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Methanol solvents that are used in hydraulic fracturing often return back to the surface in the form of
recalcitrant flowback water. Here, the indigenous methylotrophic bacteria from flowback water were
enriched and used to generate electricity from methanol in a two-compartment microbial fuel cell
(CH30H-MFC). An identical MFC based on a tryptone-yeast extract (TY-MFC) was used as a control.
CH3;0H-MFC yielded a 2.7-fold thicker biofilm dominated by electrogenic species (81%) and higher power
density (76 mW/m?) compared with TY-MFC (50 mW/m?). lllumina MiSeq sequencing of the 16S rRNA
gene in TY-MFC revealed classes from Actinobacteria, Bacteroidia and y-proteobacteria. The CH3;0H-MFC
yielded wa-proteobacteria, -proteobacteria, y-proteobacteria and Bacteroidia, with a dominant fraction of
Rhodobacter sphaeroides (~29%). We discuss the potential pathways used by R. sphaeroides to maintain
syntrophic cooperation with other bacterial and archaeal members to sustain CHsOH oxidation.
Finally, we establish that a pure culture of R. sphaeroides 2.4.1 generates electricity directly from
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1. Introduction

Hydraulic fracturing and horizontal drilling methods are used to
extract crude oil from previously inaccessible Bakken shale forma-
tion [1]. They convert a significant portion of injected fluid into
recalcitrant wastewater (“flowback water”), a mixture of formation
water and fracturing fluids. Due to the lack of viable treatment
technologies, ~90% of the flowback water is transported and per-
manently disposed of into class Il injection wells [2]. During trans-
port, pipeline leakages and truck accidents have resulted in
flowback water spills, threatening nearby water resources and
agricultural lands [3]. Our earlier study provided a comprehensive
review of potential water resource impacts due to both determin-
istic (flow water management) and probabilistic events (flowback
pipeline spills and truck accidents) [2,4]. Hence, there is a need
to develop robust microorganisms for enabling flowback water
treatment and reuse technologies.
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Prior studies have reported the adaptability, growth and biodi-
versity aspects of microorganisms in the wellhead [5,6], fracturing
fluids and flowback water from fractured shales [7]. The chemical
composition of the fracturing fluids influences the biodiversity of
the indigenous microbial communities [8]. However, such reports
on the microbial ecology in Bakken shale are yet sparse [5,6]. There
is also a need to enrich and isolate beneficial microorganisms to
treat the dominant hydrocarbons selectively in the flowback water.
Methanol solvents are often used in the fracturing fluids to mini-
mize corrosion, freezing, and friction during hydraulic fracturing
[9]. Thus, flowback water contains methanol along with methane,
formaldehyde, phenol and toluene [10,11], all of which promote
the growth of “methylotrophs”, microorganisms which can oxidize
both methanol and methane substrates. One can expect drilling
mud, geological formation, fluid amendments, handling water
infrastructure, and flowback water to harbor methylotrophs [12].
The presence of methylotrophs in flowback water was recently
established using a '3C isotope labeling methods [11]. Such methy-
lotrophs have been rarely observed in the samples extracted from
natural environments [13]. Methylotrophs found in the flowback
water have been found to display denitrifying anaerobic methane
oxidation (DAMO) pathways and a unique ability to remediate
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heavy metals [14-16]. The current study aims to isolate and enrich
methylotrophs for treating methanol in MFCs and microbial capac-
itive deionization units. Such processes can alleviate the disadvan-
tages of energy-intensive desalination technologies including
reverse osmosis [17].

Exoelectrogens are microorganisms that use the extracellular
electron transfer processes to generate electricity from organic
matter [18-20]. The current study builds upon our earlier work
where we reported the use of exoelectrogens for reducing chemical
oxygen demand (COD) in the flowback water [21]. This flowback
water contains a high level of COD (1000 mg/L) [4] in the form of
methanol, methane, and other hydrocarbons which may favor
the growth of exoelectrogenic methylotrophs. The high levels of
total dissolved solids (2.2 g/L) render flowback water as a suitable
electrolyte in MFCs [21].

This study enriched the indigenous microbial consortia from
Bakken shale in an MFC which was solely fed with methanol (CHs-
OH-MFC). lllumina MiSeq sequencing of the 16S rRNA gene con-
firmed that the CH30H-MFC yielded methylotrophs from the
classes of o-proteobacteria, B-proteobacteria, y-proteobacteria
and Bacteroidia taxa, with a dominant fraction of R. sphaeroides
(~29%). The microscopy studies corroborated the morphology and
viability aspects of the methylotrophic biofilms in the CH30H-
MEC. This study explored the syntrophic pathways used by the
consortia to generate electricity from methanol. Finally, a proof
of concept for electricity generation from methanol by Rhodobacter
sphaeroides 2.4.1 was provided.

2. Materials and methods
2.1. MFC configuration

Both the CH3;0H-MFC and TY-MFC were based on the two-
compartment MFC design used in our earlier study [21]. The volu-
metric capacity of the anode and cathode compartments was
180 mL each. The inter-electrode spacing was 0.005 m. Pretreated
graphite felt discs (® = 0.064 m) were used as the anode and cath-
ode, respectively. An Ultrex membrane was used to separate the
two compartments. All the MFCs used a 50 mM ferricyanide as
the catholyte. The consortia were enriched under closed-circuit
conditions (Rex: = 100 Q) using a three-step sequential process that
lasted for nearly 270 days.

Phase-1: Conditioning in a saline media: The anode of a parent
MFC was inoculated with flowback water samples from a fractured
site at Bakken shale. The values of pH, COD, type and levels of
anions and cations and other composition details of flowback
water were described in our earlier study [2]. Noting that the con-
sortia were originally exposed to high levels of total dissolved
solids in the flowback water (~350 g/L), the consortia was initially
enriched in conditions using the saline media (2.04 mM NaCl) [22].
The test MFCs were evaluated for soluble chemical oxygen demand
(sCOD; = 1400 mg COD/L) in the form of methanol. Initial and final
CODs were measured using Method 5220 Hach COD system and
their COD removal efficiencies were calculated. This phase lasted
for 1440 h under closed-circuit conditions (Rex = 100 Q).

