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Abstract Establishing a core microbiome is the first step in
understanding and subsequently optimizing microbial interac-
tions in anodic biofilms of microbial fuel cells (MFCs) for
increased power, efficiency, and decreased start-up times. In
the present study, we used 454 pyrosequencing to demonstrate
that a core anodic community would consistently emerge over
a period of 4 years given similar conditions. The development
and variation across reactor designs of these communities was
also explored. The core members present in all high-power
generating biofilms were Geobacter, Aminiphilus,
Sedimentibacter, Acetoanaerobium, and Spirochaeta, account-
ing for 72+9 % of all genera. Aminiphilus spp., member of the
Synergistetes phylum was present at higher abundances than
previously reported in any other ecological studies. Results
suggest a stable core microbiome in acetate-fed MFCs on both
phylogenetic and functional levels.

Keywords Microbial fuel cell - 454 pyrosequencing - Core
microbiome - Community analysis - Cloth-electrode assembly

Introduction

Microbial electrochemical systems such as microbial fuel cells
(MFCs) are capable of harnessing microbial metabolism to
catalyze redox reactions in electrochemical cells. In MFCs,
the electron transfer to an anodic electrode is linked to the
oxidation of organic substrates (Logan 2008). This release of
electrical energy accompanying the degradation of organic
compounds was first reported in 1911, but recent years have
seen an increased focus on the development of technologies to
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take advantage of this phenomenon for applications in waste-
water treatment and alternative energy generation (Franks and
Nevin 2010; Potter 1911).

Low electrical current outputs have previously limited
commercial applications, yet recent advances have made
MEFC technology increasingly feasible and several scale-up
operations are underway. The highest recorded volumetric
power densities (2.87 kW m ) have been reported recently
utilizing a novel cloth-electrode assembly (CEA) MFC design
(Fan et al. 2012). High-power outputs such as these have
suggested great potential for use of MFC technologies for
practical applications, all made possible by microorganisms
that are exceptionally efficient at converting energy stored in
organic compounds into electricity.

Pure cultures of bacteria such as Geobacter sulfurreducens
have been shown to produce current densities as high as
7.1 A m 2 using an “H-cell” design with solid graphite elec-
trodes though the biocatalytic capacity for power production
in mixed consortia is generally about twice that of pure
cultures of G. sulfurreducens (Ishii et al. 2008; Yi et al.
2009). Mixed species biofilms have been able to generate
current densities of 12.7 and 26.2 A m 2, while also offering
advantages in stability, substrate flexibility, and culture main-
tenance costs (Borole et al. 2011; Fan et al. 2008). Because of
these advantages, mixed communities are often used for
wastewater treatment applications and MFC anodes may be
colonized by a wide variety of microorganisms (Kiely et al.
2011; Logan 2008).

Through the use of techniques such as pyrosequencing of
the variable regions of 16S rRNA genes, MFC anode com-
munities have been found to be diverse yet uneven, oftentimes
dominated by a small percentage of the species present even
when compared to related wastewater treatment systems
(Wang et al. 2012). Well characterized exoelectrogens such
as Geobacter spp. are often predominant in acetate-fed MFCs
capable of composing upwards of 60 % of anodic biofilms
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though high-power communities with a low abundance
(14 %) or an absence of Geobacter spp. have been reported
(Borole et al. 2011; Kiely et al. 2010; Malvankar et al. 2012).
These communities present a measure of stability, as anodic
biofilm communities inoculated from different sources have
been reported to converge over a period of 2 months, produc-
ing roughly equivalent power (Yates et al. 2012). In contrast,
biofilms formed from the same inoculum on dissimilar anode
designs (planar carbon cloth anodes vs. volumetric graphite
brush anodes) have displayed differences in community struc-
ture (Vargas et al. 2013). MFC anode community studies have
yet to address the presence and function of many commonly
occurring phylogenies along with the long-term consistency
and stability of these communities (Lee et al. 2010; Yates et al.
2012; Zhang et al. 2012).

