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Abstract Microbial fuel cell (MFC) systems employ the
catalytic activity of microbes to produce electricity from the
oxidation of organic, and in some cases inorganic,
substrates. MFC systems have been primarily explored for
their use in bioremediation and bioenergy applications;
however, these systems also offer a unique strategy for the
cultivation of synergistic microbial communities. It has
been hypothesized that the mechanism(s) of microbial
electron transfer that enable electricity production in MFCs
may be a cooperative strategy within mixed microbial
consortia that is associated with, or is an alternative to,
interspecies hydrogen (H,) transfer. Microbial fermentation
processes and methanogenesis in ruminant animals are
highly dependent on the consumption and production of
H,in the rumen. Given the crucial role that H, plays in
ruminant digestion, it is desirable to understand the
microbial relationships that control H, partial pressures
within the rumen; MFCs may serve as unique tools for
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studying this complex ecological system. Further, MFC
systems offer a novel approach to studying biofilms that form
under different redox conditions and may be applied to
achieve a greater understanding of how microbial biofilms
impact animal health. Here, we present a brief summary of the
efforts made towards understanding rumen microbial ecology,
microbial biofilms related to animal health, and how MFCs
may be further applied in ruminant research.

Introduction

Contemporary livestock production is distinctly linked to a
variety of microbial processes that directly impact: (1) the
efficiency by which ruminants convert available feedstuffs
into energy for maintenance and growth; (2) the health of
ruminants within production systems; and (3) the environ-
mental consequences of ruminant production. Microbial
communities in the gastrointestinal tract influence the
efficiency of nutrient utilization through microbial digestion
of fiber, starch, and protein in the rumen and the persistence
and shedding of pathogenic bacteria and food safety
pathogens such as Salmonella enterica and Escherichia
coli O157:H7 in the hindgut. Ecology of viral and bacterial
pathogens in the respiratory tract influences the incidence
of respiratory disease, the most economically significant
disease of ruminants [1]. Finally, the impacts of ruminant
production on the environment are largely dictated by
complex microbial communities related to enteric methane
(CH4) production, emissions of hydrogen sulfide (H,S),
and ammonia (NH3) from intensive production environ-
ments and dispersion of relevant human and ruminant
pathogens in the production ecosystem.

A variety of therapeutic and preventive measures are
available to address specific bacteria and viruses that pose a
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threat to the well-being of the animal or the safety of food
derived for human consumption. However, considering the
role of these pathogens independent of their environment,
and/or their synergistic interactions within a respective
microbial community, may limit the success of any applied
interventions. Knowledge regarding the specific ecological
niches of constituents within these complex microbial
communities and microbial interactions associated with shifts
in microbial diversity or the onset of infectious and metabolic
disease is largely limited to those organisms that can be
isolated in monoculture using available microbiological
methods. Estimates suggest that less than 1% of all microbial
species have been identified in culture and less than 10% of all
rumen microbes have been identified using routine methods.
Alternative technological platforms must be employed to
illuminate more subtle shifts in microbial populations relevant
to ruminant production and interactions therein.

Microbial fuel cells (MFCs) are an additional tool that
can facilitate study of the physiological roles of microbes in
complex ecosystems [2]. To date, there has been limited
application of MFCs in ruminant health and production
research [3]. In this review, we present an overview of
MFCs and identify several potential applications of this
technology to advancing knowledge of ruminant microbial
ecology particularly as it relates to animal health, produc-
tion, and environmental impact.

Microbial Fuel Cells

Microbial fuel cells are a developing technology that has
been utilized for studying microbial physiology in terms of
electron (and proton) transfer [4—-6]. They provide a
medium for the study of complex microbial systems like
those encountered in ruminant production, as well as the
opportunity for developing novel approaches to altering the
dynamics within those systems. When combined with
molecular approaches including genomics and metagenom-
ics, MFCs have the potential to profoundly expand the
existing body of knowledge regarding phylogenetic and
functional diversity in complex microbial communities.
Microbial fuel cell systems have been explored for
identifying organisms that have unique metabolic functions
within mixed consortia sampled from different environ-
ments [7—10] and to divert energy away from methanogenesis
in favor of other forms of anaerobic respiration [11-13].
Microbial fuel cells also offer another cultivation
strategy that enables the simultaneous exploration of
biofilm and planktonic populations [2, 14, 15]. Biofilms
are formed by individual bacterial species and/or consortia
of species that lead to densely packed microbial populations
densely contained within a protein and polysaccharide
matrix secreted by its bacterial constituents [16—19]. As
such, biofilms represent one of the most complex and
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dynamic microbial architectures. The ability to study
biofilms in concert with planktonic communities is a
particularly intriguing advantage when studying rumen
microbial ecology, given that mixed populations of micro-
organisms may have varied community structures throughout
the rumen and at different times during digestion [19-22].