Phase-2: Enrichment in rich media: 10% of the anolyte was used
as inocula for the subsequent MFC tests throughout the study.
Briefly, 20 mL of the anolyte from phase-1 was centrifuged at
8000 rpm for 20 min. The cell pellet was then resuspended asepti-
cally in phosphate buffer and centrifuged to remove the residual
NaCl. These saline free cells were used as inoculum in phase-2
MFC experiments. Two identical two-compartment MFCs operated
in a fed-batch mode were used to enrich the consortia in a TY med-
ium buffered with 50 mM phosphate for 90 days. After observing a

steady-state electrical performance under the closed-circuit condi-
tions, these brood MFCs were transitioned to the test phase.

Phase-3: CHsOH-fed MFCs: The MFC experiments were run in a
fed-batch mode. The brood MFCs were transitioned into a testing
phase to evaluate the ability of the consortia to generate electricity
from methanol in CH3;0H-MFCs. Briefly, the spent anolyte from the
brood MFCs were drained completely, gently washed with the
phosphate buffer, and refilled with the equivalent volume of
methanol-supplemented nitrate mineral salt media. This test is
designed to enrich electroactive methylotrophs using methanol
as the electron donor and as the terminal electron acceptor. The
enriched consortia were assessed for its ability to generate electric
power from methanol. An identical brood MFC used TY as the ano-
lyte was used (herein referred to TY-MFC). An additional brood MFC
was set up using 50 mM phosphate buffer media that lacked car-
bon substrate as the anolyte. The electrochemical performance of
the enriched consortia was monitored using polarization tests
and electrochemical impedance spectroscopy analysis. All of the
MFCs were carried out under ambient light conditions (300 Ix)
available in a typical laboratory setting.

2.2. Electrochemical and gas chromatography measurements

2.2.1. Power density curves

Voltage data was acquired using a DAQ/54 module (I/O Tech
Inc., Cleveland OH) across an external load (RS-200, IET Labs Inc.,
Westbury, NY). The polarization data at each resistance was
recorded after 60 min to obtain the voltage values at steady-state
conditions. Ohm’s law was used to determine current and subse-
quently, power density using the voltage values from the polariza-
tion tests and corresponding values of external resistance (1 to
10,000 0O).

2.2.2. Electrochemical impedance spectroscopy (EIS)

EIS measurements were carried out using a Gamry reference
3000 potentiostat with an amplitude of 10 mV. The frequency
range was1000 kHz to 10 MHz and the DC bias was 60 mV. EIS data
were fitted to a two-RC circuit consisting of solution resistance
(Ronm)» constant phase element in biofilm (CPEg,), electrode dou-
ble layer (CPEq;), charge transfer resistance in biofilm (Rgyy,) and
electrode polarization resistance (R,) along with Warburg impe-
dance (Fig. 2b).

2.2.3. Cyclic voltammetry

Cyclic Voltammograms (CV) were obtained for the abiotic MFC,
CH30H-MFC and TY-MFC on day 25 in the potentials of — 1.0 to
1.0 V vs. Ag/AgCl reference electrode at a scanning rate of
10 mV/s. The CV procedures were described in our earlier study
[21,81]. The anode was used as the working electrode and cathode
as the counter electrode. All the tests were carried out after ensur-
ing adequate levels of the carbon substrates.

2.2.4. Gas chromatography analysis

To investigate the occurrence of methanogenesis in the CH30H-
MFC and TY-MFC, we carried out a gas chromatography analysis
(SRI Instruments, model 8610C, CA, USA) equipped with a thermal
conductivity detector and a molecular sieve column (Restek Mole-
sieve 5A 80/100 1.83 m x 38 mm x 26 mm). Injector, detector and
column temperatures were kept at 100, 70 and 100 °C, respectively
with argon as the carrier gas. The methane gas composition was
identified based on the retention times of the standard methane.
The injection volume was 1 mL.
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2.3. Biofilm morphology, viability and thickness

The morphology of biofilms grown on the electrode surfaces
was analyzed using a scanning electron microscopy (SEM). The
electrodes were fixed using 3% glutaraldehyde in a sodium cacody-
late buffer (0. 1 M, pH 7.2) for 2 h at room temperature (a modified
procedure [23]. The fixed samples were gently rinsed with a
sodium cacodylate buffer for three times and finally washed with
double distilled water. The biofilm was sequentially dehydrated
using a 50% and 100% acetone and dried overnight in a desiccator.
Dried electrodes were visualized using a scanning electron micro-
scope (Zeiss Supra40). Other sets of electrode samples were sub-
jected to live/dead staining using the Filmtracer™ LIVE/DEAD™
Biofilm Viability Kit (Invitrogen, USA). The biofilm samples were
also analyzed using an inverted fluorescent microscope (IX71,
Olympus). The height profiles of biofilm samples were assessed
using a 3D laser scanning microscopy (3D-LSM, Model solution-
treated C2 Plus, Nikon, Tokyo, Japan).

2.4. Microbial community analysis

To analyze the microbial community at the end of phase-2 and
phase-3, the enriched anolyte samples were centrifuged at
8000 rpm for 20 min at 4 °C. Total genomic DNA was extracted
from the bacterial cell pellet using PureLink™ Microbiome DNA
Purification Kit (ThermoFisher Scientific). An [llumina 2-step Miseq
sequencing-based microbial diversity analysis was performed at
the Research and Testing Laboratory (Lubbock, TX). The consortia
from both the CH;0H-MFC and TY-MFC were analyzed using an
illumina 2-step Miseq sequencing procedure. The samples were
amplified using a two-step process. The first step involved a PCR
amplification using the illumina i5 sequencing forward primer
and the illumina i7 sequencing reverse primer. Briefly, 25 uL reac-
tion was performed using Qiagen HotStarTaq master mix (Qiagen
Inc, Valencia, California) with 1 pL of forward and reverse primers
(5 uM each) and 1 pL of template DNA. Reactions were performed
on ABI Veriti thermocyclers (Applied Biosystems, Carlsbad, Califor-
nia) using the following thermal profile: 95 °C for 5 min, 35 cycles
at 94 °C for 30's, 54 °C for 40 s, 72 °C for 1 min, followed by a cycle
of 72 °C for 10 min and finally held at 4 °C.

