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ABSTRACT
Microbial Fuel Cells Under Extreme Salinity
by
Oihane Monzon del Olmo

I developed a Microbial Fuel Cell (MFC) that unprecedentedly works (i.e.,
produces electricity) under extreme salinity (≈ 100 g/L NaCl). Many industries, such as oil
and gas extraction, generate hypersaline wastewaters with high organic strength,
accounting for about 5% of worldwide generated effluents, which represent a major
challenge for pollution control and resource recovery. This study assesses the potential for
microbial fuel cells (MFCs) to treat such wastewaters and generate electricity under
extreme saline conditions. Specifically, the focus is on the feasibility to treat hypersaline
wastewater generated by the emerging unconventional oil and gas industry (hydraulic
fracturing) and so, with mean salinity of 100 g/L NaCl (3-fold higher than sea water). The
success of this novel technology strongly depends on finding a competent and resilient
microbial community that can degrade the waste under extreme saline conditions and be
able to use the anode as their terminal electron acceptor (exoelectrogenic capability). I
demonstrated that MFCs can produce electricity at extremely high salinity (up to 250 g/l
NaCl) with a power production of 71mW/m2. Pyrosequencing analysis of the anode
population showed the predominance of Halanaerobium spp. (85%), which has been found
in shale formations and oil reservoirs. Promoting Quorum sensing (QS, cell to cell
communication between bacteria to control gene expression) was used as strategy to

increase the attachment of bacteria to the anode and thus improve the MFC performance.
Results show that the power output can be bolstered by adding 100nM of quinolone signal
with an increase in power density of 30%, for the first time showing QS in Halanaerobium
extremophiles. To make this technology closer to market applications, experiments with
real wastewaters were also carried out. A sample of produced wastewater from Barnet
Shale, Texas (86 g/L NaCl) produced electricity when fed in an MFC, leading to my
discovery of another predominant electroactive and halophile specie in the anode,
Marinobacter hydrocarbonoclasticus, which is known for its extraordinary biodegradation
capabilities. These findings suggest the potential of the MFC technology to treat
hypersaline high-strength wastewaters while producing electricity, a result which would
alleviate a major economic and environmental challenge for the oil and gas industry. In
addition, this research represents a promising start overall in advancing biological
treatment of saline wastewaters in other contexts, which is a largely unexploited field.
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Chapter 1

Introduction

1.1. Introduction and problem statement
Wastewaters with high salinity and organic content that are generated by various
industries (e.g., food processing, textile, leather and oil/gas production) represent about 5%
of worldwide generated effluents, and pose significant environmental and economic
challenges [1]. In addition, interest in reusing saline waters for domestic and industrial
purposes is growing to minimize consumption of increasingly scarce fresh water [2].
Specifically the oil and gas industry is posing an increasing threat due to its explosive
growth in the last years and the incredibly high amounts of water required for the extraction
(up to 30,000 m3 per horizontal well [3]) that becomes highly polluted with organic strength
and extreme salinity. High salinity wastewaters are inhibitory to bacteria used in
conventional biological processes (e.g., activated sludge), exerting osmotic stress and
plasmolysis [4], whereas physico-chemical treatment such as thermal evaporation to
reduce volume or membrane-based separation processes could be prohibitively expensive
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for large volumes [5]. Therefore, there is a need for alternative solutions to treat organic
pollutants in hypersaline wastewaters and recover resources (e.g., energy), which
motivated my study of the potential for microbial fuel cells (MFCs) to function when
seeded with extreme halophilic bacteria, and the pertinent mechanisms.
MFCs produce electricity while treating wastewater through bacteria able to
oxidize organic compounds (i.e., electron donors) under anaerobic conditions while using
solid terminal electron acceptors in the process (e.g., carbon electrodes). MFCs have been
studied to treat different organic compounds in industrial wastewaters such as glycerin
from biodiesel waste [6], cellulose from paper recycling wastewater [7] and alcohol
distillery wastewater [8], but no studies have attempted to use MFCs to treat high-strength
hyper saline wastewaters. To illustrate a possible real application of this technology, this
produced energy could be used to power a subsequent desalination device to convert
simultaneously saline wastewater (e.g., produced waters or flowback waters from oil and
gas fields) into fresh water in an integrated system that requires minimum external energy
supply (if not completely self-powered). This treatment train system would allow the
oxidation of the organic pollutants by the MFC, while they are converted into electric
power to run the desalination in a subsequent step. Figure 1 shows an envisioned portable
device which includes photovoltaic pumps in case any extra power is needed to circulate
water through the system.
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Figure 1. Portable MFC-CDI.

My research focuses on the development of MFC that could work in this manner.
This includes assembling and operating bench-scale MFCs under extreme saline conditions
(e.g., > 100 g/L NaCl) and addressing challenges to limited electricity generation, such as
the formation of exoelectrogenic biofilms on the anode, which requires consideration of
bacterial attachment mechanisms. This, in turn, requires consideration of quorum sensing,
which refers to the way bacteria communicate, via chemical signals that they excrete (i.e.,
autoinducers), to coordinate various metabolic functions including biofilm formation. Of
particular interest my dissertation seeks to answer the following questions:


Can a MFC produce electric power under extreme salinity?
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If so, what is the identity and properties of the responsible extremely halophilic
bacteria?



How do different concentrations of salt affect MFC performance?



How does temperature affect MFC performance and pollutant degradation
efficiency?



Can stimulation of Quorum Sensing increase cell density and biofilm formation at
the anode?



Which are the Quorum sensing signal molecules that enhance these extremophile
biofilms?



Can these hypersaline MFCs power a desalination device, such as capacitive
desalination module (CDI)?

