anode was the
Tepidmicrobium (7.6 £ 3.1%) genus from the Tissierel-
laceae family (orange in Fig. 4A), which also made up a
large portion of the anode bulk medium (38 + 5.9%).
Members of the Tepidmicrobium genus, including Tepid-
microbium ferriphilum and Tepidmicrobium xylanilyticum,
have been reported as capable of oxidizing proteinaceous
substrates or carbohydrates while simultaneously reduc-
ing either 9,10-anthraquinone 2,6-disulfonate (AQDS) or
Fe(lll) oxides (Slobodkin et al., 2006; Niu et al., 2009). It
is likely that this genus was selected for in the cellulolytic
fermentation bottles and then functioned as a fermenter
and an ARB once it was inoculated into the MECs.

In contrast to ARB, the cellulolytic microbial consor-
tium responsible for fermentation occupied a higher per-
centage of the bulk medium community and was
enriched. Moorella was most abundant in the bulk med-
ium of MEC 1 (17%) and made up 5% of the bulk
medium in MEC 2. Moorella species, including Moorella
thermoacetica, have been reported to convert the prod-
ucts of cellulose degradation into acetate in batch reac-
tors (Savage and Drake, 1986; Hu etal, 2013).
Caldicoprobacter made up ~2.4% of the bulk media in
MEC 1 (dark purple in Fig. 4A). Members of this genus,
including Caldicoprobacter oshimai and Caldicoprobacter
algeriensis, are thermophilic, cellulolytic, xylanolytic and

fermentative  (Yokoyama et al, 2010; Bouanane-
Darenfed et al, 2011). In addition, members of the
Clostridium genus (dark green in Fig. 4A) were present
in the bulk medium (0.7 & 0.5%) and biofilm anode
(0.5 + 0.1%). Members of the Clostridium genus, includ-
ing Clostridium thermocellum, produce cellulosomes and
are well documented as cellulolytic thermophiles (Viljoen
et al., 1926; Akinosho et al., 2014).

The Brevibacillus genus (red in Fig. 4A) was the most
variable. In MEC 1, Brevibacillus was not present in the
biofilm anode and made up only ~0.02% of the bulk
medium; however, it was highly abundant in the biofilm
anode (30%) and bulk media (43%) of MEC 2. Bre-
vibacillus, including Brevibacillus sp. strain JXL and
Brevibacillus laterosporus, has been reported to produce
cellulosomes (Kato ef al., 2005; Liang et al., 2009). In
addition, Ralstonia (light green in Fig. 4A), a gram-nega-
tive bacterial genus, was present in the bulk media of
MEC 2 (6%). Members of the Ralstonia genus, including
Ralstonia paucula, have been identified in mixed ther-
mophilic lipolytic cultures (Sheikh Abdul Hamid et al.,
2003). It is likely that Brevibacillus and Ralstonia were
key microbial players for cellulolytic activity and microbial
decay in MEC 2 as samples were taken after the current
density had reached ~0.0 A m~2.

The rarefaction plot in Fig. 4B shows that within-reactor
microbial communities present in the bulk media (Bulk
MEC 1 and Bulk MEC 2) were much more diverse than
the microbial communities composing the biofilm anode
(biofilm MEC 1 and biofilm MEC 2). However, between
reactors, the biofilm anodes and microbial communities
present in the bulk media of MECs 1 and 2 had similar
sequence diversity, supporting that the composition of the
enriched cellulolytic community is repeatable and robust.

Scanning electron microscopy

Scanning electron microscopy analysis revealed biofilm
anodes composed of a diverse set of cell morphologies.
The medium rod-shaped cells (Fig. 5A-C) are indicative
of clostridial bacteria (Zavarzina et al., 2007; Parames-
waran et al., 2013). Also present are bacteria containing
long, rod-shaped structures with spore-like appendages
(white boxes in Fig. 5D), which may indicate the pres-
ence of cellulosomes (Freier et al., 1988).

Experimental procedures

Growth and media conditions for thermophilic anode-
respiring bacteria

Thermincola ferriacetica strain 14005 was obtained from
DSMZ, Braunshweig, Germany. The strain was cultivated
in serum bottles containing a modified DSMZ Medium
962: Thermovenabulum medium. The contents of the
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Fig. 4. A. Relative abundance of bacterial genera for samples taken from either the bulk media (bulk) or the biofilm anode (biofilm) in MEC 1

and MEC 2.