Biofilms form naturally, or artificially, on MFC compo-
nents [23]. Microbial fuel cells exploit the energy metab-
olism of microbes that electrically interact with the
conductive surfaces in the system called electrodes
(Fig. 1). The electrical interaction is facilitated by direct
contact with the electrode surface in the form of an
electrochemically active biofilm or may also occur by
way of extracellular chemical electron shuttles (or media-
tors) that are reduced by cells in the medium and re-
oxidized at the electrode surface. Microbes within a biofilm
or planktonic culture will enzymatically extract electrons
from organic components, or in some cases H, [24] and/or
H,S [25], in the surrounding media and transfer them to the
electrode, which serves as an electron acceptor for
biological respiration and/or maintenance. Completion of
the MFC reaction takes place in a physically separate but
electronically and ionically linked compartment where
different bacterial biofilms use the cathode electrode as a
source for energy during the reduction of oxidants such as
nitrate, sulfate, fumarate, or oxygen [26-30].

Microbial fuel cells facilitate a redox environment that
can be precisely controlled by electron flow and may serve
as ideal tools for cultivating microorganisms as biofilms
and/or active planktonic cultures. The redox potentials
recorded within an environment correspond to the thermo-
dynamic parameters that govern specific chemical and
biological reactions [31]. A schematic representation of
redox potentials and microbial processes is shown in Fig. 2.
Microbial energy metabolism is impacted by redox poten-
tial because growth is limited by the amount of energy that
can be gained through the coupling of oxidation and
reduction reactions [32]. The greater difference between
the oxidation and reduction potentials, the more energy an
organism can gain to facilitate growth and/or maintenance.
However, microorganisms have adapted to nearly every
redox environment corresponding to both high and low
energy yields. Therefore, to gain insights relative to
microbial energy metabolism in different environments, it
is critical to understand the mechanisms of energy flow and
transformation in reactive biofilms and suspended cultures.
Current flow in a MFC can affect the redox energy
available for microbial growth and begin to affect the
metabolic activity of the microbial community [6]. In the
case of rumen microbial ecology, it may be desirable to
employ MFC systems that can facilitate carbon dioxide
(COy) reduction and H, oxidation, conditions that are ideal
for the competitive consumption of H, in the rumen
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Figure 1 Microbial fuel cell
schematic for wastewater
management operating with
microbes as catalysts for fuel

oxidation at the anode electrode
and oxidant reduction at the
cathode electrode. If sludge is
used as the fuel and oxygen as

Oxidized fuel

the oxidant, then the net
reaction, without nitrification,
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(Fig. 2). In this way, MFC systems may be utilized to select
for existing consortia of microorganisms that can outcom-
pete methanogens during H, consumption [13]. Manipulat-
ing the redox environment of rumen microorganisms may
be achieved by operating the MFC with external loads, i.e.,
increasing or decreasing the electron flow rates (current); or
by applying a constant potential to the system such that the
electron acceptor, or donor, available to the reactive
community does not fluctuate. In the case of applied
potentiostatic conditions, the system is no longer being
operated as a dynamic MFC; however, precision control of
the redox environment can be achieved. The engineered
devices that can facilitate potentiostatic operations are more
generally referred to as bioelectrochemical systems (BES)
[5, 33-35]. Bioelectrochemical systems provide highly
controlled environments that enable experimental analysis
of microbial energy metabolism [36—40]. Utilizing BES,
researchers can explore enrichment techniques to cultivate
desirable microbes for improving rumen efficiency and also
investigate potential electrochemical interventions to treat
pathogenic biofilms.