1.2. Objectives
The general objective of my research is to determine whether MFC reactors can be
applied in extreme saline conditions. Specifically, the objectives are broken up into
following:
1. Determine whether MFCs can treat hypersaline wastewaters, and assess the

biodegradation capabilities as well as the energy recovery under such conditions. This
involves:
1.1. Assessing microbial adaptation and MFC performance under high salinity
(covered in Chapter 3)
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1.2. Analyzing bacterial community structure: phylogenetic analysis and
confocal microscopy (covered in Chapter 3)
1.3. Evaluating MFC performance with a single culture and effect of
temperature (covered in Chapter 4)
1.4. Determining the degradation of a model aromatic pollutant: Sodium
Benzoate (covered in Chapter 4)

2. Assess whether MFC performance can be enhanced by increasing biofilm formation
and density in the anode surface, by stimulating Quorum sensing through the addition
of autoinducers (covered in Chapter 5). This involves:
2.1. Assessing biofilm formation in the presence of commercially available
QS signals
2.2. Analyzing bacterial transcriptional response to biofilm promoting signals

3. Evaluate the treatment of real produced wastewaters and the coupling of the MFC
with CDI device to assess the capability of the MFC to power the desalination process
(Chapter 6). The coupling with CDI is a collaborative effort with Amy Heldenbrand
and Jun Kim, in charge of the desalination device.
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Chapter 2

Literature Review

The aim of this chapter is to closely walk through the disciplines that are related to
the novel Hypersaline MFC development in order to give an overview of the current
information necessary to justify the importance of my work since no precedent study on
hypersaline MFCs has been found to date. In the first section (2.1) all the aspects related
with MFCs and hypersaline wastewater are covered, from the basics on the functioning of
MFC reactors to the actual state of the art on the treatment of hypersaline wastewaters. In
a second section (2.2) the concept Quorum sensing (QS) will be introduced since is the
strategy I have followed to increase the bacterial cell density and other properties in my
hypersaline MFC. Information regarding to the basics, its relation with biofilm formation
and the state of the art on QS in halophile bacteria will be addressed.
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2.1. Microbial Fuel Cells (MFC) and saline wastewaters
2.1.1. Introduction to MFC
Bioelectrochemical reactors (BEC), known as microbial fuel cells (MFCs) when
used for electricity generation, offer a unique potential of treating organic contaminants in
wastewater while producing energy at the same time. The device (Figure 2) consists of an
anode (usually made of a carbon fiber brush) connected to an air cathode also made of a
conductive material, typically carbon cloth. Bacteria grow and attach to the anode surface
under anaerobic conditions. They release electrons (exoelectrogenic capability) obtained
from the consumption (oxidation) of the organic matter onto the anode surface. From the
anode, electrons travel to the cathode where they react with oxygen and protons to form
water. This reaction is crucial to maintain the basic medium and to avoid decreases in pH
that would be harmful for bacteria. When an external circuit is present, an electron flux is
created producing electric energy that can be harvested.
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Figure 2. Diagram of an air cathode MFC.

2.1.2. State of the art on MFCs
Taking into account the redox potential of bacteria respiration enzymes and O2, the
maximum theoretical voltage that can be generated by a single MFC reactor is ≈1.2 V, and
typical values realized in the lab range from 0.3-0.5 V [9].The produced voltage and current
could be increased by installing multiple MFC reactors in series and in parallel
respectively, or a combination of both to optimize the final power output. Extensive
research in this field has increased the power density of MFCs by several orders of
magnitude in less than 10 years. The maximum power density reported for an air cathode
MFC is 1.55 kW/m3, and recently a power density of 2.87 KW/m3 was achieved with a
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novel configuration of double cloth electrode assembly [10]. Usually the concentrations of
organic matter treated by MFCs are in the range of domestic wastewater (COD ≤ 125
mg/L).
In the last decade microbial electrochemical processes have been rapidly evolving
driven by the growing energy crisis and environmental pollution pressures. The main
drawback for their full scale implementation has been their remoteness from reaching
acceptable power outputs. However, the research efforts invested on this field are little by
little showing ways to increase their power output. Many features affect the MFC
functioning leading to many specific research areas as well, being the main foci
microorganisms and their exoelectrogenic capabilities, type of substrates, and materials
and architecture, always with the purpose of increasing conductivity and reducing ohmic
losses. Figure 3 gives an idea of the recent research (from 2006) showing review
publications on the different areas attaining Microbial Fuel Cells.
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Figure 3. Review publications from 2006 to 2013 in different MFCs areas of
investigation [11].

