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propionate, which are important intermediates of fermentation of municipal wastewaters
and sludge. The results showed that acetate-fed reactors exhibited higher performance
in terms of maximum current density (: 4.25 + 0.23 A/m?), coulombic efficiency (CE:
95 + 8%), and substrate degradation rate (98.8 £+ 1.2%) than propionate-fed reactors
(2.7 + 0.28 A/m?; CE: 68 + 9.5%; substrate degradation rate: 84 + 13%) irrespective
of the concentrations tested. Despite of the repeated sampling of the anodic biofilm
over time, the high-concentration reactors demonstrated lower and stable performance
in terms of current density (/: 1.1 £ 0.14 to 4.2 + 0.21 A/m?), coulombic efficiency (CE:
44 + 4.1 to 103 £ 7.2%) and substrate degradation rate (64.9 4+ 6.3 to 99.7 4+ 0.5%),
while the low-concentration reactors produced higher and dynamic performance
(1.1 +£0.12t0 4.6 £ 0.1 A/m?; CE: 52 & 2.5 to 105 + 2.7%; substrate degradation
rate: 87.2 £ 0.2 to 99.9 + 0.06%) with the different substrates tested. Correlating
reactor’s performance with temporal dynamics of microbial communities showed that
relatively similar anodic microbial community composition but with varying relative
abundances was observed in all the reactors despite differences in the substrate and
concentrations tested. Particularly, Geobacter was the predominant bacteria on the
anode biofilm of all MECs over time suggesting its possible role in maintaining functional
stability of MECs fed with low and high concentrations of acetate and propionate. Taken
together, these results provide new insights on the microbial community dynamics and
its correlation to performance in MECs fed with different concentrations of acetate and
propionate, which are important volatile fatty acids in wastewater.
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INTRODUCTION

Microbial electrolysis cells (MECs) offer an alternative approach
to effectively treat various organic waste streams with recovery
of the inherent energy as hydrogen. In MECs, certain
microorganisms known as exoelectrogens transport the electrons
generated during the oxidation of organics in wastewater to
the anode. The electrons and protons that are generated during
oxidation at the anode are utilized at the cathode for Hj
evolution reaction through the addition of minimum voltage
(0.6 V) to the circuit (Logan et al, 2008). Two new and
important applications of MECs are: (1) the addition of electrodes
directly into anaerobic digestion (AD), in order to improve
performance and increase the methane concentration in the
product gas (Guo et al.,, 2013; Feng et al.,, 2015a,b; Cai et al,,
2016; Liu et al., 2016). Accumulation of volatile fatty acids (VFAs)
such as acetate and propionate while treating high strength
wastewater, is an important concern that leads to loss in methane
production and process failure of methanogenic systems such
as AD (Fernandez et al.,, 2000; Hashsham et al., 2000; Goux
etal,, 2015). For example, accumulation of propionate (>20 mM)
at high organic loading rates is detrimental to methanogenic
systems (Pullammanappallil et al,, 2001; Gallert and Winter,
2008; Ma et al., 2009). Thus, propionate removal is necessary
for the stable operation of AD; and (2) integrating MECs to
membrane bioreactors (MBRs), in what is referred to as anaerobic
electrochemical MBR, for recovering energy and water from
low strength wastewaters such as municipal wastewater (Katuri
et al., 2014, 2016; Werner et al., 2016). In municipal wastewater,
acetate and propionate represent the main VFAs, and their
concentrations fluctuate resulting in a diverse and temporally
fluctuating microbial communities. For MECs to become a
viable anaerobic technology, it should adequately treat different
concentrations (i.e., low and high) of acetate and propionate
generated from various waste streams having different organic
strength.

Anode-associated microorganisms are an important
component of MECs. So far, attempts to integrate MECs to
AD or MBRs have focused on the engineering aspects, reactor
design and material optimization, with limited understanding
of the microbial communities in the anode of MECs in response
to different concentrations of acetate and propionate. Therefore,
a deeper insight into the microbial community dynamics in
response to different concentrations of acetate and propionate
and linking it to system performance is needed. To date, most
microbial studies in MECs were based on a single sampling event
(typically at the end of the MEC operation) (Parameswaran et al.,
2010; Lu et al., 2012b; Ruiz et al., 2014; Hari et al., 2016a,b),
which provides little information on the electrochemical
selection and development of microbial communities over
time and how this is correlated to system performance.
Nevertheless, very few studies examined the dynamics of
microbial communities in MECs. For example, Lu et al. (2012a)
observed a relatively similar anodic microbial community
composition dominated by Geobacter and Bacteroidetes over
a period of 125 days in MECs fed with acetate. Also, Kiely
et al. (2011) showed that changing the operational environment

from microbial fuel cell (MFC) to MEC fed with potato
wastewater, dairy wastewater or acetate favors a higher relative
abundance of Geobacter due to lack of oxygen intrusion into
the system. In MFCs oxygen intrusion to the anode from the
aerobic cathode affects the microbial community structure and
metabolic activity of anaerobic microorganisms (Shehab et al.,
2013).

To the best of our knowledge, studies understanding the
temporal dynamics of microbial communities in connection
to reactor performance in MECs fed with low or high
concentrations of acetate or propionate have not yet been
performed. Therefore, the objective of this study was to
examine the temporal dynamics of microbial communities
in the anodes of MECs fed with low (0.5 g COD/L) or
high concentration (4 g COD/L) of acetate or propionate
and relating it with reactor performance. These two different
concentrations of VFAs were chosen to mimic the low and
high strength wastewater containing acetate and propionate
(Pullammanappallil et al., 2001; Gallert and Winter, 2008; Ma
et al., 2009; Freguia et al., 2010). To address this objective,
well controlled laboratory MECs were operated for a period
of 70 days. Microbial communities were sampled periodically
during the 70 days of batch operation and characterized by
16S rRNA gene sequencing. In addition, reactor performance
in terms of current density, coulombic efficiency (CE), and
substrate removal rate was continuously monitored over
time.

MATERIALS AND METHODS

Construction of MECs

Two chambered cube-shaped MECs (each chamber with a 20-mL
working volume) were constructed as previously described
(Hari et al.,, 2016a). The two chambers were separated by an
anion exchange membrane (5 cm?; AMI 7001, Membranes
International, Glen Rock, NJ, United States). A glass gas
collection tube (15 mL) was attached to the top of both the
anode and cathode chambers. Gasbags (0.1 L Cali -5 -Bond.
Calibrate, Inc.) were connected to the top of the glass gas
collection tubes to collect more volume of gas. The anodes
were graphite fiber brushes (2.5 cm diameter x 2 cm long;
PANEX 33 fibers, ZOLTEK Inc., St. Louis, MO, United States).
The cathodes (projected surface area of 7 cm?) were made
using carbon cloth (type B-1B, E-TEK) containing 0.5 mg/cm?
of Pt (Santoro et al, 2013) on the side facing the anode,
and four polytetrafluoroethylene diffusion layers on another
side.