The PCR products from the first stage were further processed
using the following Illumina Nextera PCR primers: forward primer
(i5 index) and reverse primer (i7 index). The steps were similar to
that in the first stage except that we used 10 cycles. Amplified PCR
products were visualized with eGels (Life Technologies, Grand
Island, New York). The PCR products were pooled in an equimolar
fashion and each pool was size selected in two rounds using
SPRIselect Reagent (Beckman Coulter, Indianapolis, Indiana) and
in a 0.75 ratio for both the rounds. The size selected pools were
quantified using the Qubit 4 Fluorometer (Life Technologies) and
loaded on an Illumina Miseq (Illumina, Inc. San Diego, California)
2 x 300 flow cell at 10 pM. The microorganisms were identified
based on the sequencing results which were compared against
the available sequences in the database.

2.5. Photosynthetic MFCs using R. sphaeroides 2.4.1. pure cultures

To elucidate the electrogenic activity of R. sphaeroides, pure cul-
tures of R. sphaeroides 2.4.1 were inoculated in an H-type batch
MEFECs containing fresh NMS media and methanol as the electron
donor, graphite felt (surface area of 10 cm?) as the anode and car-
bon brush (surface area of 130 cm?) as cathode. 100 mM potassium
ferricyanide in phosphate buffer (50 mM, pH 7.0) was used as cath-
olyte. The pMFCs were operated under an external load of 150 Q.
To induce the photoheterotrophic mode of growth, the photosyn-
thetic MFC (pMFC) system was illuminated by a light source at

700 Ix intensity and the temperatures were maintained at
27 = 2 °C. The distance between the lamp and the anode unit
was 25 cm. Noting the liquid depth of 5 cm in the anode compart-
ment, the actual distance between the lamp and the anode surface
is 30 cm. The experiment was conducted for 30 days and the polar-
ization curves and EIS were recorded every 5 days. To ascertain the
exoelectrogenic capabilities of R. sphaeroides, we ran three addi-
tional MFC tests, including NMS media with methanol and inocu-
lum (CH30H* RSP*-MFC), NMS media with methanol and without
inoculum (CH30H* RSP~-MFC) and NMS media without methanol
and inoculum (CH3OH™~ RSP™-MFC). Coulombic efficiencies were
calculated using Equation (1) shown below [24].

> i Uiti
CE = WM x 100% (1)
where U; is the output voltage of MFC at time t;, R is the external
resistance, F is Faraday’s constant (96,485 C/mol e), b is the number
of moles of electrons produced per mol of COD (4 mol of e/ mol of
COD), AS is the removal of COD concentration (g/L), V is the liquid
volume (L), and M is the molecular weight of oxygen (32 g/mol).

3. Results and discussion
3.1. Electrochemical analysis

The average values of the OCV and current density during the
conditioning phase were 0.5 V and 418.8 mA/m?, respectively. Dur-
ing phase 3, the consortia did not generate any electricity in MFCs
that lacked carbon substrate (not discussed further). A goal of this
study was to establish the methylotrophic capabilities of the
enriched consortia in MFCs. We assessed the electrical perfor-
mance of the CH30OH-MFC using the temporal profiles of OCV and
power density (Figure S1). The temporal profiles of the current
density during the conditioning phase confirmed the steady-state
performance of the MFC (Figure S3). CH30H-MFC yielded superior
compared with TY-MFC (fed with TY medium) (Fig. 1, Figure S1).
While the OCV values in both CH;0H-MFC and TY-MFC were sim-
ilar (~0.7 V), the peak power density in CH;OH-MFC (76 mW/m?)
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Fig. 1. Bioelectrochemcial performances of MFCs. Comparison of power density
yields from the CH30H-MFC (methanol supplemented 100% NMS media; pH 7.2),
TY-MFC (undefined LB media containing 50% NMS and 50% LB; pH 7.2) and abiotic
MFC. —e— - power densities (CH;0H-MFC); —e— - power densities (TY-MFC); —e—
- power densities (abiotic control); —a— - voltage (CH;0H-MFC); —a— - voltage
(TY-MFC); —a— - voltage (abiotic control).
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was 54% higher compared with TY-MFC (50 mW/m?). The peak
current density in CH;0H-MFC (781 mA/m?) was ~4.2-fold higher
compared with TY-MFC (185 mA/m?) (Figure S2). The higher acti-
vation losses and larger over potential losses limited the power
output in TY-MFC. The power output in CH;0H-MFC (76 mW/
m?) was better than that of the alcohol MFCs reported in earlier
studies (40 mW/m?) [25]. As discussed in the later section, the
enhanced performance of CH3;OH-MFC is due to the syntrophic
cooperation among diverse bacterial and archaeal members in
the consortia (Details in Section 3.3).

The CH30H-MFC achieved 23% COD removal efficiency during
25 days of the closed-circuit operations (Figure S4). The internal
resistance, an important parameter which determines the fuel cell
performance was evaluated using the EIS analysis. The Nyquist plot
for the CH30H-MFC (Fig. 2a) displayed a smaller semicircle com-
pared with TY-MFC. The diameter of the semicircle in a Nyquist
plot is directly proportional to charge transfer resistance at the
anode interface in MFCs. To quantify various resistances, the
Nyquist data from both CH;0H-MFC and TY-MFC were fitted to
an electrical equivalent circuit (Fig. 2b).