In the present study, we analyze the core microbiome of
high-power acetate-fed MFC anodes over a long duration in
order to begin to establish more definite linkages between
reactor performance, design, community composition, stabil-
ity, and consistency with the goal of ultimately optimizing for
increased power/efficiency as well as decreased start-up times.
This was done through comparison of high-power communi-
ties that developed consistently over a period of 4 years in
commonly used single chamber air-cathode (SC) MFC reac-
tors (Liu and Logan 2004). SC-MFC communities were then
compared to those from CEA-MFCs to determine core com-
munity conservation across reactor designs. The effect of
increased oxygen exposure and development of these com-
munities during start-up was also explored.

Materials and methods
Microbial fuel cell design and operation

MFC designs used in this study were SC-MFCs and CEA-
MFCs both previously described (Fan et al. 2012; Liu and
Logan 2004). The original inoculum used to seed the first
MEFC reactors was collected from domestic wastewater
(Corvallis Wastewater Treatment Plant, Corvallis, OR) in
2006 with subsequent cultures from active MFCs fed with
acetate. Communities labeled MFC08, MFC10, and
MFC12 were all from identical 12 ml SCAC-MFCs oper-
ated in batch mode and sampled in 2008, 2010, and 2012,
respectively, after operation for at least 1 month and stable
power outputs of at least 0.8 W m™ 2. Communities labeled
CEAL1 and CEA2 were from CEA-MFC reactors operated
in continuous flow mode for 2 months; the main differ-
ence between the reactors was that the design of CEAI
reactor had one third the liquid volume of CEA2 (30 vs.
90 ml). Media used in all experiments was a Modified
Geobacter Medium (pH 7) that consisted of the following
(per liter): KCI, 0.13 g; NaH,PO4 H,0O, 5.84 g;
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Na,HPO,47H,0, 15.5 g; vitamin, 12.5 mL; and mineral,
12.5 mL solution as previously reported (Fan et al. 2007).
Sodium acetate was used as the electron donor in both CEA
(100 mM) and SC-MFC (60 mM) reactors with concentra-
tions optimized for power generation. High concentrations of
sodium acetate (100 mM) used in continuous flow reactors
resulted in substrate inhibition in batch-mode reactors; there-
fore, concentrations were decreased to 60 mM in SC-MFCs.
Ammonium concentrations were also optimized with
0.31 g 1" of NH,CI used for SC-MFC media and 1.5 g 1!
for CEA reactor media. SC-MFCs were considered stable
once voltages were repeatable over three batches. At this
point, resistances were changed until voltage stabilized and
power densities were calculated. CEA-MFC voltage outputs
generally took a week to stabilize, and maximum power
output was determined using the same procedure.

Effluent from high-power MFCs was used as the inocu-
lum to seed other MFCs, and the development of these
communities was investigated by analyzing total microbial
diversity (combined planktonic effluent and biofilm com-
munities) over 2 weeks. CCom1 represents the total diversity
of a mature, stable, high-power MFC at day 1; the effluent
from which was removed and introduced into a new reactor at
day 0. EffMFC represents the day 0 community. CCom?2 is
the community at the midpoint of development (day 7), and
CCom3 is the reemergence of a stable high-power MFC at
day 14. The community-labeled AirMFC was exposed to
increased oxygen by pumping air into the MFC at
1.0 ml min " for 2 weeks.

Sample collection and DNA extraction

All SC-MFC biofilms samples (MFC08, MFC10, MFC12,
and AirMFC) were collected in the same manner; the 7 cm?
carbon cloth anode was removed, placed in a sterile 50 ml
tube with 10 ml of 100 mM phosphate buffered saline
(PBS), and 5 ml of 2 mm sterile glass beads. Tubes were
then vortexed 5 min to remove the biofilm from the anode.
Subsequently, cells were concentrated by centrifugation.
The CEA-MFC biofilm samples (CEA1 and CEA2) were
collected in a similar manner except a larger 100 cm?
section of the carbon cloth anode was used. For the biofilm
and effluent community samples (CCom1-3), 10 ml of the
effluent was added to the tube instead of PBS. No carbon
cloth anode was used to collect the effluent community
sample (EffMFC); 10 ml of the effluent solution from the
MFC was withdrawn and cells centrifuged. DNA extrac-
tion was performed using a Qiagen Blood and Tissue
DNA extraction kit (Valencia, CA). The quality of the
DNA extraction was checked on an agarose gel which
was further verified through use of spectrophotometer
(NanoDrop, Wilmington, DE, USA).