Selecting the proper materials for the electrodes is currently the main challenge for
large scale application. Materials used as electrodes strongly affect the coulombic
efficiency of the MFC (ratio of total e- recovered as current, to maximum e- if all the
wastewater removal would produce current). That is why finding electrodes as conductive
as possible and with greater surface area is critical for the performance of the MFCs.
Specifically, the cathode’s specific surface area is one of the most critical factors. Logan
et al. found that by doubling the cathode surface area the power increased by 62% while
by doing the same thing with the anode only an increase of 12% was reached [12]. The
electrode spacing and architecture are key factors, too, and minimizing their distance
clearly improves the power output [13]. This fact has driven the development of new
architectures such as tubular reactors [14] and stacked configurations [15] of multiple cells
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in parallel and in series to increase the electrical output and make a step forward
commercialization.
An important feature is the catalyzer involved in the oxygen reduction reaction in
the cathode. Platinum has been the most utilized material due to its great performance but
it has been an impediment towards its application in the market due to the extremely high
cost as it is a precious metal. Some of the proposed alternatives include the use of a cobaltbased catalyst (CoTTMP). Those based on graphene such as MnO2 graphene hybrid
cathode [16] or Fe and N functionalized graphene [17] and the use of granular anode
materials [18] have given satisfactory results close to the performance reached with
precious metals.
Nanotechnology can also enhance the performance of MFCs. Nanocomposite
materials and mainly carbon nanotube-based electrodes provide extraordinary physical
qualities in terms of conductivity and surface area as well as magnificent mechanical
properties, but their potential toxicity to bacteria is still in question [19].
MFCs are inherently biological reactors, therefore their ability to degrade relevant
pollutants as well as wastewaters from different natures has been the main focus of many
researchers in the field. In terms of degradation efficiency, in MFC devices the degradation
is purely anaerobic, and so the degradation kinetics are slower, while the ability to treat
recalcitrant pollutants (e.g. aromatics) is greater. MFCs have been extensively studied to
treat different organic compounds either pure or from biological or industrial wastewaters.
So far, there are several reviews gathering thorough information about different substrates
and power densities reached in the last years [20, 21]. Although there is increasingly more
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information, it is still difficult to make comparisons between systems due to the large
number of parameters affecting the performance such as microorganisms, type of
electrodes, initial wastewater composition and reactor architecture.
In single carbon source systems, acetate and cellulose are typically the substrates
of choice. Acetate offers the advantage of greatly avoiding alternative reactions that often
result such as methanogenesis which is detrimental for the overall performance of the cell.
Among the two, acetate has reported greater coulombic efficiencies (72% with acetate and
15% with glucose) [22].
There are several studies in which degradation and performance are evaluated using
real wastewaters. Brewery wastewaters have been used since they have high organic
content (3,000-5,000 mg/L COD) and a lack of inhibitory substances compared to domestic
wastewaters. Feng et al recorded a maximum power density of 528 mW/m2 from beer
brewery [23]. Landfill leachates have been also used to feed MFCs and besides its
complex composition, including inorganic compounds and heavy metals, Zhang et al
obtained a volumetric power of 12.8 W/m3 from these wastewaters [24]. The degradation
of wastewater from a paper recycling plant was also successful in producing a power
density of 672 W/m2, that being achieved by previously adding phosphate buffer [7].
Domestic wastewaters have been extensively studied seeking the envisioned idea
of energy efficient wastewater treatment plants (WWTP) that many MFC enthusiasts hope
could be a reality one day. To mention some examples, by feeding a microbial fuel cell
with actual domestic wastewater Mohan et al. [25] obtained a power output of 156 mW/m2
using a single chamber air cathode MFC. While Logan et al [26], with the same MFC set