Microbial Fuel Cells and Potential Applications
for Ruminant Microbial Ecology

Nutrition

The rumen is a complex ecosystem comprised of bacteria,
archaea, protozoa, and fungi that are specifically adapted to
allow ruminants to digest a variety of feedstuffs including
forages and grains. The microbial enzymes break down

(O = Oxidized carrier molecule

@ = Reduced carrier molecule

O = Outer membrane electron carriers
===== = |on exchange membrane

starch and fiber constituents through anaerobic fermentation
resulting in the production of volatile fatty acids (VFA) that
are, in turn, used by the ruminant as an energy source. The
adult dairy cow rumen is thought to contain approximately
10'® bacteria, 10'* Archaea, 10" protozoa, and 10® fungi
[41]. These broad groups of microbes have specific roles in
the rumen with bacteria and protozoa contributing to the
majority of starch and fiber digestion. Archaea, consisting
primarily of methanogens, remove H, to complete an
anaerobic fermentation process that results in CH, produc-
tion. The fungi play variable roles depending on ration
composition [42—44]. Within the rumen, microbial commu-
nities exist as biofilms living on tissue surfaces, biofilms
associated with particulate matter, and planktonic cells free
floating in the rumen fluids. Biofilm formation and micro-
biome establishment is an integral step in the digestion of
recalcitrant carbohydrates [45]. Many fiber-associated bio-
films form and are strongly adhered within minutes of
forage entering the rumen [46]. Ruminal biofilms often
contain primary and secondary carbohydrate digesters as
well as bacteria that utilize intermediary metabolites [47].
This suggests communalism is one of the important life
strategies of these species consortia. Species diversity is
greater in adhered biofilm microbiomes than in either the
fiber associated or planktonic communities. Biofilm con-
sortia appear essential to efficient utilization of the dietary
matrix in ruminants. As such, if not all potential sites for
microbial activity are regularly sampled, and thoroughly
explored, there exists another opportunity for under
estimation of rumen microbial diversity.

The specific roles and interactions of microbial species
in the rumen relative to feed digestion and production
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Figure 2 Redox energy and
MFC schematic [31]

Bacteria

Oxidized

efficiency have not been comprehensively studied at the
community level. This is due in large part to the fact that
routine/traditional culture-based microbiological methods
that have dominated the field of rumen microbiology have
not allowed for the culturing of the bulk of the species
present in the rumen which need very stringent growth
conditions [48, 49]. Therefore, much of the work to date on
ruminant microbial ecology has been restricted to a few
species, most of which are bacteria, and which, based on
our limited current understanding of the extent of microbial
diversity in the rumen, may not represent the majority of
the rumen microbial biomass. This biased representation of
community diversity and abundance of uncultured microbes
contributes to significant gaps in our understanding of the
microbial species and their roles in ruminant digestion. For
example, the most commonly described bacteria are those
that favor growth in laboratory conditions [50]. These
species may only be preferentially selected during pertur-
bation of the rumen ecosystem as may be encountered
during rapid diet changes including adaptation to high grain
rations and may not reflect microbial distributions in steady
states. Essentially, the properties that support their growth
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during transitional states in vivo would be expected to
increase the probability of detectable growth in vitro, thus
differentially selecting for these organisms under laboratory
conditions.

A more comprehensive appreciation of the diversity of
rumen microbial communities will have profound impact
on our understanding of nutrient digestion, production
efficiency, ruminant metabolic diseases, and environmental
impacts of cattle production. Given the inherent advantage
of precision redox control, MFCs may play a new, and
significant, role in cultivating rumen microorganisms.

Evaluation to date of rumen microbial communities
using molecular methods has begun to identify some
important features of this ecosystem. Archaea and Eukarya
comprise approximately 0.5% to 3% and 1% to 16% of the
rumen metagenome, respectively [42, 51]. The Eukarya,
and specifically protozoa, play an important role in
digestion despite contributing a relatively small proportion
of the metagenome size. In addition, because of the size of
protozoa relative to other microbes, they represent approx-
imately 50% of total microbial nitrogen, an important
component of total protein nutrition [42, 52]. Archaea in
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the rumen are generally thought to be methanogens [42, 44,
53], although evidence of Archaea species within the rumen
that do not cluster with known methanogens has been
reported [54].

Several studies have examined differences in diversity of
rumen microbial communities associated with differences
in ration composition. Several such studies focused on
protozoa and Archaea populations. Generally, substantial
differences can be observed in the rumen communities of
cattle fed the same diet [51, 55, 56]. In addition, distinct
microbial communities appear to develop within fractions
of the rumen content with differences in microbial
communities observed between liquid and fiber-adherent
fractions [47, 51, 57, 58]. As expected, rumen microbial
communities differ between cattle fed forage diets and
those fed diets containing increasing proportions of grain
[47, 50, 56, 59]. However, studies have been inconsistent in
measuring the relative extent of diversity with some results
supporting greater diversity in corn-based diets [56]
whereas others have found greater diversity in forage diets
[47]. These differences may be attributed to differences in
ration composition, specific gene targets, or sampling
methods.