Appl Microbiol Biotechnol (2014) 98:4187-4196

4189

Amplicon library construction and 454 pyrosequencing

DNA from each community was amplified using a set of
primers developed by the Ribosomal Database Project
(RDP) that targets the hyper-variable V4 region of the 16S
rRNA gene (Cole et al. 2009). The 454 adapter sequence (5'-
3") CCTATCCCCTGTGTGCCTTGGCAGTC was followed
by a 8-bp long multiplex identifier (MID) unique to each
sample and then the forward primer AYTGGGYDTAAA
GNG (Escherichia coliposition 563-577). The reverse primers
were composed of the adapter sequence followed by the reverse
primer sequence, CCGTCAATTCMTTTRAGT (E. coli 907-
924). Twenty-five microliter PCR reaction volumes were used
for optimization followed by 50 pl amplification reactions. A
high-fidelity Taq polymerase (Invitrogen Platinum) was used
with along with MgSO4 (2.5 mM), vendor supplied buffer,
BSA (0.1 mg/ml), dNTPs (250 uM), and primers (1 uM). An
initial 3-min step at 95 °C was followed by 27 cycles of 95 °C
(45 s), 57 °C (45 s), and 72 °C (1 min) with a final 3 min
extension at 72 °C. PCR products were agarose gel purified
(2 % metaphor in TAE) and bands were extracted with a
QIAquick Gel Extraction Kit (Qiagen, Valencia, CA). Gel
extracted material was further purified with a Qiagen PCR
Cleanup kit and AMPure XP magnetic beads. Quantification
of purified PCR product was performed using a Qubit fluorom-
eter (Invitrogen, Carlsbad, CA) and qPCR (ABI PRISM 7500
FAST Detection System). Following quantification, libraries
were pooled into equimolar amounts. Emulsion PCR and
sequencing was performed on a 454 GS Junior
pyrosequencer (Roche, Nutley, NJ, USA) at the Center for
Genome Research and Biocomputing (CGRB), Oregon State
University using titanium reagents and procedures consistent
with protocols for unidirectional amplicon sequencing.

Sequence and statistical analysis

The quality filtering of the pyrosequencing run was performed
using the GS Run Processor (Roche). This process removed
all the low quality and failed reads in addition to trimming all
adaptor sequences. The Newbler assembler (Roche) was then
used to group sequences based on respective MID tags.
Multiple sequence alignments were performed through the
use of MUSCLE with subsequent processing done through
the RDP pyrosequencing pipeline (Cole et al. 2009; Edgar
2004). The aligned high-quality sequences were then taxo-
nomically identified using the RDP Classifier tool at an 80 %
confidence level. Classifier results were then used for analysis
of similarities and differences between samples. Core
microbiome tables (Tables 2 and 3) were generated from a
random sample of 3,000 sequences from each high-power
biofilm samples (MFC08, MFC10, MFC12, CEAI, and
CEA2) which were then merged into their respective design
groups. Subsamples and merged groups were generated

through use of MOTHUR, which was also used for clustering
at a 3 % cutoff value (Schloss et al. 2009). Clustered files were
used to generate rarefaction curves as well as Shannon index,
Chao 1, Simpson index, and Simpson evenness values.
Representative sequences of the largest clusters were selected
from clustered files and entered into the Basic Local
Alignment Search Tool nucleotide database to determine clos-
est sequence matches (Altschul et al. 1990). Principle compo-
nent analysis and P tests were performed using the Unifrac
suite (Hamady et al. 2010).

Data deposition

Metagenomic datasets were deposited in the NCBI sequence
read archive under accession number SRR966001. The
metagenomic project can also be accessed in NCBI under
Genome Project ID 1076179 (accession PRINAS6113, http://
www.ncbi.nlm.nih.gov/bioproject?term=PRINAS56113).