13
up but working in continuous flow reached up to 422 mW/m2. Very recently, sewage
sludge was treated with a three chamber biocathode MFC getting a power output of 13
W/m3 and a COD removal of 50% in 15 days of operation [27]. A research group from
China has designed a large scale stackable horizontal plug-flow microbial fuel cell to
directly treat domestic wastewater, by which they got a power output of 116 mW and high
current of 0.4 A, reaching a stable effluent COD of 70 mg/L (~80% removal) [28].
Pharmaceuticals, heavy metals and dye wastewaters degradation have also been
assessed in MFCs [20, 21]. In the case of heavy metals, the process resides in the cathode
which is a sink of electrons that can undergo reduction of oxidized compounds such as
dissolved heavy metals. Li et al [29] reached a removal of 66% of total Cr, which is known
to be harmful to health, thanks to the precipitation of the reduced form Cr2O3 in the cathode
surface of a two-chamber MFC.
Regarding petroleum derivatives there are some studies that prove biodegradation
under the MFC particular conditions. Terephthalic acid, a widely used petrochemical for
polyester and plastic bottle production, was degraded using MFC seeded with
Pseudomonas aeruginosa (160 mW/m2) and activated sludge (93.6 mW/m2) [30]. Morris
et al. reached 82% anaerobic degradation of biodiesel organics (C-8 to C-25) and power
production of 30 mW/m2 in a two chamber MFC [31] while Feng et al got up to 2100
mW/m2 in an air cathode MFC [6]. Phenantrene has been also successfully degraded in an
MFC with bacteria from activated sludge enriched with Pseudomonas aeruginosa,
obtaining a removal of 62% and a power density of 1.25 mW/m2 [32].
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No studies treating either synthetic or real oil or gas produced wastewater have been
reported. A very interesting niche to which my research provides new knowledge.
Regarding MFC at saline conditions, few studies have attempted to use MFCs to
treat high-strength hyper saline wastewater [33]. Although some salinity in principle is
beneficial, allowing better proton transfer and higher conductivity in the system, high
salinity levels could be harmful to bacteria colonizing the anode, and significantly hinder
energy output. For example, salt concentrations greater than 20 g/L were detrimental to
bacteria in sewage due to osmotic stress, while even lower salinity (e.g., 10 g/L) has been
shown to reduce the coulombic efficiency (CE) of MFCs [34]. No studies in the range of
extreme salinity (100 g/L NaCl) have been recorded so far. That is why my hypersaline
MFC is a very innovative approach.
Overall, electric powers achieved from real wastewaters remain still low from the
point of view of large scale applications, being the threshold for industrial feasibility
considered in 1KW/m3 for reactors greater than one liter [35]. Therefore, there is still a long
road to walk to develop MFC reactors that can be incorporated in real wastewater treatment
facilities, but as small devices for point of use, as well as for off- grid applications they can
be very useful.
2.1.3. Exoelectrogenic Microbial Consortia
The main protagonist of this technology is the microbial consortia. MFC ‘s anode
colonizing bacteria uses the anode surface as electron an acceptor, which is why it is
important to avoid high redox potential molecules as O2 or nitrate in the system that would
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preferentially react with the electrons. This explains the inherent anaerobic nature of the
MFCs. The extra cellular electron transfer is the main limiting factor of the power output
of the MFC. There are two major mechanisms for electron transfer to the anode; direct
electron transfer (DET) or indirect electron transfer (iDET) through redox mediated
shuttles. Regardless of the mechanism, the extracellular electron transfer rate depends on
the final electron carrier and anode’s potential difference.
The main way of electron transfer is the DET [36] where the transfer of the
electrons to the anode surface is made by physical contact through terminal cytochromes
or reductases of the electron respiration chain of the microorganism. For this transference
to occur a maximal allowed distance to the anode is about 15 Å [37]. It has been also
observed that direct electron transfer can be done through the pili or nanowires that are
attached to the main body of the cell, but the exact mechanisms remain poorly understood.
Shewanella oneidensis [38] and Geobacter sulfurreducens [39] have the nanowire and pili
mechanisms respectively.
The indirect electron transfer mechanism (iDET) involves the presence of
intermediate electron shuttles that can be externally introduced (i.e. methylene blue, neutral
red, humic acids) or produced by the microbial consortia itself (i.e. quinones, phenazines,
phyocyanins) [40-42]. When electrons are produced by bacteria (endogenous) they have to
travel across the cell membrane, and hence, the permeability of the membrane plays an
important role and is often the reason for the low power outputs achieved in MFCs. By
iDET mechanisms the electrons are transferred to the electron shuttle reducing it, and
subsequently the shuttle reacts with the anodic electrode depositing the electrons on the
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surface and becoming re-oxidized [43]. Several microorganisms are known to be able to
use a mediator-driven electron transfer mechanism; these species include Pseudomonas
[44], Shewanella [45] and Escherichia Coli [46].The ability of different microbes to use
mediators does not depend on their capability to produce them [47], in many cases bacteria
can use exogenously added mediators.
The vast majority of the work on exoelectrogenic capabilities has been done with
Shewanella and Geobacter species. In Shewanella oneidensis the electron transfer is
predominately by indirect pathways and it was demonstrated that outer membrane
cytochromes (redox proteins) are responsible for transferring the electrons either to a
shuttle molecule or directly to the solid electrode [48].
In the case of Geobacter spp. the direct transfer mechanism is more relevant due to
the presence of the type 4 pili in its cellular structure. They also produce quinone type eshuttles in the cell that are then transferred through different cytochromes to the final
electron acceptor [49].
Many MFC set ups are seeded with a mixed microbial consortia that may drive
cooperative metabolism utilizing both mechanisms of electron transfer, and very likely,
some other extracellular complex mechanisms that still remain unknown [47].
Understanding the interactions in complex consortia, which is the case in all environmental
samples, is of paramount importance and would promote the development of molecular
engineering tools to maximize and optimize the exoelectrogenic capabilities. For instance,
Leang et al. [50] have succeeded in promoting the over-production of pili in Geobacter
sulfurreducens, thereby achieving higher electron transfer rates. This makes clear the
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potential of genetic engineering tools. Therefore, knowing the synergistic interactions
between different bacteria will be essential to development such strategies in complex
mixed cultures.
2.1.4. MFCs and Desalination
Recently the attempts in coupling Microbial Fuel Cells and desalination devices
(Microbial Desalination Cells, MDC) have increased. In comparison with the conventional
desalination technologies (i.e. Reverse osmosis (OR) and distillation) that are energy
intensive, devices relying on MFC represent an efficient solution since the energy is
provided by bacteria, avoiding or at least minimizing the need for external energy sources.
The dual advantages offered by MFC, organic degradation in addition to electricity
production, make them interesting to provide the energy needed for salt removal while
treating other undesirable organic compounds. Below is an analysis of the different
approaches that have been developed to take advantage of these unique features.
2.1.4.1. Microbial Desalination Cells (MDC)
The mechanism used by MDC to remove salinity is similar to the conventional
electrodialysis process, where an electric voltage is used as the driving force to remove
ions from water. The difference here is that the voltage is produced by exoelectrogen
bacteria instead of any other external power source, making the technology energetically
self-sustainable. In other words, the organic matter in wastewater serves as the energy
source to drive the desalination by means of bacterial metabolism. MDC consist of three
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different chambers separated by ion exchange membranes. Figure 4 shows a diagram of
the device.

Figure 4. Microbial Desalination Cell. AEM and CEM: Anion and Cation exchange
membranes. Taken from Kim et al [51].