B. Rarefaction curve for a-diversity in the biofilm anode (biofilm MEC 1 is orange and biofilm MEC 2 is green) or bulk media (bulk MEC 1 is red

and bulk MEC 2 is blue). Standard deviation is indicated by black bars.

medium can be found in the Supporting Information. The
cultures were grown in 160-ml batch serum bottles con-
taining 100 ml medium and were incubated in an Excella
E24 Incubator Shaker (New Brunswick Scientific) at 60°C
and 150 RPM.

Growth conditions and medium for enrichment of
cellulolytic bacterial consortium

An enriched cellulolytic consortium including Ther-
moanaerobacter pseudethanolicus was cultivated in
serum bottles using ATCC Medium 1190. The con-
tents of the medium can be found in the Supporting
Information. The cultures were grown in 160-ml batch

serum bottles containing 100-ml medium and were
incubated in an Excella E24 Incubator Shaker (New
Brunswick Scientific) at 60°C and 150 RPM. Degra-
dation of cellulose was monitored visually, and the
products of cellulose fermentation were monitored via
high pressure liquid chromatography (HPLC). Cul-
tures from serum bottles showing the highest affinity
for cellulose degradation were transferred (3 ml) to
new serum bottles containing fresh media and cellu-
lose. Due to increased rates of cellulose fermentation
(Fig. S1A-F), the contents of bottles containing filter
paper (Fig. S1D and E) were added to the microbial
electrochemical cells after glucose concentrations
had diminished.
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Fig. 5. Scanning electron microscopy images reveal a biofilm with diverse bacterial morphologies.
A. Shows an active biofilm anode attached to an electrode at 2000 x magnification. The surface of the graphite anode is indicated by the word

‘anode’.

B. An active biofilm anode attached to an electrode at 5000x magnification. The surface of the graphite anode is indicated by the word ‘anode’.
C. An active biofilm anode attached to an electrode at 5000x magnification.
D. An active biofilm anode attached to an electrode at 20 000x magnification. The white squares are used to highlight features present on the

cell surface.

Construction, operation and monitoring of dual-chamber
H-type microbial electrolysis cells

Duplicate H-type microbial electrochemical cells (MECs)
(Fig. S2) were constructed containing a 350-ml anode
chamber and a 350-ml cathode chamber for a total reac-
tor volume of 700 ml (Parameswaran et al., 2013; Lusk
et al., 2016). An anion exchange membrane (AMI 7001;
Membranes International, Glen Rock, NJ, USA) was
used to allow ion transfer between the anode and cath-
ode. The anode electrodes were comprised of two gra-
phite rods (0.3 cm diameter, graphitestore.com) with a
total anode surface area of 2.40 and 2.87 cm®. An Ag/
AgCI reference electrode (BASi MF-2052) was placed in
the anode chamber. The anode was poised at —0.06 V
versus the standard hydrogen electrode (SHE) using a

potentiostat (Princeton Applied Research, Model VMP3,
Oak Ridge, TN, USA). The anode chambers were kept
completely mixed via agitation from a magnetic stir bar
operated at 200 rpm. The cathode consisted of a single
cylindrical graphite rod (0.3 cm diameter and a total area
of 6.67 cm?). Cathode pH was adjusted to 12 via addi-
tion of NaOH. Gas collection bags were placed on the
anode compartments to collect volatile products (CO,)
and on the cathode to collect hydrogen.

Anode chambers were inoculated from serum bottles
containing an enriched cellulolytic culture containing
T. pseudethanolicus and with a separate culture of
T. ferriacetica. For the enriched cellulolytic culture, after
10 days of growth (glucose concentration =0 mM),
200 ml of spent ATCC Medium 1190 containing the cel-
lulolytic culture with visibly unfermented filter paper was
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transferred in a glove box (Coy) under anaerobic condi-
tions (mix of 97.5% UHP N, and 2.5% UHP H,) to the
anode chamber of an H-type MEC. In addition, 150 ml
of modified DSMZ Medium 962 media without acetate
and 3 ml of T. ferriacetica from stock serum bottles
(~10 days of growth) were added to the anode of the
MEC under anaerobic conditions. The MECs were oper-
ated in batch mode in a 60°C incubator.

EC-LAB software (version 10.31) was used to constantly
monitor current in two minute intervals during chronoam-
perometry (CA) and to observe the j-V response of the
biofilm anode during low-scan cyclic voltammetry
(LSCV). LSCV scans were performed 1 and 10 mV s~ .
Derivative values were obtained using the Derivative
Process with the Ec-LaB software.