Results
Pyrosequencing

A unidirectional sequencing approach of ten pooled 16S
rRNA gene amplicon libraries yielded a total of 120,000 reads
with 112,000 key pass reads and over 44,000 reads that passed
the 454 software internal quality filters. The number of quality
reads per sample ranged from 2,916 to 10,361 (Table 1) with
an average number of 4,438 reads per sample. While the
number of quality sequences obtained is less than what is
achievable using this system, 3,000 reads are more than suf-
ficient to establish differences and similarities between com-
munities (Kuczynski et al. 2010). Over 90 % of these reads
could be identified on the phylum level with taxonomic as-
signments dropping to 87 % for class, 86 % for order, 83 % for
family, and 73 % for genus.

Consistency and stability of SC-MFCs

All three SC-MFC communities though started years apart
and operated for different periods of time were composed
primarily of the same three phyla; Proteobacteria,
Firmicutes, and Synergistetes. These three phyla compose
94 % (MFCO08), 85 % (MFC10), and 99 % (MFC12) of SC-
MEC biofilms (Fig. 1). Though all three were highly repre-
sented, percentages of each phylum varied between samples.
Proteobacteria made up 19-47 % of the biofilm while
Firmicutes composed 17-57 % of the biofilm. Averaging the
three samples resulted in Proteobacteria, Firmicutes, and
Synergistetes percentages of 33+14, 25+20, and 31+16 %,
respectively, combining to average 92+6 % of the biofilm.
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Table 1 Diversity and richness of MFC anodic communities

Sample name Power (W m™?) No. of reads No. of OTUs Chao-1 Shannon Simpson S. evenness
MFCs MFCO08 0.8-1.1* 3,156 306 674 3.71 0.06 0.05
MEFC10 0.8-1.1* 3,069 459 1,055 4.26 0.03 0.06
MEFC12 0.9 4252 348 701 3.49 0.07 0.04
Total - 10,477 933 1,983 4.41 0.03 0.03
Average 0.9 3,492 371 810 3.82 0.05 0.05
CEAs CEA1l 43 3,699 405 694 3.85 0.05 0.05
CEA2 34 3,722 106 145 2.82 0.10 0.10
Total - 7,421 476 803 3.98 0.03 0.06
Average 3.9 3,711 256 420 3.34 0.07 0.07
Misc. CComl (Day -1) 0.9 4,999 440 849 4.37 0.02 0.09
CCom?2 (Day 7) 0.4 3,214 177 282 3.76 0.03 0.16
CCom3 (Day 14) 0.9 4,996 438 847 423 0.02 0.08
EffMFC (Day 0) - 2916 383 693 4.17 0.03 0.08
Air MFC 0.0 10,361 502 921 4.10 0.03 0.07
Total (All) - 44,384 1,797 3,578 5.22 0.01 0.05
Average (All) - 4,438 356 686 3.88 0.04 0.08

#Range of reported power densities from selected time period

The next most common phyla represented were Bacteroidetes
(6+5 %) and Spirochaetes (2+1 %).

Genera present in SC-MFC anodic biofilms were also
conserved over the period of 4 years between sampling
(Fig. 2). These genera represented 86+5 % of SC-MFC
biofilms and included Geobacter (26+14 %), Aminiphilus
(26+£20 %), Fusibacter (14£16 %), Sedimentibacter (9+
6 %), Acetoanaerobium (6+3 %), and Spirochaeta (4+5 %).
Representative sequences of Geobacter had over 99 % se-
quence identity to a large number of uncultured Geobacter
clones associated with mixed cultures of microbial electro-
chemical systems. Representative sequence of Aminiphilus
had a 100 % sequence identity match to Aminiphilus
circumscriptus strain ILE-2 (NCBI Accession: NR 043061).

100%

All members that were present at over 0.5 % of total reads are
detailed in Table 2.