The anode chamber is fed with a wastewater stream and the bacteria attached to the
anode metabolize it, producing electrons and protons (oxidation of the organic matter). The
anode is wired connected to the air cathode, located in the cathode chamber, where the
electrons travel to react with oxygen and protons to produce water. So far, this is the exact
operation of a conventional microbial fuel cell. This process produces the electric power
responsible to drive the desalination taking place in the middle chamber. The desalination
chamber is fed with a different stream containing just salt and the electric potential gradient
drive salt ions to the opposite charged electrode through the ion exchange membranes. The
importance of ion exchange membranes rests on maintaining the charge balance in the
electrode chambers.
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The salinities used in these devices are generally lower than seawater (35 g/L).
Considerable good removal efficiencies have been achieved with 5 g/L NaCl saline stream
using sodium acetate as carbon source, achieving up to 63% desalination. When increasing
the salinity to higher values, closer to seawater, the desalination efficiency drops 15% at
best scenario [52]. The problem using higher salinities in these devices is that Cl- ion
concentration considerably increases in the anode chamber, thereby affecting the growth
of bacteria and thus, the generated voltage. At the same time, when using wastewaters with
high organic matter content the pH in the anode chamber will decrease depleting the
bacterial growth. Recall that the anion exchange membrane (AEM) does not allow H+ to
leave the anode chamber, constituting one of the major disadvantages of this technology
since pH drops would easily happen and negatively affect bacterial growth and electric
performance.
Another fact influencing the performance is the type of saline water. Luo et al. [53]
have demonstrated that the MDC device is very sensitive to the composition of saline
water, finding that Ca2+ and Mg2+ multivalent ions decrease the power output and
desalination efficiency since they precipitate in the ion exchange membrane’s surface.
Overall, there are many challenges to overcome in order to make this technology
suitable for commercial implementation. First, the use of two different wastewater streams
reduces its applicability to coastal regions where domestic wastewater and seawater
coexist, but not for industrial or other saline wastewaters.
Second, while salinity certainly decreases in the desalination chamber, ion
concentration in electrode chambers increases (anions and cations from saline water
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accumulate in the anode and cathode chambers respectively) ending up with an overall
higher volume of ion polluted water, affecting its final use or disposal.
Finally, another downside is that no real wastewaters have been used yet as influent
to the anode chamber to assess the operation of the device in a more realistic basis.
Approaches to improve the performance include the use of multiple stacked
desalination cells [54] obtaining greater desalination ratio, up to 72% removal from an
initial 20 g/L NaCl stream when using three desalination cells, but the multiple cells need
very careful configuration design since the voltage decreases with increasing the number
of desalination cells.
2.1.4.2. Microbial Capacitive Desalination Cells (MCDC)
MCDC is a very recently developed technology (2012) that integrates the microbial
desalination cell with capacitive deionization. It has been developed precisely to overcome
the main drawback found in MDC, which is the potential increase of ion concentration in
the electrode chambers. In an MCDC ions will be adsorbed by the capacitor electrodes
and will not travel to electrode chambers [55].

Figure 5 shows a diagram of the MCDC.
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Figure 5. Microbial Capacitive Desalination Cell (MCDC) [56].

The device consist of three chambers separated by an electrode assembly. The
anode chamber separator consists of an anion exchange membrane (AEM) facing the
desalination chamber, a current collector made by Ni/Cu mesh and an activated carbon
cloth (ACC) which is where bacterial biofilm growth takes place in addition to the ion
adsorption. The cathode assembly is the same thing, but with a cation exchange membrane
(CEM) instead. These electrode assemblies serve to separate the desalination chamber from
the anode and cathode chambers as shown in Figure 5. Differing from MDC, ions that are
selectively removed from the desalination chamber will be adsorbed in the activated carbon
surface keeping the ion concentration from increasing in the anode and cathode chambers.
As in conventional CDI, once the voltage input ceases, the ions are released generating a
salt concentrate (brine).
This MCDC device like the MDC has the disadvantage of being fed by two
different streams one containing organic matter and other just with salts, limiting again the
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range and type of future commercial applications. The proof of concept of this technology
has been driven in a fed-batch mode using 10 g/L NaCl stream entering the desalination
chamber and 1.6 g/L of sodium acetate feeding the anode to serve as the carbon source for
microbial growth. The average salt removal reached was 69.4% with an adsorption
capacity of the activated carbon electrodes up to 82.2 mg/g ACC [56].
While this approach overcomes the problem of ions accumulating in the anode and
cathode chambers, the pH drop in the anode still remains unsolved. Anions from the
desalination chamber do not travel to the anode chamber to neutralize the protons generated
by bacterial degradation. Qu et al. propose a future implementation of electrolyte
recirculation between anode and cathode chambers to reach the desired neutralization, as
well as modular stack reactors to maximize the desalination efficiencies [57]. A different
approach is to use the MFC and the desalination device as separate reactors (maintaining
their regular operation mode) and connect them by an external electrical circuit as
explained in next section.
2.1.4.3. Microbial Fuel Cell Coupled with Capacitive deionization
This technology couples the two devices but as separate modules. The interest
remains in using the electricity produced by bacteria in a MFC to supply the CDI to drive
the desalination, making it energy efficient and with the possibility to treat a single saline
wastewater stream. It can be very competitive in comparison with conventional
desalination technologies where the energy requirements are huge making their application
very costly.
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The technology is in a very early stage and has very few publications. The main
disadvantages found are not only that two different streams are used to feed each device,
as we have seen with the previous technologies, but also the fact that only very low salinity
concentrations have been treated so far; 60 mg/L NaCl [58] and up to 150 mg/L NaCl with
60% desalination achievement [59]. That is why I propose using a combined device to
treat simultaneously both organic matter and high salinity coming from the same stream
making it more feasible and competitive for industrial applications.
The main challenges of our novel design are finding bacteria that survive at
extremely high salinities and with the ability to produce electricity, as well as the
availability of a high performance CDI that can afford the treatment of these extremely
high salinities going up to ~250 g/L. Figure 6 shows the proposed device where hypersaline
MFCs could have a potential application.
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Figure 6. Proposed MFC coupled with CDI.