The associated restrictions to sampling rumen popula-
tions from live animals may add to the underestimation of
rumen microbial diversity, given that rumen microbial
communities exist as biofilms living on tissue surfaces,
biofilms associated with particulate matter, and planktonic
cells free floating in the rumen fluids. If not all potential
sites for microbial growth are regularly sampled, there
exists another opportunity for underestimating microbial
diversity. Importantly, shifts in diversity of microbial
populations may be observed overtime including changes
within several hours following feeding [44, 60]. Inconsis-
tent changes have been observed in microbial communities
following addition of monensin sodium (i.e., Rumensin®,
Elanco Animal Health, Greenfield, IN), an ionophore, to
the ration [61]. Bacterial genetic profiles have also been
observed to cluster with respect to feed efficiency traits
correlated with shifts in VFA composition [62]. To better
understand the complex relationship between rumen micro-
bial ecology and imposed dietary and/or environmental
changes, it is necessary, although challenging, to temporally
investigate all rumen components that feature high levels of
microbial activity.

Commonly, ruminant nutrition research has emphasized
evaluating performance outcomes, selected metabolic pro-
cesses, and products of ruminal digestion independent of
the microbial constituents of the rumen. Therefore, the
application of genomic and metagenomic sequencing to
rumen microbial populations presents a tremendous oppor-
tunity for more comprehensive understanding of ruminant
nutrition, metabolism, and nutrient utilization. A better, in

situ, characterization of how microbial activity relates to
nutrient utilization provides the opportunity to cultivate,
isolate, and challenge microbial populations that will
benefit ruminant nutrition. This knowledge base can be
expanded by integrating MFCs and metatranscriptomic
approaches to further elucidate microbial diversity under
different specified redox conditions and characterize the
genetic components within a given community that may
offer metabolic advantages. One potential outcome of this
technology integration is the identification of new ways to
modify the rumen microbial population to enhance
adaptation to varying diets. Modification of the rumen
microbial population may significantly decrease the
incidence of metabolic disorders that commonly occur
during adaptation to new diets such as indigestion, bloat,
and acidosis.

Microbial fuel cell research has shown that the system
microbial composition will change relative to substrate
composition and electrochemical operating conditions [9,
10, 13, 14, 30, 33, 37, 39, 40, 63-74]; however, more
research is needed to explore these affects on rumen
microbial consortia. Rumen fluids have been utilized as
inocula for MFCs for the purpose of identifying biocata-
lysts that could be used to produce electricity from cellulose
[3]. Rismani-Yazdi and coauthors conducted a study using
one MFC system operated under different conditions to
identify electrogenic communities that could utilize cellulose
as the primary electron donor. DNA extraction from the
anode-associated biofilms and suspended microbial consortia
were independently analyzed using the 16S rRNA gene
sequences from these two samples, and population differences
were observed between the biofilm and suspended cultures.
Firmicutes was found to be the dominant phylum in the
anode-associated biofilm, while [3-proteobacteria were the
dominant phylum in the suspended culture (Fig. 3a, b).
Interestingly, both of these phyla are known to play a
role in digestion and it has recently been demonstrated
that some Firmicutes strains play a significant, and
previously unconsidered, role during anodic electron
transfer in thermophilic MFC systems [75]. It is unknown
how current flow in an MFC system directly affects the
enrichment of microbial communities harvested from
rumen environments; however, results from MFC systems
inoculated with other environmental consortia strongly
suggest that there is a correlation between electron flow
and microbial diversity [2, 5, 6, 12, 39, 40, 70, 73, 76, 77].