A few of the numerically dominant genera (Geobacter,
Aminiphilus, and Fusibacter) each had a single time point in
which the relative abundance is significantly increased or
decreased. The MFC12 community had a relative abundance
of Aminiphilus of only 3 % compared to 36 % (MFC08) and
40 % (MFC10) at the other two time points. This decrease of
Aminiphilus was accompanied by a large increase of
Fusibacter. Similarly, a decrease in Geobacter in MFC10
was linked to an increase in Spirochaeta. However, these
differences did not appear to affect power outputs, and com-
parisons of differences in operational taxonomic units (OTUs)
present in each assemblage show no statistical significance

Fig. 1 Relative distribution of = = 7 = [ | = — == | Other
phyla across all high-power . — — M Spirochaetes
MFCs. MFC08, MFC10, and { —] M Bacteroidetes
MFC12 represent communities in £ 75% Synergistetes
SC-MFC reactors from 2008, S W Firmicutes
2010, to 2012, respectively. _§ I | B Proteobacteria
CEA1 and CEA2 represent 3

o . 2 50%
communities in two different =
CEA-MEFC reactors from 2012. g
Air MFC represents a SC-MFC 3
community exposed to increased T 25%
airflow E

0%
(o) »\0 »\'L . A 8 C
N\?OQ \;\?G \;&'O\J&o WO 2l O(/)é;p W P;\x\&?

@ Springer



Appl Microbiol Biotechnol (2014) 98:4187-4196

4191

Fig. 2 Relative distribution of 100%

phyla genera all high-power
MFCs. MFC08, MFC10, and
MFC12 represent communities in
SC-MFC reactors from 2008,
2010, to 2012, respectively.
CEAL1 and CEAZ2 represent
communities in two different
CEA-MFC reactors from 2012.
Air MFC represents a SC-MFC
community exposed to increased
airflow

75%

|
50% I

25%

Relative Distribution of Genera

0%

W\

using both UniFrac distance metrics and P tests (0.05 signif-
icance level).

Conservation of community across reactor designs

Membership between the dominant constituents of each CEA-
MFC community was conserved though there were differ-
ences in relative abundances. The CEA2 community had a
relative phyla abundance of Proteobacteria double that of
CEA1 (51 vs. 25 %). On the other hand, CEA1 had a
Synergistetes relative abundance double that of CEA2 (32
vs. 15 %) (Fig. 1). These differences are also reflected on
the genus level with CEA1 maintaining a reduced abundance
of Geobacter (7 vs. 35 %) and Sedimentibacter (5 vs. 20 %)
populations accompanied by an increase of Aminiphilus (43
vs. 17 %) (Fig. 2). Despite these differences, performance was
not greatly affected as significant power generation was ob-
served for both reactors (4.3 and 3.4 W m ). There was no
significant difference between the two CEA-MFCs using both
Unifrac distance metrics and P tests (0.05 significance level).

Proteobacteria, Firmicutes, Synergistetes, Bacteroidetes,
and Spirochaetes were all present in both SC-MFC and
CEA-MFC communities with comparable relative abun-
dances. Synergistetes populations were slightly increased in
SC-MFCs while higher abundances of Proteobacteria and
Firmicutes were seen in CEA-MFCs. The primary difference
between the communities from the different reactors was the
presence of Halomonas (21+4 %) and an absence of
Fusibacter in CEA-MFC communities. Outside of
Halomonas, all genera that were present at over 0.5 % of total
reads in CEA-MFCs (Table 3) were also present at similar
levels in SC-MFCs (Table 2). The large differences in power
between SC-MFCs and CEA-MFCs were possibly due to
decreased internal resistances rather than the changes in the
microbial communities.