In a first step the high strength saline stream enters the microbial fuel cell where
organic pollutants will be removed. The effluent leaving the MFC will feed the CDI where
the desalination will take place. The energy source for desalination is provided by the
bacteria while degrading the organic compounds. The hybrid MFC-CDI process certainly
opens a new window of application where real saline wastewaters will be able to be treated,
simultaneously removing salinity and organic pollutants in an energy-efficient way.
All previous research on bioelectrochemical-based desalination reactors mentioned
in this review have been inoculated with activated sludge from WWTP, and therefore, a
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non-saline source. In my research the focus resides on bacteria that can acclimate to high
salinity environments and produce electricity in an MFC under such conditions.
Consequently, finding proper halophiles (bacteria naturally living in saline environments)
was a priority for this technology.
MFC are very versatile devices similar to conventional batteries. Therefore, it is
possible to work with multiple cells in series (current sums up) or in parallel (voltage sums
up) to reach appropriate energy output in order to optimize the desalination, making it faster
and with greater adsorption capacity.
2.1.5. Saline wastewater sources
High saline wastewaters are everyday discharged mainly from industries such as
seafood processing, textile dyeing and oil and gas industry [60]. The discharge of such
saline wastewaters is highly adverse for the environment and aquatic life, therefore
legislation is becoming more stringent and the search for solutions is becoming an
increasingly pressing need.
China, Thailand and United States are the major fish processing wastewater
producers and about 20 m3 of fresh water is consumed per ton of fish processed. The
produced waste effluents can have salinities from 1.3 to 3.9% w/v Na Cl (13 – 39 g/L NaCl)
and COD concentrations up to 32 g/L [60].
Textile dying industry is another major contributor to high saline and high strength
water pollution, which mainly affects developing countries of Southeast Asia which are
major textile manufacturers [60]. Specifically, wastewaters from textile dying can reach
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salinities up to 100 g/L [61] and the waste effluent production is of about 150 liters per kg
of textile piece [62]. Azo dyes are considered a major threat in these wastewater effluents
because they evolve into aromatic amines (through hydrolysis) which are known to be
potential carcinogens [63].
Tannery (leather processing), a very important industry in Mediterranean countries
and food pickling industries are also great producers of high saline streams. These
wastewaters contain salinities of 10 % NaCl and COD values of around 30 g/L [64].
We cannot forget the brines generated in the processes of desalination and reverse
osmosis which utilization, despite its high cost, is increasing in Middle East countries and
produce large quantities of brines which constitute the major drawback for the technology.
Brines contain salinities of about 50 g/L salt [65] and 330 mg/L COD [66].
My research focuses primarily on the emerging industry of unconventional oil and
gas extraction (fraking) which practice has alarmingly increased in the recent years. The
Energy Information Administration (EIA) holds that by 2035 gas production from shale
formations will increase from 23% (in 2010) to 49% of the total US gas production
(http://www.eia.gov/forecasts/aeo/pdf/0383(2012).pdf).
Shale gas production utilizes hydraulic fracturing, in which highly pressurized fluid
is injected to generate and propagate fractures in the shale bedrock and release natural gas
stored in the shale. Although this technology breakthrough allows natural gas production
from tight shales, it uses a vast amount of fresh water. On average, it requires over 5 million
gallons of water per hydraulic fracture (www.fracfocus.org). Around 15-30 % of the
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injected fluid is recovered and is called the flowback and produced water. Flowback refers
to the water that returns immediately after hydraulic fracturing, but before gas production;
and produced water is generated during gas production along the entire productive life of
the well. These wastewaters, mainly the produced waters, are highly polluted with organic
strength and extremely high levels of salinity (up to 5-7 fold higher than ocean, mean value
~120 g/L). COD values of the flowback/produced waters range from 200 to 120,000 mg/L
[67]. Organic pollutants are a mixture of the ones that are introduced with the injection
fluids and those originally found in the shale formation, composed mainly of aromatic
compounds, organic acids and long chain hydrocarbons. Organic acids such as propionic
and formic acid are very common [67]. Aromatic compounds are of great concern due to
their toxicity, and BTEX and phenols are widely found while their concentration varies
with location and with time within a well. Marcellus Shale (PA, USA), which is the largest
reserve in USA, has a carcinogenic potential of 0-370 kg benzene-eq [3].
At present, disposal of the flowback water is a significant expenditure for the shale
gas industry. The Shale gas Research Center estimates that the annual cost of water disposal
ranges from $1,200,000 to $72,000,000 per company. Flowback water is commonly stored
on site in evaporation ponds or expensively transported to a centralized treatment facility,
when deep injection is not feasible. Such practices may have several negative
environmental impacts such as air pollution by volatile organic compounds, soil pollution
and pollution of nearby groundwater and surface water bodies via accidental spill, leaching
or overflow and run off from the evaporation pond.
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Large fresh water consumption rate, production of highly contaminated flowback
and produced waters together with the potential environmental impacts have raised
concerns regarding the environmental sustainability of hydraulic fracturing practice. In
fact, it is banned in some countries like France and Germany, while keeps increasing in
USA.
One way to lower the water usage and avoid environmental contamination by the
flowback/produced water is its treatment, whether for its reuse in subsequent well
exploitations or its safe disposal in the environment. Cost-effective water treatment
technologies are therefore urgently needed and would benefit both the environment and
shale gas industry.
The next section walks through the state of the art in saline wastewaters treatment.
2.1.6. Treatment of saline wastewaters
Physicochemical treatments are mostly used to treat high saline wastewaters
including