The EEC consisted of biofilm resistance (Rgn), charge transfer
resistance (R.), Warburg impedance (W) and solution resistance
(Ronm)- The internal resistance offered by the biofilm (Rgy) in the
CH;0H-MFC (1.32 kQ.cm?) was 46% lower compared with TY-
MEFC (1.93 kQ. cm?) (Fig. 2a, Table 1). The lower value of Rgyy in
the CH3;0H-MFC implies the enhanced bioelectrocatalytic ability
of the consortia, i.e., the ability to oxidize methanol and transfer
the electrons to the anode surface. The lower value of the Bode
phase angle maxima in the CH30H-MFC (55°) compared with TY-
MEC (62°) (Fig. 2b) corroborates that the type of carbon substrate
(CH30H vs., TY) influences the microbial dynamics in the consortia
and its preferential metabolic pathways. The R.; value in the CHs-
OH-MFC was extremely low (1.4 x 10~° kQ. cm?) compared with
TY-MFC (0.065 kQ. cm?). The lower the R the better is the elec-
troactive characteristics of the biofilm on the anode surface
[26,27]. The above results corroborate with the 3D-LSM micro-
graphs and microbial community analysis where the CH3;0H-MFC
yielded thicker and electroactive biofilms than TY-MFC (Discussed
in section 3.2 and 3.3).

To ascertain the biocatalytic behavior of biofilms in the CH30H-
MFC, CVs were generated at a scan rate of 10 mv/s. The CVs for both
the CH30H-MFC and TY-MFC displayed a redox peak at —0.19 mV

00 07 14 21 28 35 42
Z' 1 kQ cm2

Table 1

EIS fitting results showing the different resistances in CH;0H-MFC and TY-MFC used
for enriching flowback water. The total resistance of the electrode and electrolyte was
found to be 1.4 k@ cm? and 2 kQ cm? in CH3;0H-MFC and TY-MFC experiments
respectively.

Resistances® (kQ. cm?) CH;0H-MFC TY-MFC
Rohm 0.083 0.058
Reim 1.32 1.93

Ret Negligible (1.4 x 1079) 0.065

@ Ronm - Solution resistance; Rqim - charge transfer resistance; R, - electrode
polarization resistance.

(vs Ag/AgCl) confirming their biocatalytic activity (Fig. 3). However,
the oxidation peak current in the CH;OH-MFC (0.0014 mA) was 1.5-
fold higher compared with TY-MFC (0.0009 mA), suggesting
enhanced Faradaic reactions driven CH3OH oxidation. The oxida-
tion potential in the CV for the CH;0H-MFC (-0.34 V vs Ag/AgCl)
is attributed to CH30H oxidation (—0.2 V vs Ag/AgCl), as reported
in the previous studies [28].

3.2. Morphology, viability and thickness of the electrogenic biofilm

We carried out a post-mortem analysis of the graphite felt
anode samples that were continuously exposed to 25 days of the
phase-3 tests. We did not observe any biofilm on the anode surface
in the abiotic control (Fig. 4a). As shown in Fig. 4b and ¢, both CHs-
OH-MEFC and TY-MFC yielded densely packed biofilms that were
characterized by rod-shaped microorganisms using SEM. These
biofilms exhibited an affinity to adhere to the electrode surface,
evident from their heterogeneous characteristics and the ability
to aggregate and form an extracellular matrix of polysaccharides
and proteins. This finding corroborates with the microbial commu-
nity analysis which revealed that CH3OH-MFC and TY-MFC were
based on ~81% and 68% electrogenic microbes, respectively. How-
ever, the degree of electrogenic behavior varies at the species level.
This provides preliminary ideas about the versatile behavior of the
microbes enriched from the harsh subsurface environments of the
fractured Bakken shale. Fluorescence microscopic analysis was car-
ried out to further examine the ability of the consortia to grow into
exoelectrogenic biofilm on the anode surfaces.

A LIVE/DEAD staining technique based on SYTO9 and propidium
iodide was used to assess and compare the viable fraction of the

160 I 162 I 104
Log f/Hz

Fig. 2. Electrochemical analysis by EIS. (a) Nyquist plots showing lower internal charge transfer resistance of CH;OH-MFC compared with TY-MFC. Inset shows the electrical
equivalent circuit used for EIS fitting analysis; —e— - CH;0H-MFC; —a— - TY-MFC; —s— - abiotic control. (b) Bode phase angle plots for CH30H-MFC, TY-MFC and abiotic
control MFC in the frequency range of 10 MHz to 10 kHz. —e— - CH30H-MFC; —e— - TY-MFC; —e— - abiotic control.
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Fig. 3. Electrochemical analysis by CV. Cyclic voltammograms for abiotic control
MFC (pH 7.2), CH30H-MFC (methanol supplemented 100% NMS media; pH 7.2) and
TY-MFC (undefined LB media containing 50% NMS and 50% LB; pH 7.2) on day 25
(scan rate 10 mv/s, potentials between — 0.1 and +0.1 V for carbon felt
electrodes vs. the Ag/AgCl reference electrode). —m— - CH;0H-MFC; —e— -
TY-MFC; —a— - abiotic control.

cells in the biofilm. The abiotic control did not display any fluores-
cence (Fig. 4d). However, green fluorescence was displayed by both
CH30H-MFC (83%) and TY-MFC (86%) (Fig. 4e and f). In general
methanol substrates (AG® = 37.51 KJ/e~ eq; pH = 7.0) yield lower
energy for biological systems compared with glucose (AG® = —41.96
KJ/e~ eq; pH = 7.0) and protein substrates (AG® = —41.96 KJ/e~ eq;
pH = 7.0). Although one can expect TY-MFC to yield thicker bio-
films, we observed thicker biofilms in CH;OH-MFC. As shown in
the 3D-LSM micrographs, CH;0OH-MFC yielded a 2.7-fold thicker
biofilm (83.3 + 4 um) compared with TY-MFC (30.6 + 1.2 um) (Fig-
ure S5). However, these values of the biofilm thicknesses fall
within the range (30-85 um) reported by other MFC researchers
[29-31]. We attribute the thicker biofilms (Figure S5) to be respon-
sible for the lower impedance and higher power output in CH;0H-
MEFC (Table 1, Fig. 1).