Environmental Impacts
Microbial CH4 production in the rumen (and to a lesser
degree the large intestine) is intimately associated with

production efficiency. Carbon lost to CHy is ultimately an
energy loss to the animal [78]. These energy loses are
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Figure 3 Genu.s-lev.el dlvefsny A) Anode-attached Biofilm B) Planktonic microbial population in
based on clone libraries obtained anode solution
from MFCs inoculated with ru- B-proteobacteria __ 9-Pr Y-protecbacteria
. . 29 1% 3% X

men fluids a anode-associated ) :

. ) a-proteobacteria,
biofilm; b suspended population Spirochaetes % Firmicutes Bacteriodetes
. 6% <I,
in anode compartment. Charts Bactoriodetes— T8

are adapted from tables reported
in Rizmani-Yazdi et al. [3]

estimated to be between 2% and 12% of the gross energy
intake depending on diet [79]. Methane is also a green-
house gas that contributes to global warming, and CH,
production resulting from the global livestock sector
accounts for 37% of anthropogenic CH, emissions [80].
Archaea predominantly utilize H, and CO, to produce CH,.
The removal of H; is a critical step to maintain fermentative
activity by the other groups [81], and more importantly,
there is a stoichiometric balance between VFA and CHy4
production [82]. Therefore, alterations in CH4 production
have the potential to increase energy in the form of VFAs in
the rumen [83]. Most estimates of enteric CH4 emissions
have been derived from cattle fed high-forage diets or
grazing pastures [84—87] or high-concentrate rations con-
taining barley as the predominant grain source [84, 88].
However, there has been limited exploration of how
microbial ecology is linked to enteric CHy, and particularly
little has been reported about using advanced molecular
platforms to investigate this relationship [78]. Significant
associations have been identified between CH, production
and a variety of feed additives [87, 88], managed grazing
systems [86], and residual feed intake [83, 89, 90].

Figure 4 Current vs. time (top)

Firmicutes

59%

b-proteobacteria
o

Importantly, the effects are often highly correlated with feed
intake, which may be substantially altered by feed additives
such as ionophores. Microbial fuel cells may offer another
avenue for affecting enteric CH, and VFA production by
way of impacting H, utilization. Hydrogen may be used as
an electron donor for electrogenic microbial communities
and, therefore, facilitate conditions that are more favorable
for propionate and acetate production.

Microbial fuel cells have been used to study microbial
diversity associated with methanogenesis in environmental
systems. For example, Ishii and coauthors inoculated two
MFCs with soil samples from CH,4 producing rice-paddy
fields [12]. One MFC was operated at open circuit (no current
flow), and the other was operated with a 510-Q resistor
connecting the anode and cathode electrodes (high current
flow). Ishii et al. found that current producing conditions in
the MFC corresponded to a significant decrease in methano-
genesis and temporally increasing concentrations of acetate
and propionate (Fig. 4a). The MFC that was kept at open
circuit (no current flow) showed increasing CH,4 production
and variable trends of VFA concentrations (Fig. 4b).
Microbial diversity was examined in the original inocula,

and corresponding temporal
measurements of volatile fatty
acids (VFA) and methane
production (bottom) for a MFC
operated at high-current flow
conditions and b MFC held at
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and from both MFC systems, using 16S rRNA gene
sequencing. DNA was extracted directly from the rice-
paddy soil and, after 78 days, the anode-attached biofilms
and suspended microbes (mixed together) from both the
open circuit and operational MFC systems. The sequencing
results showed that the microbial diversity of the rice-paddy
soil was significantly decreased during the MFC residence
time. Acidobacteria represented the dominant genus in the
soil samples. However, different phylotypes of Firmicutes
became the dominant genus in the MFC systems (Fig. 5a—c).

The results from this study strongly suggest that MFC
systems are useful tools for studying mixed CHy4-producing
consortia and selecting for organisms within these commu-
nities that out-compete methanogens. Similar methods
could be employed using rumen-derived inocula to examine
the microbiological basis for variable enteric CH, produc-
tion in ruminants associated with base diet and feed
additives. Despite the fact that enteric CH, is not currently
regulated as part of control programs for greenhouse gas
emissions [91], it is important to recognize the potential
impact of ruminant digestion on the production of CH,4 and
other targeted gases, particularly since CH,; production
represents a substantial inefficiency in conversion of dietary
substrate to energy to support maintenance and growth. It
may be possible to one day utilize operational MFCs,
maintained across a constant load, in vivo to significantly
decrease methanogenesis and simultaneously produce more
VFAs that are in turn available for animal utilization. Much
more research is needed to explore this conjecture and
verify that in vivo MFCs would not adversely impact
animal health; however, with the rapid advancement of
cost—effective biocompatible materials and improved MFC
system design, it is not unimaginable to envision a MFC
architecture that could be directly used in the rumen to
enhance VFA production and decrease methanogenesis.
Alternatively, utilizing MFC’s to study rumen microbial