Enrichment and Operation

All MEC anodes were initially enriched in single chambered
air-cathode MFCs as previously described (Call and Logan,
2008; Hari et al, 2016a) using anaerobic digester sludge
(Manfouha Wastewater Treatment Plant, Riyadh, Saudi Arabia)
as inoculum. Enrichment in air-cathode MFCs was done
to avoid methanogenesis as oxygen intrusion through the
cathode affects their growth (Hari et al, 2016a). The growth
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medium (pH 8.9) consisted of bicarbonate buffer (80 mM),
nutrients (6.71 g/L NaH,COs3, 0.31 g/L NH4Cl, 0.05 g/L
Na,HPOy4, 0.03 NaH,POQ,), Wolfe’s vitamin (10 mL/L) and
trace mineral (10 mL/L) solutions (Ambler and Logan, 2011;
Hari et al, 2016a,b). The medium was supplemented with
two different concentrations (0.5 g COD/L or 4 g COD/L)
of propionate or acetate as the energy and carbon source.
The growth medium was boiled and then cooled to room
temperature by sparging with N,:CO; (80:20, vol/vol) gas mix
for 30 min to remove any dissolved oxygen and was then
autoclaved. The MFC anodes were transferred to individual
MECs after three cycles of reproducible voltage (500 mV,
over a 1 KQ external resistor). Similar growth medium with
different concentrations (0.5 g COD/L or 4 g COD/L) of
propionate or acetate was used during MFC and MEC mode
of operation. The duration of operation in MFC mode for the
low concentration reactors (0.5 g COD/L) was ~ 8-15 days,
and ~ 20-35 days for high concentration reactors (4 g
COD/L).

A fixed voltage of 0.7 V was applied to the MECs using
a power source (3645A, Array, Inc.). A total of eight MECs
were operated in a parallel. Four MECs were fed only with
acetate (referred to as A-reactors), and another four MECs were
fed only with propionate (referred to as P-reactors). One set
of duplicate MECs were operated with a low concentration
of propionate (0.5 g COD/L, referred to as PL-reactors),
a second set of duplicate MECs were operated with high
propionate concentration (4 g COD/L, referred to as PH-
reactors), a third set of duplicate MECs were operated with
a low concentration of acetate (0.5 g COD/L, referred to
as AlL-reactors) and a fourth set of duplicate MECs were
operated with high acetate concentration (4 g COD/L, referred
to as AH-reactors). All reactor types (i.e., PL, PH, AL, and
AH) were operated in a fed-batch mode in a temperature
controlled room (30°C). When the current dropped to below
0.3 mA (PL ~36 h/cycle; PH ~4-5 days/cycle; AL ~26 h/cycle;
AH ~4-5 days/cycle), the reactor solution was replaced with
fresh medium and sparged with nitrogen gas (99.999%). The
same growth medium was used in the anodic and cathodic
compartments; however, propionate and acetate were only added
to the anode medium.

Analyzes and Calculations

The current in the circuit was determined at 20 min intervals
by measuring the voltage across a resistor (10 Q) in the
circuit using a data acquisition system (Model 2700; Keithley
Instruments Inc.). The current density, I (A/m?) was calculated
based on the projected cathode surface area. The concentrations
of propionate and acetate were analyzed by high-performance
liquid chromatograph (HPLC) (Thermo Scientific, Accela,
United States) equipped with a photo-diode array (210 nm)
and an ultraviolet detector. An Aminex HPX-87H column
(Bio-Rad Laboratories, Hercules, CA, United States) was used
to separate the VFAs. Sulfuric acid (5 mM) was used as
the mobile phase at a flow rate of 650 pwL/min, and the
pressure was maintained at 9650 kPa. The total elution time
was 30 min, and each sample was measured in triplicate, and

the average concentrations were reported (Lee et al., 2009).
The performance of the MECs was evaluated by the current
density of the reactor, I (A/m?); CE (%); substrate (propionate
and acetate) removal (%) as previously described (Hari et al.,
20164a,b).

16S rRNA Gene Sequencing

Over the course of the experiments, samples for microbial
community analysis were periodically collected at different
time periods (AL/PL: 0, 10, 30, 50, and 70 days; AH/PH:
0, 15/20, 35, and 70 days) from the anode and suspension
of each reactor. Both biofilm and suspension samples were
collected in an anaerobic glove box (Coy Laboratory Products
Inc.), which was maintained under oxygen free environment.
Day 0 for the anode samples represents the MFC anode
that was transferred to individual MECs after three cycles of
reproducible voltage (500 mV, over a 1 KQ external resistor).
The anode samples were collected by cutting about half of
one round of the anode fibers using flame sterilized scissors.
The graphite fiber brush anodes used in this study contained
ten rounds of fiber brush (Supplementary Figure S1). At the
end of the experiment, around ~20% (four sampling events
for high substrate concentrations) to 25% (five sampling
event for low substrate concentrations) of the total brush
surface area have been sampled for microbial analysis. The
suspension samples (5 mL) were collected by pipetting
into a sterile centrifuge tube followed by centrifugation
at 10,000 x g for 8 min. The supernatant was decanted
and the pellet was stored at —80°C for further analyses.
Genomic DNA was extracted using the PowerSoil DNA
extraction kit (MO BIO Laboratories, Inc.,, Carlsbad, CA,
United States) following the manufacturer’s instructions. The
quality (A260/A280) and quantity (A260) of the extracted
genomic DNA was determined using a NanoDrop 1000
spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
United States).