Monitoring cell performance via analysis of fermentation
products with high pressure liquid chromatography, total
chemical oxygen demand and gas chromatography

To monitor the fermentation of cellulose, the consump-
tion of fermentation products and pH, 1 ml of samples
was taken from the serum bottles daily and from the
MEC reactors every ~4 days. The pH was monitored
using an Orion 2 Star pH Benchtop apparatus (Thermo-
scientific, Waltham, MA, USA). Liquid samples were fil-
tered through a 0.2 um filter and stored at —20°C until
they were analysed using HPLC (Shimadzu, Kyoto,
Japan) via the method from (Lusk et al., 2015). Fermen-
tation products monitored included acetate, lactate, buty-
rate, ethanol, glucose and cellobiose.

Initial and final concentrations of total chemical oxygen
demand (TCOD) were measured using a Hach 20—
1500 mg 1! range TCOD kit (this measurement
accounted for initial and final suspended biomass). A
biochemical methane potential (BMP) test was used on
the yeast extract to determine its potential as an electron
source, as T. ferriacetica growth on yeast extract has
been reported previously (Zavarzina et al., 2007). The
BMP test indicated that yeast extract had minimal influ-
ence on current production with an equivalent of
19 mA*h per reactor. TCOD measurements were used
to calculate CE (Parameswaran et al., 2013) CR (Ge
et al., 2013). CE measures the conversion efficiency of
the electrons removed from the donor substrate and uti-
lized for current production, while CR compared the cur-
rent production to the total electrons entering the MEC
(Lee et al., 2008).

Coulombic efficiency can be calculated as:

TCODcurrent

CE — ,
TCODipjtiar — TCODfinal

(1)

where TCODgyrrent iS @ measure of the number of cou-
lombs captured as current, TCODy;,, is the total number
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of coulombs measured as TCOD contained in the bulk

liquid after the batch run, and TCODia is the total

number of coulombs measured as TCOD contained in

the cellulose and bulk media prior to the batch run.
Coulombic recovery can be calculated as:

o TCODcurrent

CR = ,
TCODijnitial

2
where TCOD¢yent iS @ measure of the number of cou-
lombs captured as current, and TCOD;,y5 is the total
number of coulombs measured as TCOD contained in
the cellulose and bulk media prior to the batch run.

Gas production in the headspace of serum bottles and
MECs were periodically measured using a frictionless
glass syringe (Perfektum, NY, USA). For serum bottles,
gas for measurements was collected directly from the
headspace of the bottles, and for the MECs, gas for
measurements was collected from 0.5 | gas collection
bags (Fisher Scientific, Waltham, MA, USA). Gas sam-
ples were collected using a gas-tight syringe (500 pl,
Trajan Scientific, Melbourne, Australia). H, and CO, pro-
duction were quantified using a gas chromatograph (GC
2010; Shimadzu) equipped with a thermal conductivity
detector and a packed column (ShinCarbon ST 100/120
mesh, Restek Corporation, Bellefonte, PA, USA) for sep-
arating sample gases. N, was the carrier gas fed at a
constant flow rate of 10 ml min~', and the temperature
conditions for injection, column and detector were 110,
140 and 160°C respectively. Analytical grade H,, CH,4
and CO, were used for standard calibration curves.
Detection limits of H, and CH,; were 0.5% (or 2.5 mlin a
500 ml bag; the theoretical maximum quantity of unde-
tected H, and CH, about 0.21 mg and 1.6 mg respec-
tively). CH, was monitored, but it was not observed in
any MECs or serum bottles. H, was observed in all
serum bottles, but was not observed in the gas phase of
the anode in any MECs.

Confocal laser scanning microscopy (CLSM) and SEM

Microscopy measurements were completed by sacri-
ficing live biofilms from an MEC after its current had
reached a steady state. To ascertain the thickness of
the live and dead biomass on the anode, we
employed confocal laser scanning microscopy (CSLM)
using the LIVE/DEAD stain (BacLight Cell vitality kit;
Invitrogen, Carlsbad, CA, USA) applied to intact bio-
films connected to anodes (Parameswaran et al.,
2013; Lusk et al, 2015, 2016). Measurements were
acquired using an upright Leica SP5 microscope.
Images were taken every 5 um with a 40X immersion
objective (Images shown in Fig. S3).

Scanning electron microscopy also was performed on
an intact biofilms connected to anodes. After its removal
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from the reactor, the biofilm anode was fixed with 4%
glutaraldehyde for 12 h at 4°C and then washed and
stored in 10-mM PBS (pH 7) solution for ~1 h. Next, the
sample was then treated with 1% osmium tetroxide for
15 min, followed by graded ethanol series dehydration
(50%, 70%, 95%, and 100% for 5 min each), then dried
by critical point drying and, finally, mounted on an alu-
minium stub before being sputter-coated with a Au/Pd
alloy with a Technics Hummer |l sputter coater. Imaging
was conducted using an FEI XL-30 environmental SEM
(Philips) with an accelerating voltage of 10-20 kV and a
working distance of 8—10 mm.