A) Rice-Paddy Soil
(original MFC inocula)

Euryarchaeota Crenarchaeota
Unidentified Y

1%
bacteria \

5% Planctomysetes
o ~

(after 78 days)

Firmifules Chioroflexi
2 6% 1

Acidobacteria

§ 2%
Nitrospira —___
%

a
Bacteriodetes
/
B-proteobacteria
1%

d-proteobacteria

Verrucomicrobia 1% 1%

Actinobacteria,
5%

Acidobacteria

12%

Bacteriodetes

B) Operational MFC

Verrucomicrobia  bacteria
1%

4%
% Actinobacteria
& teobacteri %
-proteobacteria
3%\

a-proteobacteria

Spirochaetes
10%

ecology coupled with metagenomics may reveal novel
probiotic candidates that may have similar impact on
methanogenesis. Exploiting these two benefits would
significantly impact the efficiency of cattle production and
simultaneously decrease the emissions of harmful green-
house gasses.

Infectious Disease

Infectious diseases in livestock remain a substantial threat
to animal well-being despite vast improvements in thera-
peutic and preventive approaches. In dairy and beef cattle
production, the most common and economically important
infectious diseases include bacterial mastitis, viral and
bacterial respiratory infections, and viral and bacterial
enteric disease [92, 93]. Much of the research devoted to
these diseases has focused on the major etiologic agents
with limited consideration for how potential interactions
with other pathogenic and nonpathogenic microbes may
influence persistence and pathogenicity.

Many of the economically important infectious diseases
of ruminants are not caused by a single etiologic agent. For
example, bovine respiratory disease complex is associated
with viral pathogens including bovine viral diarrhea virus,
bovine herpesvirus type-1, parainfluenza virus type-3,
bovine respiratory syncytial virus, and bacterial pathogens
including Mannheimia haemolytica, Pasteurella multocida,
Histophilus somni, and Mycoplasma bovis. Co-infection
with viral and bacterial pathogens is common, and viral
components often increase susceptibility to bacterial patho-
gens (e.g., immunosuppressive nature of bovine viral
diarrhea infection) [94]. Similarly complex etiologies are
observed with neonatal scours in cattle where viruses,
bacteria, and parasites may cause disease in calves of
varying ages as microbial populations in the juvenile
gastrointestinal system evolve [95].

C) Open-circuit MFC
(after 78 days)

Unidentified

Euryarchaeota
1%

Euryarchaeota
5%

Unidentified
bacteria
9%

d-proteobacteria
4%

B-proteobacteria
8%

Firmicutes Firmicutes
53%

Spirochaetes 56%
9%

Bacteriodetes

6%
Chloroflexi

Figure 5 Genus-level diversity based on clone libraries obtained from a rice-paddy soil; b operational MFC; and ¢ open-circuit MFC. Charts are

adapted from tables reported in Ishii et al. [12]
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Of particular relevance to application of MFCs in the
study of ruminant disease is the role of biofilms in
establishing infection. The biofilm contributes to the
persistence of pathogenic bacteria by aiding evasion of
host defense mechanisms and may facilitate transfer of
genetic material conferring specific drug resistance or
virulence properties among biofilm consortia [19]. The
contributions of biofilms to pathogen persistence and
infection have been examined for S. enferica serovar
Typhimurium [96], Pseudomonas aeruginosa and Staphy-
lococcus spp. isolated from clinical cases of mastitis [97—
102], H. somni in cardiopulmonary tissue and respiratory
disease [100, 103], and Mycobacterium avium subsp.
paratuberculosis, the causative agent of Johne's disease in
ruminants that has also been linked to Crohn's disease in
humans [104—108]. In addition, biofilm formation has been
reported as a prominent factor in the pathogenesis of bloat,
a metabolic disease of ruminants associated with impaired
eructation of gas from the rumen and has been described
with food safety pathogens including E. coli O157:H7
[109] and Enterococcus faecalis [110]. Biofilms have also
been implicated as contributing to co-infection with
multiple pathogenic bacteria as may be observed in bovine
respiratory disease complex [103]. MFCs offer another
resource for studying biofilm dynamics related to ruminant
diseases. Because biofilms can be cultivated in MFC
systems under controlled conditions, they may be explored
relative to different redox parameters and further analyzed
using techniques such as stable isotope probing ([111, 112];
McLean et al. 2009, in preparation), metagenomics [113],
and metatranscriptomics [114]. A combined physiological
and genomic approach to studying pathogenic biofilms,
enabled by MFC systems may contribute to a better
understanding of the populations that cause certain diseases
and uncover more information about their metabolism, gene
regulation, synergistic relationships, and susceptibility to
various treatments.