After establishing the higher electrochemical power output in
CH30H-MFC, we deduce that the methanol substrates (versus TY)
allowed the consortia to evolve into a syntrophic group of microor-
ganisms that drove the methanol oxidation (discussed in Sec-
tion 3.3). The higher biofilm thickness in CH3OH-MFC is due to
the larger percentage of electrogens compared with TY-MFC (Dis-
cussed in Section 3.3). Such microorganisms offer lower trans-
membrane cytochrome activity on the outer biofilm and higher
affinity to respire using the solid electrodes [32-34].

3.3. Community analysis of the consortia in CH;OH-MFC and TY-MFC

Figs. 5 and 6 compares the relative taxonomic abundance of the
16S rRNA gene sequences at a class level and genus level, respec-
tively. The community structure in the CH;OH-MFC was different
compared with TY-MFC. Although both the MFCs yielded a mixture
of aerobes and anaerobes, their composition differed at the class
level and order level. The taxonomic abundance of the consortia
in CH30H-MFC was uniquely dominated by methylotrophic com-
munity. The percentage of the electrogenic microbes in the CHs-
OH-MEFC (81%) was higher compared with TY-MFC (68%) (Details
in Table 2). This analysis is based on the previously reported elec-

trogenic capabilities of the microbes observed in the consortia
(Table 2). Nearly, 91% of the archaeal communities in CH30H-
MFC have been reported to exhibit electrogenic characteristics.
TY-MFC did not yield any detectable levels of the archaeal
population.

Genus level microbial community analysis revealed that bacte-
rial population in the CH30H-MFC were based on 38%
B-proteobacteria, 30% w«-proteobacteria, 21% <-proteobacteria and
11% Bacteroidetes. Among o-proteobacteria, 29% of the reads
mapped Rhodobacter that has been recently reported to generate
electricity in MFCs [35] and 1% Rhizobiales. A recent study corrob-
orates our finding that the flowback water from Bakken Shale
consists of microorganisms from o-proteobacteria (15-61%),
A-proteobacteria (29-76%), Firmicutes (22-37%), Bacteroidetes
(9-14%) and Methanobrevibacter (99% among archaea) [9]. The
paragraph below discusses the role of species from proteobacteria
(o, B and y) and Bacterioidia towards methanol assimilation and
electricity generation in CH3OH-MFC. The flowback water
from Marcellus Shale has also been reported to contain
y-proteobacteria (6-52%) and o-proteobacteria (2-81%), among
which Rhodobacterales order (a-proteobacteria) were dominated
to about 68-88% [36].

Recent studies suggest that the microbial communities in the
produced water from fractured gas well contain y-proteobacteria
(41-47%) and a-proteobacteria (39-42%). A study based on a frac-
tured oil well in Pennsylvania reported the domination of
Rhodobacterales (48-64%) among «-proteobacteria [6]. It is clear
that the Rhodobacterales order occurs in flowback water from many
Shale plays across the U.S. On the other hand, all of the major play-
ers, including Alcaligenes (20%) and Castellaniella (18%) from
p-proteobacteria in CH;OH-MFC have been reported to display elec-
trogenic behavior [37,38]. Providencia, a motile bacterium from the
Enterobacteriaceae family constituted 21% of y-proteobacteria in
CH30H-MEFC. To the best of our knowledge, none of the prior stud-
ies have reported the role of Providencia in MFC studies.

The archaeal community in CH30H-MFC consisted of 73%
Methanobacterium, 14%  Methanocorpusculum  parvum, 9%
Methanobrevibacter smithii and 4% Methanosarcina. TY-MFC did
not yield any archaeal population. The earlier studies have
reported that 99% of archaea in the flowback water from Bakken
shale were dominated by Methanobrevibacter [9]. Among the
archaeal population in CH30H-MFC, Methanobacterium and Metha-
nosarcina can convert acetate into methane via hydrogenotrophic
methanogenesis (H, + CO, or Hy + methanol) and acetoclastic
methanogenesis [39]. Methanosarcina acetivoransis is the only
methanogen that has been reported to use c-type cytochromes
and participate in the extracellular electron transfer process [39].
In contrast to the findings from the current study, the archaeal
community in flowback water from Marcellus Shale was character-
ized by Methanocalculus, Methanoplanus, Methanolobus and Metha-
nohalophilus [5]. The archaeal community in the formation water
from Antrim Shale (Michigan Basin) also contained Methanolobus
profundi and Methanohalophilus [40].

Our gas chromatography tests revealed the absence of methane
in the headspace of CH3;0H-MFC, confirming the lack of methano-
genic activity. However, the archaeal species observed in the
enriched consortia (e.g., Methanobacterium sp. [41], Methanosarcina
sp. [42], and Methanobrevibacter smithii [43] have been reported to
display methylotrophic capabilities. We expect these archaeal
members to syntrophically interact with other bacterial members,
especially methylotrophs to drive the methanol oxidation.

Microbial communities in TY-MFC were quite different com-
pared with CH30OH-MFC. They were based on Actinobacteria
(34.43%), Bacteroidia (16.67%), y-proteobacteria (12.43%), Rumi-
nobacillus (8.3%) and miscellaneous species including Negativicutes,
A-proteobacteria, e-proteobacteria, Synergistia and Lentisphaeria
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Fig. 4. Electrogenic biofilm morphology by SEM and fluorescence microscopy. (a) abiotic control MFC, (b) CH;0H-MFC and (c¢) TY-MFC. SEM micrographs of the anodic biofilm
showing the microbial adherence and colonization along with the presence of extracellular matrix. Fluorescent microscopic images of the anodic biofilms stained with
Filmtracer™LIVE/DEAD™ Biofilm Viability Kit using SYTO9 (live cells) and propidium iodide stain (dead cells) showing the green and red fluorescence respectively for (d)
abiotic control MFC (e) CH30H-MFC and (f) TY-MFC. The fluorescent microscopic images suggest that the electrodes of CH;OH-MFC and TY-MFC were dominated by
apparently similar counts of live microbial biota. As expected, the abiotic control MFC did not show any microbial colonization on the electrode surface.