Triplicate PCR reactions were performed for each sample
in a 25 pL reaction volume using the HotStarTaq Plus Master
Mix (Qiagen, Valencia, CA, United States) containing Hot
Start Taq DNA polymerase (5 units/pl), 400 wM of each
dNTP, 10x PCR buffer containing 3 mM MgCl,, 0.5 uM
of each primer, and 100-200 ng of template DNA. The
Bacterial (V3-V4 region) and archaeal (V3-V6 region) 16S
rRNA genes were amplified using domain specific primer
sets (Klindworth et al., 2012): 341F (5'-Lib-L/A-Key-Barcode-
CA Linker-CCTACGGGNGGCWGCAG-3') and 785R (5'-Lib-
L/A-Key-TC Linker-GACTACHVGGGTATCTAATCC-3') for
the domain Bacteria; and 519F (5'-Lib-L/A-Key-Barcode-
CA Linker- CAGCMGCCGCGGTAA-3') and 1041R (5'-Lib-
L/A-Key-TC Linker-GGCCATGCACCWCCTCTC-3) for the
domain Archaea. A unique 8-bp error-correcting barcode was
used to tag each PCR product. PCR was performed using a C1000
Thermal Cycler (Bio-Rad, Hercules, CA, United States). For
bacteria, the PCR conditions were as follows: initial denaturation
at 95°C for 5 min, followed by 27 cycles of denaturation at
94°C for 1 min, annealing at 56°C for 1 min, extension at
72°C for 1 min and a final extension at 72°C for 7 min. For
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archaea, the PCR conditions were as follows: denaturation at
95°C for 5 min, followed by 35 cycles of denaturation at 94°C
for 1 min, annealing at 55°C for 1 min, extension at 72°C for
1 min and a final extension at 72°C for 10 min (Klindworth et al.,
2012).

The triplicate PCR products from each sample were pooled
and then loaded on agarose gel and purified using the Qiaquick
gel extraction Kit (Qiagen, Valencia, CA, United States) according
to the manufacturer’s protocol. The concentration of the PCR
products was measured with a Qubit® 2.0 Fluorometer using
the PicoGreen® dsDNA quantitation assay (Invitrogen, Carlsbad,
CA, United States). The purified barcoded amplicons from each
sample were pooled in equimolar concentration and sequenced
on the Roche 454 FLX Titanium genome sequencer (Roche,
Indianapolis, IN, United States) according to manufacturer’s
instructions.

The bacterial and archaeal 16S rRNA sequences were
processed using the Quantitative Insights Into Microbial
Ecology (QIIME v 1.9.0) pipeline (Caporaso et al., 2010b).
Raw reads were first demultiplexed, trimmed and filtered
for quality. The minimum acceptable length was set to
200 bp (Caporaso et al., 2010b). Sequences were clustered into
operational taxonomic units (OTUs) at 97% sequence similarity
using the uclust algorithm (Edgar, 2010). A representative
sequence from each OTU was aligned using PyNAST (Caporaso
et al, 2010a), and these were phylogenetically assigned to
a taxonomic identity using the RDP Naive Bayesian rRNA
classifier at a confidence threshold of 80% (Wang et al,
2007). Chimeric sequences were identified and removed from
the aligned sequences using Chimera Slayer as implemented
in QIIME. Rarified OTU tables were used to generate alpha
and beta diversity metrics by normalizing to the lowest
sequence read (4,100 sequences) between the samples. For alpha
diversity measurements, both non-phylogenetic based metrics
(observed OTUs, Shannon diversity index (H) and Chao 1
richness estimator) and phylogenetic based metric (phylogenetic
diversity (PD_whole)) were calculated with QIIME. Temporal
variation of bacterial community was analyzed by non-metric
multidimensional scale (NMDS) using PRIMER 6 software
(version 6.1.13) and PERMANOVA+ add-on (version 1.0.3).
NMDS ordination was generated based on Bray-Curtis matrix
(beta diversity) in QIIME. Phylogenetic diversity of abundant
bacterial taxa was visualized in a heatmap using PRIMER 7
software.

Statistical Analyses

Statistical methods were used to determine the similarity
in bacterial community structure among samples. Temporal
variation of bacterial community was analyzed by NMDS
which was performed with Bray-Curtis matrix using QIIME
and statistical software PRIMER 6 (version 6.1.13) and
PERMANOVA+ add-on (version 1.0.3). Analysis of similarity
(ANOSIM) was used to determine if the differences among
samples is statistically significant using Bray-Curtis measure
of similarity (QIIME), where the R-value ranges between 0
(complete similarity) to 1 (complete separation). Student’s ¢-test
was performed in Microsoft Excel for all the comparisons.

Nucleotide Sequence Accession

Numbers
The 16S r RNA gene sequencing reads have been deposited
in European Nucleotide Archive under the accession number
PRJEB19042.

RESULTS

Performance of MECs at Low and High
Concentrations of Acetate and

Propionate

A-reactors showed a higher maximum current density
(425 4+ 023 A/m?) than P-reactors (2.7 #+ 0.28 A/m?)
(P < 0.05, Students t-test for all comparisons) irrespective
of the concentrations tested (Figure 1). Also, A-reactors
displayed a short lag time of 5-10 days (Figures 1A,B), whereas,
P-reactors exhibited delayed startup of 10-20 days to reach
maximum current density (Figures 1A,B). High concentration
reactors showed relatively stable current density irrespective of
the substrate tested (Figure 1B), while it was dynamic in the
low concentration reactors (Figure 1A). For instance, in PL
reactors, the maximum current density increased from 1 A/m?
on day 2 to 2.3 A/m? on day 10 followed by a decrease in

I (A/m?)
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FIGURE 1 | Maximum current density profile in duplicate MECs fed with low
and high concentrations of acetate and propionate. (A) MECs fed with low
substrate concentration; (B) MECs fed with high substrate concentration.
Arrows indicate anode biofilm sampling for DNA extraction. Each data point
represents the average (duplicate reactors) of the maximum current density
recorded in each batch test.
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the maximum current density of 1.5 A/m? on day 22. Then
maximum current density of 3.3 A/m? was reached on day 23
and remained steady until day 35 of operation (Figure 1A).
Furthermore, it relatively decreased to 2.2 A/m? in the next
4 days and eventually reached a stable electrical current of
2.5 A/m? until the termination of the experiment on day 70.
Cutting a portion of the anode fibers at each sampling event
caused a decline in electrical current production in the low
concentration reactors irrespective of the substrate tested
(Figure 1A and Supplementary Figures S2A,C). However, high
concentration reactors showed stable performance despite of the
sampling event (Figure 1B and Supplementary Figures S2B,D).
It should be noted that the MECs were operated at a fixed voltage
of 0.7 V and the resulting anode potential was —0.23 4= 0.09 V vs.
SHE (P-reactors) and ~ —0.15 &= 0.1 V vs. SHE (A-reactors).