Waste Management

Waste in the form of feces, urine, and associated overland
transport in runoff or slurry pumping are significant
challenges to continued development of intensive livestock
production throughout the world. The quantities of waste
may be substantial, an average dairy cow produces in
excess of 35 kg of fecal and urine waste daily, and
contemporary dairy production facilities may have
thousands of cows in production [115]. A variety of
methods have been developed for managing waste streams
from livestock production systems. Horizontal-flow biofilm
reactors have been implemented for remediation of waste-
water prior to spreading on agricultural lands as a means of
carbon and nitrogen removal [116, 117]. Anaerobic
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digesters have also been employed to reduce waste volumes
and produce CH4. Methane produced from these systems is
typically burned to produce heat, which is used to maintain
the necessary temperature profile in the digester, and
electricity through the process of cogeneration. Biogas
production through anaerobic digestion has been a cost—
effective solution for waste management; however, these
systems produce a significant amount of secondary bio-
mass, which can be challenging to dispose, and represent a
loss of usable energy.

Microbial fuel cells can also play a more “traditional”
role in the cattle production environment relative to waste
management. Much of the MFC research to date has been
dedicated to development of these systems for bioenergy,
bioremediation, and wastewater treatment [118]. Research-
ers have begun exploring MFC systems as tools for
treating, and recovering energy from, swine wastewater
[119-121]. Kim and coauthors found that MFC systems,
inoculated with swine manure wastewater as the sole source
of microbes and substrate, could remove over 99% of ten
chemicals associated with odor and 84% of the organic
matter in less than 11 days of operation [119].

Energy recovery from waste streams has also been
investigated using microbial electrolysis cells (MECs), a
technology originating from MFCs that utilizes biocatalysts
in combination with an external power source to drive
electrolysis reactions [122]. These systems have been
utilized to produce H, gas from acetate and swine waste,
and preliminary data have shown the effective production
of clean burning alternative fuel and the simultaneous
decrease in overall waste footprint [123, 124]. Methane is
also evolved from MEC systems, which decreases the
overall production of H,; however, emerging research
efforts have suggested that MECs may be used as a
“polishing step” for the treatment of effluent from anaero-
bic digesters [125]. Using MEC systems, CH4 and H, can
be produced under low organic loading conditions and at
room temperature, a significant advantage over traditional
anaerobic digesters.

Microbial activity plays an important role in all of the
described approaches for waste management in livestock
production including methanogenesis from anaerobic di-
gestion and aerobic or anaerobic fermentation of waste. As
expected, shifts in bacterial diversity are observed during
transition through potential mitigation strategies [126].

In a H, production-based system, mitigating growth of
methanogenic microbes should increase net H, yields.
Much research is presently ongoing to understanding how
these relationships occur and can be systemically controlled
[127]. A greater understanding of CH, mitigation at this
level may also benefit our development of cultivation
strategies to affect rumen microbial diversity. Development
of novel waste mitigation strategies that employ MFCs as
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experimental platforms to study microbial population
dynamics or primary treatment devices may help to address
challenges in waste management in livestock production. In
addition, MFCs could be applied directly to recover energy
in the form of electricity that could be utilized to offset
consumption of energy derived from external sources.

Conclusions

Ruminant production systems are faced with a variety of
challenges. Chief among them are the need to: (1) improve
the efficiency by which grains and forages are converted to
food and fiber to meet increasing global demand; (2)
complete the conversion of natural resources into consum-
able products in a sustainable manner with limited
environmental impact; and (3) achieve these goals while
supporting and improving animal health and well-being.
Microbial communities play an integral role in all of these
challenges such that the health, efficiency, and environ-
mental impact of a ruminant cannot be distinguished from
that of its inherent microbial community. For these reasons,
it is essential to develop methods for characterizing
complex microbial communities and their associated dy-
namics. Research to date has largely focused on a narrow
proportion of ruminant microbes, in part due to limitations
of culture-based methods in microbiology. These limitations
have further contributed to an inability to fully characterize
microbial diversity and how it may change in time or in
response to nutrient composition and concentration. The
capacity to examine linkages between ruminants and micro-
bial communities in ecological contexts will be necessary to
derive the next evolution of interventions that may enhance
production and mitigate environmental impacts.