(28.17%). As shown in Table 2, TY-MFC contained a smaller per-
centage of electrogens compared with CH;O0H-MFC. TY-MFC also
did not develop any methylotrophs, and instead yielded Corynebac-
terium sp. that used alcohols, organic acids and sugars prefer as
carbon substrates. Corynebacterium sp. does not participate in
extracellular electron transfer processes [44]. Both CH30H-MFC
and TY-MFC yielded Bacteroidia which represents fermenters that
use amino acids, sugars, alcohols and organic acids as carbon sub-
strates [40].

Further studies are warranted to decipher the specific metabolic
roles of Bacteroidetes in CH3;OH-MFC. Despite the lower degree of
microbial diversity, CH;OH-MFC yielded superior electrical perfor-
mance compared with TY-MFC. On the other hand, methylotrophs

have been reported to use methane, hydrogen and ethanol as elec-
tron donors under syntrophic conditions [14,45]. Interestingly, the
Proteobacteria phylum that dominated CH3;OH-MFC has been
reported to display both autotrophic and heterotrophic modes.
They have also been widely reported to be involved in a synergistic
interaction with other microbial members [15,46,47].

3.4. Electrogenic activity of R. sphaeroides 2.4.1

After establishing that 29% of the bacterial population from
a-proteobacteria in CH30H-MFC mapped Rhodobacter and noting
that R. sphaeroides represents the popular species of Rhodobacter,
we carried out additional tests to assess the ability of pure
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Fig. 5. Class level distribution of flowback water microbial community in CH;0H-
MFC and TY-MFC. Percentage of the bacterial communities of flowback water
enriched in CH;0H-MFC and TY-MFC showing the class level distributions of the
bacteria. Others denote sequences that were assigned to unclassified bacteria.

R. sphaeroides to drive CH30H-MFC. We used R. sphaeroides 2.4.1 as
the model strain to explore the methylotrophic ability of R. sphaer-
oides in MFCs solely fed with methanol substrate. R. sphaeroides did
not yield any significant electrical power output when CH3;OH-MFC
tests were carried out under dark conditions. However, we noticed
a significant boost in the performance of CH;O0H-MFC when the
tests were repeated in the presence of the white light (a photo-
heterotrophic mode). The extensive electrochemical tests based
on polarization curves and EIS analysis revealed the electrogenic
nature of R. spaeroides 2.4.1. Results showed that R. sphaeroides
yielded 5.4-fold higher power densities on Day 25 (13 mW/m?)

a.
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compared with Day 1 (2.4 mW/m?) (Fig. 7a). Nyquist plots revealed
that the total resistance (13.4 kQ cm?) on Day 25 was 25% lower
compared with that on Day 1 (21.1 kQ cm?) (Fig. 7b, ¢ and Table 3).
This result implies that the growth of R. sphaeroides biofilm was
responsible for the decreasing polarization resistance and the
increasing bioelectrochemical kinetics of the methanol oxidation.

CH50H-MFC based on the pure cultures of R. sphaeroides
achieved 86% COD removal efficiency (COD; = 1227 mg/L and
COD¢ = 177 mg/L) during 25 days of the closed-circuit operation.
Considering the consistent electrochemical power output of CHs-
OH-MFC using methanol as the sole carbon source, we attribute
the bioelectrochemical processes to be a primary sink for the
COD. We also do not suspect that the volatilization processes
resulted in COD removal. The domination of the bioelectrochemi-
cal oxidation pathway is evident from the rampant growth of bio-
films on the anode surface in CH30H-MFC solely fed with methanol
(Details in Section 3.2). These results corroborate the ability of R.
sphaeroides to convert methanol substrates into electricity, a find-
ing consistent from that of our earlier study [59]. The performance
of CH30H-MFCs could be further enhanced by optimizing the MFC
architecture, for example by replacing the typical carbon elec-
trodes with superconducting metal electrodes [59].

To further ascertain that the electric current is solely generated
by the methanol oxidation reaction, we carried out following addi-
tional three MFC tests: (i) pure cultures of R. sphaerodies containing
NMS media with methanol and inoculum (CH3OH"* RSP*-MFC), (ii)
NMS media with methanol without inoculum (CH;0H* RSP~-MFC),
and (iii) NMS media without methanol and inoculum (CH;0H™

Il Methanobacterium sp.

[ Methanocorpusculum parvum
Il Methanobrevibacter smithii
[ Methanosarcina sp.

Il Aminobacterium
Il Ruminobacillus
I others

Fig. 6. Genus level distribution of flowback water microbial community in CH30H-MFC and TY-MFC. (a and b) The relative taxonomic abundance of the 16S rRNA gene
sequences of the flow back water enriched in CH;0H-MFC showing the bacterial and archaeal communities. (c) The relative taxonomic abundance of bacterial population of
TY-MFC, wherein the archaea were found to be at the undetectable levels in the DNA. Gene sequences were run through USEARCH global search alignment algorithm along
with a Python program to identify the actual taxonomic assignment. Others denote sequences that were assigned to the unclassified bacteria.
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Table 2

Possible electrogenic behavior of the enriched microbial consortia from CH3OH-MFC and TY-MFC. Electrogenic capability comparison was based on the previously reported
exoelectrogenic capabilities of each microbe. * Microbes for which species-level identification is rarely reported for exoelectrogenic activity.