The average CE (%) for the whole period (i.e., 70 days) of
operation of the MECs was: AL (96.7 = 9%), AH (93 + 5%),
PL (73 £ 9%), and PH (63 £ 8%) (Figure 2). The A-reactors
yielded higher CE (95 & 8%) than the P-reactors (68 £ 9.5%)
(P < 0.05). Particularly, the CE of few batches of A-reactors
were >100% (Figure 2). Furthermore, the CE in the A-reactors
was more stable in comparison to the P-reactors (Figure 2).
Irrespective of the substrate tested, low concentration reactors
(AL/PL: 86 £ 10%) produced a relatively higher CE than the
high concentration reactors (AH/PH: 78 £ 7.5%) (P < 0.05)
(Figure 2).
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FIGURE 2 | Coulombic efficiency (CE) in duplicate MECs fed with low and
high concentrations of acetate or propionate. (A) MECs fed with low acetate
concentration (AL); (B) MECs fed with high acetate concentration (AH);
(A) MECs fed with low propionate concentration (PL); (B) MECs fed with high
propionate concentration (PH). The values correspond to the average of the
duplicate reactors. Each data point represents the average (duplicate
reactors) of the CE recorded in each batch test.
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FIGURE 3 | Substrate removal trend in duplicate MECs fed with low and high
concentrations of acetate and propionate. (A) MECs fed with low acetate
concentration (AL); (B) MECs fed with high acetate concentration (AH);
(A) MECs fed with low propionate concentration (PL); (B) MECs fed with high
propionate high (PH). Each data point represents the average (duplicate
reactors) of substrate removal recorded in each batch test.

Substrate removal was nearly complete in A-reactors
(98.8 £ 1.2%) with no significant difference between AL and AH-
reactors (P > 0.2) (Figures 3A,B), whereas, variable percentage
of substrate removal was noticed in P-reactors (PL: 93 + 8.6;
PH: 75 + 14) (Figures 3A,B). The substrate removal rates (g
COD)/L/Day were, for AL (0.33 £ 0.05), AH (0.90 £ 0.14), PL
(0.27 £ 0.06), and PH (0.46 £ 0.05) reactors. Also, the pH of
the medium was 7.6 £ 0.5 in A- and P-reactors at the end of
fed-batch cycle.

The error bars in Figure 2 were relatively bigger than
Figures 1, 3 because several data points (every 20 min of
batch time) from each batch test were used to calculate
the CE, whereas one data point was used to determine the
maximum current density and substrate removal for each batch
cycle.

Microbial Community Analysis

16S rRNA gene sequencing was used to characterize the
bacterial and archaeal communities of anode and suspension
samples from duplicate MEC reactors (AL, AH, PL, and PH).
A total of 1,066,983 (bacteria) and 503,327 (archaea) high
quality reads (average length of ~400 bp) were obtained after
denoising, quality filtering, and removal of chimeric sequences.
For downstream analysis, OTUs with 97% sequence identity
threshold were used.
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Bacterial Community Diversity

For alpha diversity measures, we subsampled the dataset to an
even depth of 4,100 sequences across the samples to remove
inherent heterogeneity of sampling depth. This number was
chosen, as it corresponds to the lowest number of sequence reads
detected. The diversity values across the anode and suspension
samples of A- and P-reactors ranged as follows: observed OTUs
(74-1225), Chao 1 (216-3465), Shannon diversity index (H; 2.2-
6.9), and phylogenetic diversity (PD; 12-79) (Tables 1, 2). The
bacterial diversity was higher in the anode and suspension

of P-reactors than A-reactors based on observed OTUs, Chao
1, PD and H (Tables 1, 2). Also, the high concentration-
fed reactors (AH/PH) revealed a higher diversity than low
concentration-fed reactors (AL/PL) (Tables 1, 2). Time series
analysis of A-reactors indicated that bacterial diversity of anode
and suspension samples was higher on day 0 (i.e., MFC mode of
operation) and considerably reduced at the end of the experiment
(i.e., day 70) (Table 1). Likewise, the P-reactors, particularly, PH-
reactors showed a similar trend on day 0 (anode and suspension),
and relatively decreased at the end of the experiment (Table 2).

TABLE 1 | Measures of alpha diversity of bacterial phylotypes in acetate reactors.

Sample Chao1 Observed OTUs PD index Shannon diversity index
A AL O 808 + 100 238 +£ 12 29+1.7 5.3+ 0.12
A_AL_10 216 + 71 74+ 4 124+0.8 2.18 +£0.08
A_AL_30 262 +£ 73 79+6 12+0.8 2.39 £ 0.08
A _AL_50 223+ 74 85+8 13+0.8 2.82 +£0.07
A_AL_70 274 + 41 119+ 4 17 £0.8 5.05 £ 0.05
S_AL_O 547 £ 72 213+ 9 26+1.2 5.64 + 0.09
S_AL_10 274 + 56 9B +4 12+0.38 3.69 £ 0.06
S_AL_30 271 4+ 80 102+ 8 13+ 1 3.88 +0.07
S_AL_50 298 + 88 107 £ 6 16 £1 4.39 4+ 0.09
S_AL_70 128 +9 85+ 1 12 £ 0.1 4.33 £ 0.01
A_AH_O 906 + 169 244 + 15 30+ 1.6 5.54 + 0.11
A_AH_15 745 +£ 125 217 £10 24 +£16 4,99 + 0.10
A_AH_35 404 + 83 159 +7 21+09 4.9 +0.09
A_AH_70 559 + 81 188 £ 8 21 £ 1.1 4,78 +0.07
S_AH_O 628 4+ 107 2254+ 9 27 £1.4 5.63 £+ 0.06
S_AH_15 765 + 126 235+ 8 26 +£1.2 5.54 £ 0.07
S_AH_35 551 + 109 191 +£8 22 +0.7 5.74 £ 0.05
S_AH_70 435 4+ 28 181 +5 18 +05 4.51 4+ 0.06
A, anode; S, suspension.

TABLE 2 | Measures of alpha diversity of bacterial phylotypes in propionate reactors.