It has been proposed that anodic biofilms in CEA-MFC
reactors may have to adjust to increased dissolved oxygen
levels due to closer proximity to air-exposed cathodes (Fan

\e) Q g
P N \X\(,o’;'; S

. [ | - W Other
W Halomonas
I M Fusibacter
| | M Acetoanaerobium
L} 1 M Spirochaeta
- [ ] Sedimentibacter
- W Aminiphilus
l B Geobacter
I i

et al. 2012). To determine if this may be responsible for the
differences in community composition between the two reac-
tor designs, a SC-MFC biofilm was exposed to increased air
flow and a dissimilar community structure developed.
Abundances of Synergistetes, Bacteroidetes, and
Spirochaetes were diminished, making up only a little over
1 % of the oxygen exposed biofilm compared to the 3040 %
found in the other MFC communities. Members of
Proteobacteria increased in abundance by roughly twofold
though the established exoelectrogen Geobacter did not in-
crease but instead saw a sharp decrease in abundance from 26
+14 % to 0.3 %. A large increase in the aerobic bacterium
Delftia was observed, composing 33 % of the biofilm. Of
those bacteria that were conserved across high-power reactors,
only Acetoanaerobium remained in significant abundances
(19 %) post-oxygen exposure. These results suggest that
simply increasing oxygen exposure to the anodic biofilm of
a SC-MFC reactor will not shift the community composition
toward those seen in CEA-MFCs.

Community development during start-up

Little variation in community composition was observed on a
phylum level over the course of development from the inoc-
ulum to a stable high-power community, but there were clear
differences on a genus level (Fig. 3). Compared to stable high-
power communities (day 1 and day 14), the effluent used as
inoculum (day 0) had lower percentages of Geobacter (1 vs.
15£3 %), Sedimentibacter (3 vs. 82 %), and Fusibacter (7
vs. 15+7 %). The inoculum contained a larger quantity of
bacteria outside the core genera reflected in the large percent-
age of “other” bacteria. As the biofilm develops, the abun-
dance of other bacteria decreases from 48 % at day 0 to 28 %
at day 14. During community development (day 7), both
Pannonibacter (20 %) and Alkaliphilus (15 %) make up a
significantly larger percentage of the community compared to
the mature communities where they make up 1.50+0.71 %
and 3.50+0.71 %, respectively. Additional studies on anode
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Table 3 Core microbiome of acetate-fed CEA-MFCs (percent of total 16S rRNA reads)

Genus

Family

Order

Class

Phylum

17.39 %

Geobacter

17.48 %

Geobacteraceae

17.48 %
0.59 %

Desulfuromonadales

Rhizobiales

17.74 %
1.92 %

36.72 % Deltaproteobacteria

Proteobacteria

Alphaproteobacteria

0.70 %

Pannonibacter

1.18 %

Rhodobacteraceae

1.18 %

Rhodobacterales

15.11 %
11.43 %
3.09 %
1.65 %

Halomonas

1595 %
19.98 %
372 %
2.85 %

Halomonadaceae
Incertae Sedis XI

15.96 %
30.36 %

Oceanospirillales
Clostridiales

16.41 %

Gammaproteobacteria

Clostridia

Sedimentibacter

30.61 %

31.95 %

Firmicutes

Acetoanaerobium

Peptostreptococcaceae

Natronincola

Clostridiaceae 2

24.51 %
4.03 %

Aminiphilus

25.03 %
4.18 %

Synergistaceae

25.03 %
4.48 %

Synergistales

25.03 %
448 %

25.03 % Synergistia

448 %

Synergistetes

Spirochaetaceae Spirochaeta

Spirochaetales

Spirochaetes

Spirochaetes

1.63 %

Bacteroidetes

colonization and biofilm development are needed to deter-
mine if these bacteria represent early colonizers of these
communities.

Statistical analyses of diversity

Using a cutoff of 97 % identity for species level distinctions,
the number of OTUs per sample ranged from 106 to 502
(Table 1). High-power SC-MFCs had significantly more phy-
lotypes present than CEA-MFC communities. These distinc-
tions are also present in Chao 1 measures of species richness;
communities from high-power SC-MFCs (MFC08, MFC10,
and MFC12) averaged double the species richness of CEA1-
2. Design-specific groupings also had a two-fold increase in
the number of OTUs present compared to design-specific
averages, suggesting some variance in membership between
communities from the same reactor configuration. Analyses
incorporating abundance measurements such as the Shannon
and Simpson indices did not reveal significant differences
between communities, evidence that much of the variation
between communities was due to minor constituents. Low
Simpson evenness values portend highly uneven communi-
ties, meaning few dominant community members.