Class of bacteria Bacteria MFCs Electrogenic behavior % Composition References
The bacterial community in CH;OH-MFC and TY-MFC
a-proteobacteria R. sphaeroides CH30H-MFC Yes 29 [35]
Rhizobiales * CH30H-MFC Yes 1 [48]
B-proteobacteria Alcaligenes faecalis CH30H-MFC Yes 20 [38]
Castellaniella defragrans CH30H-MFC Yes 18 [37]
y-proteobacteria Providencia sp.* CH30H-MFC No 19 -
Halomonas sp.* CH30H-MFC Yes 2 [49]
Shewanella oneidensis TY-MFC Yes 11.38 [50]
Enterobacter ludwigii TY-MFC Yes 1.05 [51]
A-proteobacteria Desulfovibrio sp.* TY-MFC Yes 3.68 [52]
g-proteobacteria Sulfurovum sp.* TY-MFC Yes 1.15 [53]
Actinobacteria Corynebacterium humireducens TY-MFC Yes 34.43 [44,54]
Bacteroidia Bacteroidia (class) CH30H-MFC Yes 11 [55]
Bacteroidia Bacteroidia (class) TY-MFC Yes 16.67 [55]
Negativicutes Acidaminococcus sp.* TY-MFC No 4.63 -
Lentisphaeria Victivallis sp.” TY-MFC Yes 2.96 [56]
Synergistia Aminobacterium sp.* TY-MFC No 3.98 -
Ruminobacillus Unclassified TY-MFC No 8.31 -
Others Unclassified TY-MFC - 12.15 -
The archaeal community in CH30H-MFC
Methanobacteria Methanobacterium sp.* CH30H-MFC Yes 73 [57]
Methanomicrobia Methanocorpusculum parvum CH30H-MFC Yes 14 [58]
Methanobacteria Methanobrevibacter smithii CH30H-MFC No 9 -
Methanomicrobia Methanosarcina acetivorans CH5;0H-MFC Yes 4 [58]
a. b.
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Fig. 7. Electrochemical performances of R. sphaeroides pure cultures. (a). Comparison of power densities of R. sphaeroides pure cultures in CH;OH-MFC during Day 1 and Day
25; —@— - power densities (Day 1); —e— - power densities (Day 25); —a— — Voltage (Day 1); —a— - Voltage (Day 25). (b). Nyquist plots of CH;OH-MFC showing lower charge
transfer resistance during Day 25 than Day 1 revealing the pure cultures could oxide methanol efficiently thereby forming a biofilm on the anode for extracellular electron
transfer. Inset shows the electrical equivalent circuit used for EIS fitting analysis; —a— - Day 1, —e— - Day 25.

Table 3

EIS fitting results showing the different resistances in CH30H-MFC using R.
sphaeroides pure cultures grown in NMS media with methanol as an electron donor.
The total resistance of the electrode and electrolyte was found to be 21.1 kQ cm? and
13.4 kQ cm? during Day 1 and Day 25 of the CH;0H-MFC experiments.

Resistances® (kQ. cm?) Day 1 Day 25
Rohm Negligible (5.6 x 1077) 0.128
Réiim 0.405 12.73
Ret 20.75 0.458

? Ronm - Solution resistance; Rqim - charge transfer resistance; R, - electrode
polarization resistance.

RSP~-MFC), all under photoheterotrophic growth mode. The cur-
rent (i) vs. time (t) plot showed that CH3;0H" RSP*-MFC yielded
higher current (770 pA under 500 Q external resistance) while CHs-

OH* RSP~-MFC and CH;OH~ RSP~-MFC did not register any current
(Figure S6a). CH30H" RSP*-MFC yielded peak power density of
8.6 mW/m? whereas CH;OH" RSP"-MFC and CH3;OH~ RSP~-MFC
did not register any significant power outputs (Figure S6c). The
EIS analysis based on the data from the Nyquist plots (Figure S6b)
showed that the charge transfer resistance of the biofilm
(Rfiim = 0.473 kQ.cm?) was lower in CH;0H* RSP*-MFC) compared
with CH;0H* RSP-MFC (1.98 kQ.cm?) and CH3;OH~ RSP~MFC
(3.324 kQ.cm?). CH30H* RSP*-MFC showed 4-fold and 7-fold lower
charge transfer resistances compared with CH;OH" RSP~-MFC and
CH5OH~ RSP™MFC, respectively. CH;0OH* RSP*-MFC also offered
higher coulombic efficiency (20%) compared with CH;0H* RSP—-
MFC (0.17 x 1077%). This result revealed that CH;0H" RSP*-MFC
yields higher performance, based on the polarization data and
impedance analysis (Figure S6).



K. Jawaharraj et al. / Bioelectrochemistry 135 (2020) 107549 9

The above results confirm that the electric current in CH;0H"*
RSP*-MFC is solely due to methanol oxidation. These results also
confirm that R. sphaeroides play a key contribution to high COD
removal efficiency (86%) in CH3OH" RSP*-MFC (after 25 days of
closed-circuit conditions). Methanol oxidation in R. sphaeroides
typically involves a series of cascaded oxidation products including
formaldehyde, formate and carbon dioxide, primarily based on cru-
cial genes including PQQ dependent methanol dehydrogenase,
formaldehyde dehydrogenase and formate dehydrogenase [60].

The electrogenic capacities of R. sphaeroides are highly depen-
dent on the carbon substrate used and R. sphaeroides could gener-
ate current from a variety of carbon substrates including lactate,
malate, butyrate, glucose, fumarate, peptone and yeast extract
under photosynthetic conditions [61]. These results corroborate
with the previous reports of R. sphaeroides yielding electrons under
light irradiation with various electron donors including acetate
[35], succinate [61], and propionate [62]. In a recent study, we
reported that metal electrodes can be used to enhance the growth
of R. sphaeroides biofilms in MFCs [63].