evaporation,

coagulation-flocculation,

ion

exchange

and

membrane

technologies. Thermal evaporation and membrane techniques are energy intensive, thus
not economically feasible solutions. In addition, membrane processes such as reverse
osmosis require a very high quality influent for being effective, unsuitable to directly treat
wastewaters without pretreatment. Coagulation-flocculation techniques have been used to
treat the organic matter from high saline wastewaters [68], but generally the salinity greatly
influences the treatment quality by creating greater resistance to decantation since salinity
increases the density of water as well as the buoyant forces in the medium [5]. Meanwhile,
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ion exchange involves high costs of regeneration of the resins plus the need of a pretreated
influent to avoid the clogging of the resin.
Overall, physicochemical processes can be prohibitively expensive even more for
high volumes of wastewater (i.e. produced waters) highlighting the need to find suitable
and cost effective technologies such as the ones relying on biological treatments [5].
Experts agreed on the suitability and advantage of using anaerobic treatment for this
application since it is economically sustainable and more efficient degrading recalcitrant
pollutants [5, 60] such as aromatic compounds typically found in oil and gas produced
wastewaters. This places MFCs in an advantageous position since they are inherently
anaerobic reactors. The major impediment is that salinity is inhibitory to bacteria used in
conventional biological processes (e.g., activated sludge), mainly due to the osmotic stress
and plasmolysis [4] exerted by Na+, leading to very low COD removals with salinities
above 2% w/v. Therefore a determining fact will be getting a proper acclimation of
biomass to these conditions of salinity or using halophile microorganisms with competent
abilities to degrade organic compounds. Some studies show the acclimation of
conventional activated sludge to salinity by gradually increasing the salinity of the medium,
but the salinity tested was lower than 5% [69], which is still very far from being suitable
to treat our target saline effluents from hydraulic fracturing (up to 25% salinity). Besides,
the system is very sensitive to sudden salinity fluctuations which are typical in industrial
effluents [70]. Therefore, halophile organisms are the ones increasingly attracting interest
for the biological treatment of saline wastewaters.
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Anaerobic processes require low energy consumption, have higher tolerance to
influent variations and produce much lower sludge than aerobic processes [60]. MFCs
have the extra benefit of producing electricity while treating. Currently, the study of
anaerobic treatment of industrial saline streams is very scarce. The use of halophilic
consortium to treat produced water has not been documented while it is known there exist
halophilic microorganisms able to degrade hydrocarbons in marine sediments [26, 71, 72].
There are very limited studies about anaerobic treatment of hypersaline streams
(>3.5% salt) and they are mainly focused on the treatment of textile dying wastewater. Guo
et al. [73] used a salt tolerant culture acclimated in the lab (not specified) and treated an
influent containing 550 mg/L of red dye and 150g/L NaCl in an anaerobic batch reactor.
The system reached 90% removal after 4 days. On the other hand, Dafale et al. investigated
the anaerobic treatment of synthetic dye bath with salinities ranging from 50 to 100 g/L
NaCl using activated sludge from textile effluent treatment plant (advantage of starting
with a culture already acclimated to high concentrations of dyes) and found salinities
greater than 50 g/L NaCl were inhibitory with the consequent decrease in the efficiency of
dye removal [74].
Artiga et al. [75] developed a pilot scale hybrid biofilm-suspended biomass
membrane bioreactor (MBR) to treat fish processing wastewaters (73 to 84 g/L salt). The
reactor was inoculated with conventional activated sludge and subjected to increasing salt
concentrations during 60 days until it reached 84 g/L NaCl. A successful COD removal of
around 90% was obtained by combining aerobic/ anaerobic stages. This is an exception
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among the few studies. The general observation is that salinity greater than sea water
salinity is inhibitory to non-halophile bacteria.
Overall, studies show that bacteria from activated sludge can be acclimated to
moderate salinities (around sea water salinity). For higher salt concentrations the addition
of halophile organisms seems to be necessary and show a clear improvement on the
treatment efficiency [76].
It is clear then, that salt tolerance is case and bacterial culture dependent. The
general observation is that the microbiological culture has greater tolerance to salt in the
presence of more easily degradable pollutants [60]. It is also highlighted [5, 60] that the
application of enriched high salt tolerant bacterial culture to treat hypersaline oil and gas
produced waters holds great potential and should be faced in a near future.
In regards to halophile microorganisms able to efficiently degrade hydrocarbons,
the vast majority of studies have been conducted at/or near sea water salinity and the
bacterial consortia belonging predominantly to the class ɣ, Ɛ and δ-Proteobacteria [60]. It
is not new that anaerobic degradation of hydrocarbons takes place in marine sediments [77,
78] and in subsurface oil reservoirs [79]. At higher salinity levels, bacteria such as
Halophilic methanogens [80] and Halanaerobium lacusrosei (100 g/L NaCl) [81, 82] have
shown to perform anaerobic biodegradation of organic compounds.
So far there has been no documented industrial applications of these anaerobic
halophilic or hyperhalophilic bacteria for oil and gas polluted wastewaters bioremediation.
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That is why my use of hyperhalophile bacteria to feed an MFC, where electricity is
produced from the anaerobic degradation of waste, is the first of such a study.
One of the challenges I encountered during this research was the low bacterial
density and poor biofilm formation of the anode of the hyperasaline MFC (please see
Chapter 3). This is a critical factor determining the degradation kinetics as well as the
electric power output. I chose the path of Quorum sensing and tested the addition of quorum
sensing signal compounds to promote biofilm formation in order to increase the bacterial
density on the anode. This approach has been shown to have a significant effect in the
biofilm formation of certain bacterial species, and can potentially be adopted to achieve
the same with hypersaline bacteria. The next section introduces quorum sensing concept
and walks through the state of art on this topic.