Principle component analysis (Fig. 4) based on the pres-
ence and absence of all OTUs was performed with all the
communities sampled in the present study. The two compo-
nents (PC1 and PC2) explain 67 % of the total variation
among all samples. Each community was distinguishable,
yet close in phylogenetic space as determined by the range
of eigenvalues. The community exposed to increased airflow
(AIrMFC) was the most noticeably distant, while the devel-
oping communities (CCom1-3) were more tightly grouped.
Even though SC-MFCs biofilms (MFC08, MFC10, and
MFC12) tended to have more overall diversity, there was no
correlation between the given diversity in a sample and reactor
design. This result suggested that variation in membership
over extended time periods and between reactor designs was
minimal.

Discussion

A core microbiome can be viewed as the collection of all
community members that are consistently associated with a
particular environment. The OTUs that are shared among all
assemblages can be considered critical to the function of the
community and have been shown to have a significant impact
on energy balance of their environment (Shade and
Handelsman 2012; Turnbaugh et al. 2006). In the acetate-fed
MFCs of the present study, a few numerically dominant
members were conserved across all high-power MFC
biofilms. The bacteria that can be considered the core
microbiome of high-power acetate-fed MFCs in the present
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Fig. 3 Relative distribution of 100%

genera over the course of
development. The initial time
point (day 1) represents a stable
high-power community; effluent
from the high-power MFC was
used as inoculum (day 0) and
sampled over 2 weeks (day 7/day
14)
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study are Geobacter spp., Aminiphilus spp., Sedimentibacter
spp., Acetoanaerobium spp., and Spirochaeta spp. Of all the
genera that made up at least 0.5 % of total reads in either SC-
or CEA-MFCS, only two, Halomonas and Fusibacter, were
not present in nearly equal abundance in both reactor types.
Halomonas spp. represented 15.11 % of total reads in CEA-
MEFC biofilms but was absent in SC-MFC biofilms, while
Fusibacter was absent in CEA-MFCs but represented
12.38 % of total reads in SC-MFC biofilms. Both have been
previously detected in acetate-fed MFC biofilms though their
functional roles remain undefined (Erable et al. 2009; Ren
et al. 2011). However, those roles may be similar, and the
slightly increased salinity of the CEA-MFC media may lead to
Halomonas filling a specific ecological niche that Fusibacter
would otherwise fill. It is unlikely that increased oxygen
exposure would be responsible for the differences observed
between the SC- and CEA-MFC communities.

0.2

P2 - Percent variation explained 20.05%

-0.1

-0.2
-0.4 -0.2 0 0.2 0.4

P1 - Percent variation explained 46.61%
Fig. 4 Principle components analysis of all MFC communities analyzed
includes SC-MFC communities from various years (MFC08, MFC10,
and MFC12), CEA-MFC communities (CEA1 and CEA2), an SC-MFC
community exposed to increased airflow (air MFC), and combined
planktonic and biofilm communities during development (CComl,
EffMFC, CCom2, and CCom3)
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Much of the core microbiome defined here have functional
roles within the biofilm community that remain unknown, yet
the function of Geobacter in these communities has been well
explored. Geobacter spp. have been utilized as biological
models for extracellular electron transfer due to anode-
respiring capabilities. Geobacter spp. have been shown to
develop direct electrical connections with electrodes and
may be able to confer conductivity to biofilms (Malvankar
et al. 2012, 2011). While Geobacter is fairly ubiquitous in
anodic biofilms, other similarities between the present com-
munity and communities from other studies are limited. Much
of'this variation in membership between communities is likely
due to differences in reactor designs as well as electron donors
though some overlap was expected given the ability of many
MFC communities to repeatedly converge to stable configu-
rations over relatively short periods of time.