3.5. Potential pathways used by the consortia to generate electricity
from methanol

As depicted in Scheme 1 and discussed below, the methanol
oxidation in CH30H-MFC is driven by the syntrophic interactions
between methanogens, acetogens and hydrogenogens [64].
R. sphaeroides oxidize CH30H into formaldehyde using a gene reg-
ulatory network involving pyrroloquinoline quinone dependent
dehydrogenase (XoxF) and periplasmic c-type cytochromes (CycB
-a cyt cs53; homolog) genes for methanol-dependent oxygen uptake
[60]. The co-existence of methanogens and methylotrophs allowed
the removal of toxic formaldehyde from the CH;0H-MFC [65]. Such
syntrophic cooperation between methanotrophs and methanogens
has also been reported for indigenous microbial communities in
the Marcellus Shale [66]. Syntrophic interactions of a facultative
methylotroph Methyloceanibacter caenitepidi Gela4 and methan-
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otroph Methylocaldum marinum S8 revealed that acetate could be
a major carbon source than methanol for M. caenitepidi Gela4
[67]. A series of these co-existence studies are needed to reveal
precisely the methanol-independent cross-feeding mechanism
among methanotrophs and non-methanotrophs. Formaldehyde
can be further oxidized to formate by glutathione-dependent
formaldehyde dehydrogenase (GSH-FDH) which is then oxidized
to CO, and electrons using formate dehydrogenase [60]. Also,
R. sphaeroides produces an acyl-homoserine lactone (AHL) mole-
cules called 7,8-cis-N-(tetradecenoyl) homoserine lactone which
is involved in quorum sensing (QS) signaling pathway. This QS
pathway allows the bacterial species to activate a specific set of
signaling proteins i.e.,, community escape response proteins (cerA
and cerl) at a threshold population density [68]. Other than that,
R. sphaeroides harbors well-characterized genes encoding for cyto-
chrome c oxidase (GenelD:3719145), exopolysaccharide produc-
tion protein (GenelD:3720181), pili assembly protein
(GenelD:3719188), flagellar protein (GenelD:3720115), all of
which influence biofilm formation and extracellular electron trans-
fer process. These in turn activate the intrinsic properties of elec-
troactive biofilms [69]. Also, the quorum sensing mechanism
which has been well established in Shewanella oneidensis; here
LuxS gene is involved in metabolizing the AHL synthesis that influ-
ences biofilm formation [70].

On the other hand, yeast extract contains flavin-like molecules
that serve as redox species to promote the performance of MFCs
[71,72]. Interestingly, TY-MFC displayed inferior performance
compared with CH30H-MFC (Figs. 1-3). TY-MFC contained yeast
extract while CH3;0OH-MFC was devoid of exogenous mediators.
Corynebacterium sp., a predominant bacterial member in TY-MFC
relies upon mediated electron transfer (MET) processes [44],
reducing overall electrochemical power output. In contrast, R.
sphaeroides a dominant member in CH3;0OH-MFC secretes the QS
signaling molecules, regulates bio-electrochemical activities, and
enables the growth of electroactive biofilms [73,74]. Moreover, a
mixed consortium of acidogenic and methanogenic bacteria yields

b

Fe(CN)
+3e- +2H*

Fe(CN)*
+H2

Cathode

Scheme 1. Proposed mechanism of methanol oxidation and current flow from CH;OH-MFC used in this study. Methanol is oxidized to carbon dioxide and electrons by the
syntrophic interactions of methylotrophic and acetogenic consortia in the anodic compartment. Also, the quorum-sensing pathway of R. sphaeroides synthesizes novel
homoserine lactone signal (autoinducers), 7,8-cis-N-(tetradecenoyl) homoserine lactone that enhances the intrinsic properties of electroactive biofilm formation. Electrons
generated from acetogenic and methylotrophic pathways sink towards the electrodes which are attributed by exopolysaccharide secretion and thick biofilm formation.
The electrons will then be transferred through the external circuit to the cathode wherein potassium ferricyanide was reduced to potassium ferrocyanide occurs.
M - methylotrophic bacteria; A - acetogenic bacteria; %~ - quorum sensing (QS) signals; @ - autoinducer molecules.
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acids (acetate/butyrate) per unit methanol converted [64]. This is
evident from the presence of Methanosarcina sp. a methanol utiliz-
ing methanogen that can oxidize methanol to bicarbonate. We
speculate that syntrophic cooperation between CH;OH-utilizing
acetogens and methylotrophs drive acetogenic fermentation of
CH5OH. This explains the higher electrical performance of CHs-
OH-MFC. On the other hand, the presence of sulfate-reducing bac-
teria in TY-MFC could inhibit the acetogenic fermentation due to
the formation of sulfides. Noting that the headspace of CH30H-
MEFCs did not register any detectable levels of methane, we rule
out the possibility of methanogenic activity. We also did not
observe any methane-oxidizing bacteria in the consortia.

We expect the reaction intermediates of the methylotrophic
pathway and acetogenic pathways to yield volatile fatty acids
[75] which can be utilized as carbon sources by methylotrophs
listed in Table 2. This result corroborates with the previous finding
related to inhibitory effects of sulfides on methanol oxidation by a
co-culture of Acetobacterium woodii, Sporomusa ovata and Desul-
fovibrio vulgaris [64]. This result supports our hypothesis on the
syntrophic interactions between acetogenic and methylotrophic
communities. Similar syntrophic interactions have been reported
for the microbial consortia involved in the bioremediation of vana-
dium [45] and chromium [76,77] from wastewater. Another rele-
vant example is the coexistence of Geobacter sp. (bacteria) and
Methanobacterium sp. (archaea) that jointly facilitated the extracel-
lular electron transfer to electrodes [78]. Aerobic methylotrophs
have also been reported to be beneficial to consume oxygen that
may leak inadvertently into the anode chamber [79,80]. The cur-
rent study revealed potential syntrophic cooperation among R.
sphaeroides, Alcaligenes and Castellaniella to sustain anaerobic bio-
conversion of methanol into electricity in CH;0H-MFC.

3.6. Conclusions

The current study identified and enriched the electrogenic
methylotrophic consortia from flowback water for microbial fuel
cell applications. The enriched consortia that contained species
from a-proteobacteria, B-proteobacteria, y-proteobacteria and Bac-
teroidia was found to be effective in generating electricity from
methanol under ambient conditions. Among these community
members, R. sphaeroides widely exists in many shale extractions
sites. The electrogenic activity of a pure culture of R. sphaeroides
2.4.1. was also established in this study. A series of metabolic path-
way reconstruction studies revealing the gene regulatory networks
will enable better assimilation of methanol by methylotrophs
under stressful anaerobic conditions. Metagenomic and metatran-
scriptomic analysis is also needed to analyze the gene expression
profiling of candidate genes involved in catabolic pathways.

In conclusion, the indigenous methylotrophs can be used to
develop passive treatment technologies for selectively treating
methanol and potentially methane compounds in the flowback
water.
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