DNA extraction and pyrosequencing community analysis

For bacterial community analysis of the biofilm
anodes, biofilms were collected in sterilized 1.5-ml
centrifuge vials at the end of each run (day 26 for
MEC 1 and day 46 for MEC 2). For bacterial commu-
nity analysis of the bulk media, 150 ml of liquid was
removed and placed in three sterilized 50 ml Falcon
tubes per reactor. The tubes were then centrifuged
(5810 R, Eppendorf, Hamburg, Germany) at 4000
RPM for 15 min, and the pellets were preserved. All
DNA collection was conducted at the end of the MEC
batch runs. DNA extraction was performed using the
gram-positive bacteria method from the Qiagen
DNEasy Blood and Tissue Extraction Kit (Qiagen,
Mississauga, ON, USA) following the manufacturer’s
recommendations. DNA extraction was confirmed and
quantified using a Nanodrop ND-1000 spectropho-
tometer. Extracted DNA was stored at —20°C.

Amplicon pyrosequencing was conducted at the Micro-
biome Analysis Lab (Arizona, USA) using a MiSeq llu-
mina sequencer. The V4 region of the 16S rRNA gene
was targeted with barcode primers 515f and 806r to
analyse the bacterial domain. Raw data were scrutinized
using anve 1.4.0 suite (Walters et al., 2010): Sequences
having < 200 bps, homopolymers > 6 bps, primer mis-
matches or an average quality score <25 were
removed. The Greengenes 16S rRNA gene database
with uclust (Edgar, 2010) was used to pick the opera-
tional taxonomic unit (OTU) based on > 97% identity.
OTUs that contained < two sequences (singletons) were
removed. Remaining OTUs were aligned with the repre-
sentative sequence in the Greengenes database using
PyNast (DeSantis et al., 2006; Caporaso et al., 2010).
CHIMERASLAYER was used to identify chimeric sequences
(Haas et al., 2011), which were removed using a python
script in aive. OTUs were assigned a taxonomy using a
50% confidence threshold with the ribosomal database
project (RDP) (Wang et al., 2007). Whole-tree phyloge-
netic diversity was analysed with aive 1.4.0 (Walters
et al.,, 2010).

Outlook

Operating thermophilic MxCs for current production
from cellulose degradation shows consistently high cur-
rent density, CE and CR in the absence of CH,4 pro-
duction. However, the operating temperature, bacterial
consortia and dimensional properties of thermophilic
MxCs will play a crucial role in further development of
the technology for consolidated bioprocessing. For
example, previous reports indicate that optimal activity
for T. ferriacetica, one of the primary ARB in this study,
is 60°C (Zavarzina et al., 2007; Mathis et al., 2008;
Marshall and May, 2009; Parameswaran et al., 2013);
however, T. pseudethanolicus has optimal activity at a
higher temperature (65-70°C) (Onyenwoke et al.,
2007). In addition, reports indicate that cellulase activity
may be optimal in other thermophilic bacteria at tem-
peratures higher than 60°C (Johnson etfal, 1982;
Curatolo et al., 1983; Blumer-Schuette et al., 2012;
Basen et al, 2014). Given that many dissimilatory
metal-reducing thermophiles could be ARB, it may be
possible to increase current production via fermentation
product utilization by employing additional microorgan-
isms not observed in this study (Roh et al, 2002;
Slobodkin et al., 2006; Niu et al., 2009; Slepova et al.,
2009). Previous reports also indicated that anode sur-
face area should be optimized to account for the rate
of production of acids and alcohols from cellulose fer-
mentation which may increase the COD conversion
rate (Logan et al, 2007; Mathis et al., 2008). Future
research directions should focus on a holistic view of
cellulolytic MxCs by analysing the kinetics of cellulase
activity, fermentation product production and consump-
tion, anode respiration, bacterial growth and nutrient
balancing.
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Additional Supporting Information may be found online in
the supporting information tab for this article:

Fig. S1. (a—f) Representative fermentation profiles tracked
over 11 days from six serum bottles.

Fig. S2. Picture of a thermophilic H-type microbial elec-
trochemical cell in an incubator at 60 °C.

Fig. S3. CLSM LIVE/DEAD analysis revealed a live bio-
film layer (Lf shown in yellow) approximately 40-60 pm
thick.
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