Other similarities observed between this study and previ-
ously published MFC community analyses are primarily on a
phylum level. Previous studies on MFC anode communities
reveal similar phyla-level patterns with four of the five most
common phyla in this study also common in similar studies.
Proteobacteria consistently make up a large percentage of the
bacteria in all MFC biofilms though the secondary and tertiary
phyla can vary. Vargas et al. reported Proteobacteria and
Bacteroidetes to be far and away the most common phyla,
making up 95 % of the biofilm under similar conditions
(acetate electron donor, batch mode, and carbon cloth anode)
(Vargas et al. 2013). Another study using acetate observed that
three phyla (Proteobacteria, Bacteroidetes, and Spirochaetes)
composed 92 % of the biofilm, differing from the present
findings in the lack of Firmicutes and Synergistetes present
(Malvankar et al. 2012). The use of formic acid in place of
acetate had no effect on composition on a phyla composition
(Kiely et al. 2010). Anode biofilms from an MFC fed with
food waste were reported to consist of 41 % Proteobacteria,
40 % Bacteroidetes, and 14 % Firmicutes, with the next
two most common phyla being Spirochaetes and
Synergistetes (Jia et al. 2013).
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While small percentages of Synergistetes are not particu-
larly rare in microbial communities associated with wastewa-
ter bioreactors, the large abundances reported here are.
Members of the Synergistetes phyla have been detected in
anaerobic digesters handling distillery grains, petroleum hy-
drocarbons, swine wastewater, and even in bioelectrochemical
reactors associated with methane fermentation, but not in high
numbers (Ducey and Hunt 2013; Sasaki et al. 2013; Scherr
etal. 2012; Ziganshin et al. 2011). The genus identified in the
present study, Aminiphilus, has previously been associated
with electrodes among other communities with relative abun-
dances as high as 8.4 and 11 % in PBDE-degrading and
hydraulic fracturing wastewaters, respectively (Murali
Mohan et al. 2013; Xu et al. 2012). However, relative
Synergistetes abundances as high as 33 % and relative
Aminiphilus abundances as high as 43 % seen in the present
study have not previously been reported in any ecological
survey.

The contribution of Synergistetes to overall MFC perfor-
mance is unclear, yet it could relate to the ability of species
such as A. circumscriptus to efficiently ferment a variety of
amino acids (Diaz et al. 2007). Proteins from dead cells may
be digested quickly, recycling key nutrients and possibly
improving conductivity/electrical interactions with the elec-
trode. Products of amino acid fermentation by
A. circumscriptus include H, as well as acetate, which is the
preferred electron donor of G. sulfurreducens, hinting at a
potential syntrophic interaction. This potential syntrophic in-
teraction between A. circumscriptus and G. sulfurreducens fits
nicely into a model of three-way syntrophy previously pro-
posed for anodic biofilms (Parameswaran et al. 2010). In this
model, Acetoanaerobium spp., capable of acetate production
from H, and CO,, could conceivably serve the role of the
homo-acetogenic hydrogen scavenger (Sleat et al. 1985).
Methanogens could also serve a functional role in these com-
munities though community analyses on archaea were not
performed. However, it is unlikely that archaea contribute
significantly to these communities as previous gas analyses
have not revealed methane generation (data unpublished) and
high columbic efficiencies (83.5 %) have been reported (Fan
et al. 2012). Previous studies on acetate-fed MFC communi-
ties have similarly indicated the presence of very few archaeal
sequences (Borole et al. 2009).

A clear, consistent, stable core microbiome is present and
identifiable in the communities analyzed as many of the
phylogenies are highly conserved. Functional conservation
is likely to exist between the microbial communities in this
and previous studies and should be further explored, as estab-
lishing a core microbiome is an important first step towards
understanding the dynamic metabolic processes that occur in
these communities and strengthening correlations between
community structure, development, and performance. Though
significance could be improved by increasing the number of

samples, the present study should be used as point of compar-
ison with future experiments focusing on MFC performance
utilizing alternate energy sources and actual waste streams.
Variation from the present core community after exposure to
varying conditions will be able to offer clues on the functions
members identified here serve in their environments as well as
the stability of the core community in practical applications.
This knowledge may then be applied towards the goal of
optimization of these communities, eventually leading to the
efficient treatment of waste streams with high-power generation
in commercial settings.
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