Sample Chao1 Observed OTUs PD index Shannon diversity index
APLO 1948 + 125 560 + 20 46 £ 2 6.03 £ 0.07
A PL_10 1364 + 225 385+ 12 33+2 4.92 +£0.11
A_PL_30 1062 + 122 341 + 11 30+ 1 418 £ 0.07
A_PL_50 1370 + 82 399 + 4 34 +05 5.08 £ 0.02
A PL 70 1820 + 121 543 +7 44 £ 0.7 6.4 +0.02
S PLO 2511 £ 347 641 + 10 51+2 6.8 + 0.04
S_PL_10 1467 + 100 446 + 6 38+0.7 5.9 + 0.09
S_PL 30 1046 + 131 365+ 10 31 +£1 4.74 +£0.06
S_PL_50 1664 + 24 568 + 1 44 +0.05 6.79 £ 0.004
S_PL_70 1969 + 252 524 +£ 15 45+2 6.12 £0.14
A PHO 3465 + 265 1225 £ 14 75+2 6.5+ 0.04
A_PH_20 2858 + 172 1051 £ 18 65 + 1 6.2 + 0.06
A_PH_35 2415 + 190 887 +£ 15 57 £ 0.8 5.5+ 0.04
A PH_70 2395 + 227 899 + 18 58+ 1.5 5.6 +0.04
S_PH_O 2496 + 117 1065 + 15 65 + 1 6.84 + 0.07
S_PH_20 2885 + 14 1032 + 1 62 + 0.03 6.26 + 0.04
S_PH_35 2029 + 110 899 + 23 54 +2 6.81 £0.04
S_PH_70 1607 + 171 625 + 15 41 +£1 4.42 +£0.02

A, anode; S, suspension.
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In contrast, PL-reactors (anode and suspension) revealed that the
bacterial diversity was higher on day 0 and significantly reduced
with time until day 50 (P < 0.05), followed by an increase in
diversity on day 70 (Table 1). No clear trend could be observed for
propionate-fed MECs when comparing alpha diversity between
anode and suspension samples. For example, in PL reactors, the
diversity of suspension samples was higher than anode samples,
whereas in PH MECs diversity was higher in the anode than
suspension samples for all the sampling periods (Table 2). In
contrast, a clear trend in diversity was observed in AL and AH
reactors, where diversity was higher in suspension than anode
samples for all the sampling periods except day 70 (Table 1).

Bacterial Community Structure

Non-metric multidimensional scaling analysis based on Bray-
Curtis revealed that all the samples (anode and suspension)
had a gradual succession away from the initial conditions
and a relatively similar pattern of succession was observed
between low and high concentration-fed reactors (Figure 4).
However, the development and succession paths of anodic
bacterial communities were different between A- and P-reactors
(Figure 4). For example, A-reactors showed that all the anodes
(AL: 10, 30, 50, and 70 days; AH: 15, 35, and 70 days) were
clustered together and distantly away from the initial anode
samples (0 days) (Figures 5A,B). In contrast, P-reactors showed
that the anode samples (PL: 10, 30, and 50; PH: 20 and 35 days)
were clustered together and away from the anode sample at day
70 (Figures 4C,D). Also, NMDS results showed that the temporal

variation in the bacterial community structure was higher for the
suspension samples (A- and P- reactors) than the anode samples
as can be seen by their wider distribution in the ordination
plot (Figure 4). Temporal variation in the microbial community
structure within the suspension samples (different sampling
points) was significant (p = 0.0001, R = 0.6357) as confirmed
by ANOSIM. Whereas, lower temporal variation was obtained
in the microbial community structure within biofilm samples
(p = 0.003, R = 0.2243). Statistically significant difference
between the anode and suspension microbial community
structure was found using ANOSIM (p = 0.0001, R = 0.7283).

Bacterial Community Composition and Dynamics

A heatmap was generated to represent the various phylotypes
identified from the A- and P-reactors down to the lowest
classification level possible (class, order, family, or genus)
(Figure 5 and Supplementary Tables S1-S4). Highly abundant
phylotypes belonging to the different detected bacterial classes are
discussed below:

Deltaproteobacteria

Four phylotypes belonging to the class Deltaproteobacteria
were relatively abundant in the A- and P-reactors (Figure 5
and Supplementary Tables S1-S4). Among Deltaproteobacteria,
Geobacter was highly dominant over time (10 to 70 days) in
the anode of A- and P-reactors (Figure 5A,C). Geobacter was
detected in very low fraction (<1%) in the A-reactors at day
0. However, it become highly dominant (AL: 52 + 13%; AH:
49 £ 4%) over time (10 to 70 days) (Figure 5A). The relative
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abundance of Geobacter in the anode of P-reactors was different
between low and high concentration-fed reactors (Figure 5C).
For example, its relative abundance was 1.4 £ 0.5% at day 0 of
PL-reactors, and it significantly increased to reach 70 & 3.4%
between days 10 and 50 days followed by a significant decrease
to 39 £ 2.3% (P < 0.05) on day 70 (Figure 5C). In contrast,
PH-reactors revealed that the relative abundance of Geobacter
was dynamic over time (Figure 5C). For instance, the relative
abundance of Geobacter was 11.5 £ 1.8% on day 0 and increased
to 48.7 & 6.1% on day 20 (Figure 5C). Following operation at day
35, the relative abundance of Geobacter was drastically reduced
to 23.3 + 2.7%, but it increased again to reach 41.9 £+ 6.2%
on day 70. The higher abundance of Geobacter at day 0 in the
PH reactors was due to the relatively longer period of operation
(35 days) compared to AL (8 days), AH (20 days), and PL
(15 days) reactors. Collectively, the above results show that
electrochemical selection of Geobacter significantly enhanced in
MEC mode of operation as evidenced by the significant increase
in their relative abundance after day 0 (Supplementary Tables
S1-S4). The suspensions of A- and P-reactors revealed that the
relative abundance of Geobacter was dynamic over time (3-45%)

(Figures 5B,D). Desulfovibrio was relatively identified in all the
samples of A- and P-reactors (1-14%) (Figure 5). Pelobacteraceae
was relatively more abundant in the anode of A-reactors (1-23%)
than P-reactors (2-11%). Desulfuromonadales was present during
the early stages of A- and P-reactors (1-5%) (Figure 5).

Clostridia

Seven phylotypes belonging to the class Clostridia were frequently
observed in all the samples of A- and P-reactors (Figure 5).
Copothermobacter was highly abundant in A-reactors than
P-reactors (Figure 5). Specifically, it was abundant during
earlier stages of reactor operation (between day 0 and 20) (A-
reactors: 45 & 11%; P-reactors: 22 & 3.5%) and was significantly
reduced during later stages of reactor operation (days 50 and
70) (A-reactors: 7.7 & 5%; P-reactors: 2.5 £+ 1.7%) (P < 0.05)
(Figures 5A,). Sedimentibacter was relatively abundant over time
in the P-reactors (1-14%) than A-reactors (2-7%). Particularly,
it was more prevalent in the suspension than the anode of A-
and P-reactors. Sohengenia was present in the anode of A-reactors
over time (1-6%), and it was present only during the early
stages of operation in the P-reactors (1-9%). Syntrophomonas was
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present only in the anode of PH-reactors (2%). Desulfosporomusa
was observed only in the suspension. Specifically, it was more
prevalent in the A- reactors (1-8%) than P-reactors (1-4%)
(Figure 5).