Developing tools for improving ruminant production
systems will have a positive impact on global society. The
direct relationship between increased nutrient utilization
efficiency and decreased enteric CH,4 production creates the
opportunity to define solutions for this dual purpose, which
would have significant benefit to mitigating global warming
and increasing global food supplies. For example, the US
Environmental Protection Agency estimated that the enteric
CH,4 resulting from livestock production accounted for 32%
of the global, non-CO,, agricultural emissions in the year
2000; and this level is expected to increase by more than
30% by the year 2020. Further, CH, is approximately 21
times more powerful at warming the atmosphere than CO,
over a 100-year period. Fortunately, CH,4 is also known to
only have a 12-year chemical lifetime in the atmosphere
(relative to CO,, which has a 100-year lifetime). The
immediate decrease of anthropogenic emissions of CHy4 has
therefore become a feasible near-term target for the
mitigation of global warming [128].

Decreasing enteric CH, emissions during ruminant
production would have the added benefit of increasing feed
efficiency, therefore, requiring fewer animals to produce the
same protein resource. The Food and Agriculture Organi-
zation of the United Nations (FOA) has reported that diets
in developing countries are changing as incomes rise,
contributing to an increased consumption of meat and dairy
products. Between 1964-1966 and 1997-1999, per capita
meat consumption in developing countries rose by 150%,
and by 2030, per capita consumption of livestock products
could rise by another 44% [129]. The FOA further
speculates that demand for livestock products will grow
faster than production in developing countries, creating a
growing trade deficit. Meat products are expected to rise
steeply, from 1.2 million tons a year (1997-1999) to 5.9
million tons in 2030, and it is reported that the increasing
share of livestock production will likely come from
industrial enterprises. In recent years, production from this
sector has grown twice as fast as that from more traditional
mixed farming systems and more than six times faster than
from grazing systems [129].

Given the predicted increase in global industrial live-
stock production, it will be essential to develop interven-
tions for preventing disease among the increasing ruminant
population. As has been discuss previously, microbial
biofilm-related infections such as BRD and bloat have an
enormous impact on ruminant health and production
economics. The development of new interventions to
prevent and treat such diseases is yet another benefit that
can be realized from understanding microbial ecology as it
relates to ruminants.

Recent advances in molecular and microbiological plat-
forms are beginning to facilitate alternative research
approaches that contribute to more comprehensive under-
standing of the phylogenetic and functional diversity in
microbial communities and the consequences of perturba-
tions within these systems. As has been discussed, MFCs
and related technologies are an example of an emerging
platform that contributes to a greater understanding of
microbial ecology and complex microbial systems. Several
examples of how these systems may apply to ruminant
research have been proposed within this review. MFCs
have been widely utilized to isolate microbes that have
unique energy metabolisms and thrive in extreme environ-
ments; therefore, it is easy to consider that these systems
may be additionally exploited to study the complex
microbial relationships that exist in the rumen. For
example, Archaeal populations have been among the
microbial constituents targeted in MFC research and are
more thoroughly addressed here with respect to environ-
mental impacts and nutrient inefficiency in production
attributed to carbon loss through enteric CH4 production.
MFC or BES systems could be utilized to explore the
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Archaeal populations that exist in the rumen, and perhaps
even be designed as in situ devises to specifically enrich for
microbial consortia that will increase feed efficiency and
decrease methanogenesis. However, one of the more
immediate benefits that MFCs could provide is the ability
to cultivate and study biofilms under defined redox
environments that may be set to mimic the rumen or
conditions that may arise during an infection.

The applications of MFCs and the ability to cultivate
targeted microbial populations that are described here are by
no means comprehensive and cannot be considered feasible
without incorporating advanced tools for characterizing the
molecular diversity of mixed microbial communities. The
coupling of metagenomic and metatranscriptomic techniques
with new cultivation strategies and research methodologies
has been described elsewhere, and a full discussion is outside
the scope of this manuscript [52, 130, 131]. However, it is
exciting to consider how MFCs may complement the growing
arsenal of advanced tools that contribute to a greater under-
standing of the microbial world. The research opportunities
provided by MFC technology extend beyond the generation of
electricity and represent a unique opportunity to study and
control the impact of microbial ecology and physiology on
complex systems such as those found in ruminant biology.
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