Synergistia

Two different phylotypes (Dethiosulfovibrionaceae and
Synergistaceae) belonging to the class Synergistia were
consistently observed in the A- and P-reactors over time
(Figure 5). Specifically, Dethiosulfovibrionaceae was dominant
throughout the operation of the P-reactors (anode and
suspension) than A-reactors (Figures 5C,D). In addition,
Synergistaceae was found to be dominant in the suspension than
the anode of A- and P-reactors (Figures 5B,D).

Betaproteobacteria

Four different phylotypes belonging to the class
Betaproteobacteria were observed in the samples of A- and
P-reactors (Figure 5). Dechloromonas was considerably
abundant in the suspension of P-reactors over time (2-
41%). Rhodocyclaceae was relatively abundant (3-19%) in the
suspension of AH-reactors over time (Figure 5B).

Gammaproteobacteria

Three different phylotypes (Pseudomonas, Pseudomonadaceae,
and Shewanella) belonging to the class Gammaproteobacteria
were observed in the A- and P-reactors (Figure 5). Specifically,
Pseudomonas and Pseudomonadaceae were relatively dominant
over time in the A-reactors than the P-reactors (Figure 5).
Shewanella was noticed as a minor fraction in the A-
and P-reactors (Figure 5). However, it was more prevalent
(29 £ 2.5%) in the suspension of PL-reactors on day 70
(Figure 5D).

Bacteroidia

Four different phylotypes of the class Bacteroidia (Dysgonomonas,
Bacteroidales, Porphyromonadaceae, and Parabacteroides) were
noticed in the A- and P-reactors (Figure 5). Porphyromonadaceae
and Bacteroidales were relatively more dominant in the P-reactors
(7 £ 4%) than the A-reactors (3 & 0.4%) (Figure 5), particularly
it was more prevalent in the suspension than the anode of the
P-reactors (Figure 5D). Parabacteroides was present only in the
suspension of A-reactors (Figure 5B).

Anaerolineae

Only one phylotype of the class Anaerolineae namely
Anaerolinaceae was observed in the A- and P-reactors (Figure 5).
It was more abundant (3-16%) in the P-reactors than the
A-reactors. Specifically, it was more dominant in the anode than
the suspension of P-reactors (Figures 5C,D).

Archaeal Community Composition and Dynamics

Archaeal 16S rRNA gene sequences revealed the dominance
of Methanobacteriaceae (74.5 =+ 13%) (hydrogenotrophic
methanogens) in all the samples (anode and suspension) of
A- and P-reactors (Supplementary Figure S3). Particularly, the
most abundant genera was Methanobacterium in all the samples
of A-reactors (65 £ 13%) (Supplementary Figures S3A,B)
and the anode of P-reactors (57 £ 15%) (Supplementary

Figure S3C). Whereas, Methanobrevibacter was more abundant
in the suspension of P-reactors (61 £ 12%) (Supplementary
Figure S3D).

Temporal analysis of archaeal 16S rRNA gene sequences of
A-reactors revealed the predominance of Methanobacterium
(65 £ 13%) over time followed by Methanobrevibacter (10 & 6%),
Thermoplasmata (WCHD3-02) and Crenarchaeota (MCG)
(excluding days 0 and 10 of AL-reactor samples which failed
to amplify) (Supplementary Figures S3A,B). Also, A-reactors
contained a minor fraction of unclassified Methanobacteriaceae,
Methanospirillum, Methanosarcina, and Methanosaeta. In
contrast, temporal analysis of the archaeal community of
P-reactors displayed that the anodes were dominated by
the hydrogenotrophic methanogens, Methanobacterium (PL:
51 & 12%: PH: 64 £ 18%) followed by acetoclastic methanogens,
Methanosaeta (PL: 10 £ 6%: PH: 14 + 4%) (Supplementary
Figure S3C). In addition, other sub-dominant communities
were observed namely unclassified Methanobacteriaceae,
Methanobrevibacter, Methanospirillum, Methanosarcina, and
Thermoplasmata  (WCHD3-02).  Methanobrevibacter ~ (PL:
64 £ 15%; PH: 60 + 14%) was dominant in the suspension
samples of P-reactors followed by Methanobacterium (PL:
12 + 8%: PH: 25 £ 15%) (Supplementary Figure S3D).

DISCUSSION

The results gathered in this study demonstrated that A-reactors
produced greater performance than the P-reactors in terms of
current density, CE, and substrate removal efficiency regardless
of the concentrations tested (Figures 1-3). Acetate in the
A-reactors can be directly consumed by Geobacter for electricity
generation, whereas, in the P-reactors, electricity generation
requires microbial partnership between propionate degraders
and intermediate consumers (e.g., Geobacter) resulting in more
loss of electrons to various other competing electron sinks
[biomass synthesis and production of soluble microbial products
(SMPs)] as previously described (Lee et al., 2008; Ishii et al., 2014;
Vanwonterghem et al.,, 2014; Hari et al., 2016a,b). In addition,
A-reactors produced CEs greater than 100% in some of the
batches (Figures 2A,B) possibly due to (1) Hj cycling from
the cathode to the anode (Lee et al., 2009; Siegert et al., 2014;
Zhu et al., 2014); (2) oxidation of intracellular biopolymers such
as polyhydroxyalkanoates (Koch et al., 2014); or (3) utilization
of stored energy in the cells (Siegert et al., 2014). In general,
high concentration reactors (AH/PH) exhibited lower reactor
performance in terms of maximum current density and CE
(Figures 1, 2) than the low concentration reactors (AL/PL),
possibly due to loss of electrons to other competing electron sinks
as described previously (Hari et al., 2016a,b). Nevertheless, high
concentration reactors (AH/PH) showed stable (reproducible)
performance, despite repeated disturbance of the anode biofilm
over time for sampling. The effect of disturbance caused by
frequent sampling was more pronounced in AL and PL reactors
where reduction in current density was observed followed
by recovery to maximum current density in a short period
(Figure 1 and Supplementary Figure S2). This suggests the
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FIGURE 6 | A schematic describing the potential key members in the community and their interaction in the anode of MECs fed with acetate (A) or propionate (B).
This schematic was developed based on the available information from the literature on the microbial communities. Members of Geobacter, Shewanella (Luo et al.,
2017), Desulfovibrio and Pseudomonadaceae spp. are known to use the anode as their electron acceptor (Koch and Harnisch, 2016). The presence of complex
carbohydrates and proteins in the extracellular polymeric substances (EPS) and/or endogenous decay of dead cells in the anodic biofilm matrix can act as a source
of substrate for various hydrolytic/fermentative bacterial communities, like Anaerolinaceae, Sedimentibacter, Dethiosulfovibrionaceae, and Coprothermobacter. This
process might lead to the production of unknown metabolic intermediates (e.g., acetate, propionate, formate, lactate, Ho, etc.), and these intermediates can act as
an electron and carbon source for the growth of other microbial communities (fermenters and exoelectrogens). For example, members of Coprothermobacter spp.
were found to have strong intracellular and extracellular protease activity capable of protein and peptide degradation. Additionally, they were identified in anaerobic
systems as important hydrogen producers (Tandishabo et al., 2012). Development of mixed populations of species belonging to Firmicutes, Synergistetes,
Coprothermobacteria, and Anaerolineae were observed in microbial fuel cell (MFC) fed with acetate (Fu et al., 2013) and of root exudate-driven MFCs (Cabezas

et al., 2015). Members of Clostridia, Synergistia, and Anaerolineae were reported to be propionate oxidizers and were abundant in propionate and acetate fed
MECs, propionate enriched soils, and anaerobic digester sludge (Chauhan et al., 2004; Kragelund et al., 2007; Yamada et al., 2007; Ito et al., 2011; Lesnik and Liu,

2014; Ruiz et al., 2014; Cabezas et al., 2015).

self-optimization of MECs for attaining stable (reproducible)
performance after disturbance.

Regardless of the substrate and concentrations tested, the
anodic microbial community structure between duplicate MEC
reactors was similar at each sampling event (Figure 4). During
MEC mode of operations, a relatively similar anodic bacterial
community structure was observed in the A-reactors over
time regardless of the concentration tested, whereas in the
P-reactors the bacterial communities at day 70 were clustered
separately from the remainder of the samples (Figure 4). The
succession observed in the anode of A- and P-reactors where
dominance of Copothermobacter and Anaerolinaceae on day
0 (MFC mode of operation) was replaced by Geobacter on
day 10, and the eventual dominance of Geobacter over time
(days 10 to 70) (Figure 5) suggests that operation in MEC
mode not only influenced the dominance of Geobacter but
also decreased the bacterial diversity over time (10-70 days)
(Tables 1, 2) (Kiely et al., 2011; Lu et al, 2012a). It should
be noted that the dominance of Geobacter was also observed
on the anode of MECs fed with domestic wastewater (Heidrich
et al, 2014). At the end of MEC operation (day 70), AL
and PL reactors showed a decrease in the relative abundance
of Geobacter, but it remained the predominant community,
accompanied by an increase in the relative abundance of several
phylotypes (e.g., Desulfovibrio and Pseudomonas in AL reactors
and Dethiosulfovibrionaceae, Synergistaceae, and Anaerolinaceae
in PL reactors) (Figures 5A,C), however, the current density

remained stable (Figure 1). An earlier study on pilot scale
MEC treating domestic wastewater showed in addition to the
Geobacter, the dominance of the hydrolytic microorganism
Synergistia (Dethiosulfovibrionaceae), which likely resulted in
more positive impact on the reactor performance (Heidrich et al.,
2014). Anaerolineae was found as a predominant group in the
electrode of integrated MEC-Anaerobic digestion system (Liu
et al., 2016) and was also detected as a dominant organism in
the anode of MFCs fed with the root exudates of rice field soil
(Cabezas et al., 2015), suggesting that it likely played a role as an
exoelectrogen and/or fermenter; however, its role in this study
is unclear. In the case of the PH-reactors, a stable trend in the
maximum current density with each cycle was observed despite
varying microbial community structure over a time (days 20-70)
(Figure 5C). These results suggest that functional stability was
maintained despite changes in community structure. Previous
studies reported that the anodic microbial communities in MFCs
are flexible and can self-select and self-optimize to maintain
functional stability (Ishii et al., 2012; Koch et al., 2014). In the
current study, the predominance of Geobacter on the anode
over time (Figures 5A,C) was essential for maintaining relatively
stable current density pattern (Figure 1) of MECs fed with low
or high concentrations of acetate or propionate. This suggests
that the presence of members of the genus Geobacter on the
anode is likely essential for successful implementation of MECs
for full-scale anaerobic treatment of low and high strength
wastewater.
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Although, the current study was not designed to test spatial
variation in microbial community structure, we cannot rule out
that some of the variations observed in the microbial community
structure over time could be due to spatial variation (i.e., different
sampling positions). Nevertheless, previous studies reported
no spatial variation in the microbial community structure on
both planar and volumetric electrodes. For example, Vargas
et al. (2013) showed that the anodic microbial community at
different locations on planar (carbon cloth) and volumetric
anodes (fiber brush anodes) was homogenous based on 16S rRNA
gene sequencing. The anode fiber brush used in the current
study was similar to the one used by Vargas et al. (2013).
Dennis et al. (2013) specifically designed a reactor setup to
address if changes in microbial diversity observed over time
in a bioelectrochemical system can be related to community
development rather than spatial variation within the reactor.
Their 16S rRNA genes sequencing results revealed no spatial
variation in the diversity of microbial communities associated
with different planar electrodes within a single time point.
Using fluorescence in situ hybridization (FISH), Kiely et al.
(2011) showed that Geobacter sulfurreducens was homogenously
dispersed on the anode fibers of a potato wastewater fed MECs.

In addition, the microbial community composition and
structure was compared between the anode biofilm and
suspension samples. The bacterial community structure in the
suspension of A- and P-reactors was highly dynamic compared
to the biofilm samples as revealed by NMDS (Figure 4)
and ANOSIM. However, similar bacterial composition was
observed between the anode and suspension samples, where
the dominant members on the anode were also present in
suspension (Supplementary Tables S1-S4). This similarity in
bacterial composition between the biofilm and suspension
samples could be due to biofilm detachment. This was supported
by the presence of high abundance of Geobacter (3-45%) in the
suspension samples (Figures 5B,D and Supplementary Tables S2,
S4). It is well known that members of the genus Geobacter are
strongly associated with the anode, and their presence in solution
was due to biofilm detachment. It should be noted, that at the
end of each batch cycle the anolyte solution was emptied and
replaced with fresh autoclaved solution, and current generation
was immediately observed for both acetate- and propionate-
fed MECs. Taken together, these results suggest that the main
microbial functions (exoelectrogenesis and fermentation) were
taking place at the anode and the slight turbidity observed in the
anolyte solution of the acetate- and propionate-fed reactors was
possibly due to biofilm detachment.

Analysis of 16S rRNA gene pyrosequencing data revealed that
the classical propionate degraders such as Syntrophobacter spp.,
Smithella spp., and Pelotomaculum spp. that are typically present
in methanogenic systems were not detected on the anode and
suspension in the current study. It is possible that the conditions
in the anode chamber favored the presence of other propionate
degraders. In the current study, P-reactors were dominated
by diverse phylotypes belonging to Clostridia, Synergistia, and
Anaerolineae (Figures 5B,D). Members of these classes were
reported to be propionate oxidizers and were abundant in
propionate and acetate fed MECs, propionate enriched soils, and

anaerobic digester sludge (Chauhan et al., 2004; Kragelund et al.,
2007; Yamada et al., 2007; Ito et al., 2011; Lesnik and Liu, 2014;
Ruiz et al., 2014; Cabezas et al., 2015). A schematic diagram based
on 165 rRNA gene sequencing data was generated describing the
potential key members in the community and their interaction
in the anode of MECs fed with acetate or propionate (Figure 6).
It should be noted that in-depth community analysis using 16S
rRNA gene pyrosequencing allows for speculation about possible
interactions between different members in the community when
utilizing an organic substrate (Aracic et al., 2014). However,
it does not provide information on the metabolically active
members in the community. Alternatively, stable isotope probing
(SIP) with labeled propionate combined with 16S rRNA gene
sequencing should be used in future studies to provide a better
insight into the carbon flow during propionate oxidation and to
allow the identification of metabolically active members in the
community (i.e., linking phylogeny to function) that are involved
in propionate oxidation (Dumont and Murrell, 2005). Also,
additional insights into the physiology of electrode communities
can be obtained using metatranscriptomics (Ishii et al., 2013;
Aracic et al.,, 2014).

In terms of substrate removal, AL, AH, and PL showed
nearly complete removal of substrate (97 + 2%), whereas
substrate removal was 75 £ 14% in the PH-reactors (Figure 3B).
In methanogenic systems, propionate oxidation is highly
endergonic (472 kJ/mole) and performed by syntrophic
consortia of microorganisms (Stams and Plugge, 2009). In such
environments, acetogenic bacteria oxidize propionate to acetate
and hydrogen (or formate), which are then utilized by acetoclastic
(acetate) and hydrogenotrophic methanogens (H, or formate)
to produce CHy or CO; (Boone and Xun, 1987). In general,
accumulation of high concentrations of propionate (>20 mM)
is detrimental to AD processes (Pullammanappallil et al., 2001;
Gallert and Winter, 2008; Ma et al., 2009). In MECs, complete
removal of propionate at elevated substrate concentration
(36 mM) requires microbial partnership between fermenters,
hydrogenotrophic methanogens and Geobacter (Hari et al,
2016b). Both Geobacter and hydrogenotrophic methanogens
consumed the intermediates (acetate, H,, and formate) generated
by fermenters, and kept their concentrations low resulting in
more energetically favorable fermentation, and hence complete
removal of propionate (Hari et al., 2016b). In the current study,
the incomplete degradation of propionate in PH reactors was
possibly due to lack of hydrogenotrophic methanogenesis, which
was not a major sink (data not shown) of electrons. The lack
of methanogenesis in the current study was possibly due to
the fact that the MEC anodes were initially enriched in single
chamber air-cathode MFCs, where oxygen intrusion through
the cathode might have affected the growth of methanogens. In
another study, we operated the P-reactors under MEC (oxygen
free environment) mode from the start of the experiment, and
this provided a suitable environment for the enrichment of
hydrogenotrophic methanogens resulting in methane being an
important sink (Hari et al., 2016b).

While the use of an applied voltage in the current study was
useful for understanding the temporal dynamics of microbial
communities in connection to reactor performance in MECs fed
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with low or high concentrations of acetate or propionate, the
anode potentials in the reactors were not controlled. However,
at all tested conditions the variation in the anode potential was
low (~ —0.15 £ 0.1 V to —0.23 £ 0.09 V vs. SHE) resulting in
relatively similar anodic microbial community composition but
with varying relative abundance. It is known that operating MECs
as set anode potential (SAP) can influence the anodic microbial
community structure (Torres et al., 2009; Hari et al., 2016b). For
example, in propionate-fed MECs higher microbial diversity was
observed at more positive SAP (0.25 V vs. SHE) than lower SAPs
(0 V and —0.25 V). Also, similar dominant genera (Geobacter,
Smithella, and Syntrophobacter) were observed on the anode of
all tested SAPs, but their relative abundance varied depending on
SAP (Hari et al., 2016b). Similarly, in acetate fed-MECs higher
phylogenetic diversity was observed on the anode at positive SAP
(0.37 V vs. SHE) than lower SAPs (—0.15, 0.09, and 0.02 V vs.
SHE), which were mainly dominated by G. sulfurreducens (Torres
et al.,, 2009). Taken together, these results suggest that the more
energy available for growth at higher positive SAPs was likely
captured by diverse microorganisms resulting in higher diversity.

In an earlier study, it was shown using a similar MEC setup
and operated under the same conditions that multiple paths of
carbon and electron flow (via acetate/H, or acetate/formate) to
electrical current could occur simultaneously during propionate
oxidation in the anode of MECs regardless of the concentration
tested (Hari et al., 2016a). In methanogenic systems, processing
of substrates through multiple routes in parallel is essential
for maintaining functional stability in response to organic
overloading (Fernandez et al., 2000; Hashsham et al., 2000).
In a similar fashion, this multiple paths of electron flow from
the substrate in the anode of MECs should result in a higher
functional stability of the system. Despite the high concentration
(36 mM) of propionate used in the current study, the removal of
propionate was still high (~75%) in the PH reactors. Therefore,
the anode of MECs could potentially be integrated with existing
AD processes to improve propionate degradation and functional
stability.

CONCLUSION

Our findings indicated that MECs are functionally stable in
performance regardless of the carbon source (acetate and
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