2.2. Induction of Quorum Sensing for biofilm formation
Note that this literature review was conducted after the predominant bacterial
species in my high saline MFC were known, hence, greatly focused on them.
2.2.1. Introduction to QS
Quorum sensing (QS) is the cell to cell communication via chemical signals that
coordinate social behaviors such as toxin production, virulence and biofilm formation. This
bacterial communication is based on the production and detection of signal molecules
called autoinducers, and happens in a population dependent manner. Usually, the chemical
signals are produced intracellularly and then secreted out of the cell. The detection of
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autoinducers by the surrounding bacteria often requires their diffusion back inside the cell
where they bind to specific receptors. Activation of autoinducer assimilation and binding
to the receptor happen when a critical threshold concentration of autoinducer (population
density) is reached in the environment. Then the response regulator is activated leading to
a coordinated gene expression of quorum sensing dependent genes in the bacterial
community. QS provides microbes with the capability to express particular behaviors only
while growing in social communities. Some receptors are directly transcription factors,
while others trigger a series of signals to downstream transcription factors [83].
Overall there are established criteria to distinguish between QS signals
(autoinducers) and other metabolites produced in the cell [84]:
1) QS signals synthesis must occur during a specific stage of growth, and under certain

physiological and environmental conditions.
2) QS signals must accumulate in the extracellular milieu, reach a concentration

threshold and be detected by specific receptors in the bacteria.
3) Group wide coordinated gene expression has to take place.

There are different molecules so far detected as QS signals (Figure 7), generally Nacylhomoserine lactones (AHL), butyrolactones, 2-alkyl-4-quinolones, furanones (usually
inhibitory for biofilm formation), fatty acid derivatives and peptides (this last for Gram (+)
bacteria). However, it is very likely that other chemicals, mainly extracellular bacterial
metabolites, can function as QS signal molecules including as well those with antibiotic
activity [85]. It is generally thought that QS signaling is species specific, but there is
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increasing evidence that they can mediate interspecies communication [86] which is very
interesting for mixed culture systems as in our MFC and environmental samples.

Figure 7. Chemical structure of the most common Qs signals. Homoserine lactones:
3-oxo-AHL ,N-(3-oxoacyl) homoserine lactone ; 3-hydroxy-AHL ,N-(3-hydroxyacyl)
homoserine lactone, and AHL ,N-acylhomoserine lactone where R ranges from C1
to C15. The acyl chain can contain double bonds: A-factor (2-isocapryloyl-3hydroxy-methyl-ɣ-butyrolactone. AI-2, also called aoutoinducer-2, furanosyl borate
ester. PQS, pseudomonas quinolone signal, 2-heptyl-3-hydroxy-4(1H)-quinolone.
DSF diffusible factor, methyl dodecenoic acid. PAME, hydroxyl-palmitic acid
methyl ester.Taken from P. Williams et al. [87].

Trying to stimulate QS for biofilm formation, besides its scientific novelty, is a very
interesting way to increase cell attachment to the anode in my halophile MFC in order to
boost the power production. In my study, anode surface is populated predominately with a
single genus Halanaerobium; some of the predominant species are shown in Table 5. This
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extremophile has been scarcely studied and only the genome of few species (i.e H.
praevalens) has been sequenced. This makes the understanding and the finding of genes
involved in Quorum sensing more challenging, so with this study I bring novel findings to
the topic of Quorum sensing in hypersaline extremophiles.
My research scope assesses whether QS can be induced for biofilm formation by adding
exogenous signal molecules (autoinducers) into the MFC system.
2.2.2. Quorum sensing and biofilm formation
Quorum Sensing is still a niche where much remains to explore and is even more
difficult to elucidate with my target Halanaerobium bacteria (Gram (-)) that have been
scarcely studied. However, there are some general features that could help define future
approaches as it is the comparison and matches from BLAST (gene data bases). BLAST is
a useful tool to assess the presence of the most important genes (or homologous ones)
involved in the synthesis and detection of autoinducers of well-studied bacteria in our
specific genus Halanaerobium.
Whether the induction of QS in a specific bacterial community enhances the biofilm
formation or not depends on the specific bacteria, its signaling system and the
environmental conditions. The general trend shows that it has more influence in “in vitro”
biofilms rather than in natural environments. There are also several studies that
demonstrate that QS has an important role in regulating biofilm formation, Table 1 shows
some studies focused on Gram (-) bacteria signaling.
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Table 1. Overview of the use of QS in the regulation of biofilm formation in Gram(-)
bacteria. Adapted from [88].

Specie
P. aeruginosa

QS signaling type

Effect on biofilm formation

Ref

PQS

Positive effect in architecture

[89]

Positive effect on maturation stage

[87]

(2-heptyl-3hydroxy-4(1H)quinolone
P. aeruginosa

AHL
(C4-HSL,;3-oxoC12-HSL)

P. aureofaciens

AHL

Negative effect on matrix production

[90]

P.putida

AHL

Enhance biofilm formation

[87]

(3-oxo-C10-HSL,
3-oxo-C12-HSL)
S. marcescens

AHL

Positive effect on maturation

[91]

S. liquefaciens

AHL

Positive effect on maturation

[92]

(C4-HSL)
R. sphaeroides

AHL

Negative effect on floc formation

[93]

Burkholderia
cenocepacia

AHL

Production of exoenzymes, induce biofilm
formation

[94]

(C6-HSL, C8-HSL)

P. stewarti

AHL

Increase in the attachment to surfaces, but
negative effect on matrix formation

[95]

V. anguillarium

AHL

Positive effect on attachment

[96]

Yersinia
pseudotuberculosis

AHL

Increases aggregation

[87]

Negative effect on matrix production,
positive effect on dispersal

[97]

V. cholera

(C6-HSL, 3-oxoC6-HSL, C8-HSL)
AHL and AI-2

E. coli

AI-2

Positive effect on biofilm maturation

[98, 99]

H. influenza

AI-2

Negative effect on the biofilm formation

[100]

H. pacifica

AI-2

Promotes biofouling

[101]
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Generally, including Pseudomonas aeruginosa and Burkholderia cenocepacia,
(which are two widely studied systems due to their role as opportunistic pathogens in lung
infections) QS does not affect the early stages of biofilm formation but rather the
maturation of the biofilm. In Pseudomonas aeruginosa not only AHLs have shown to play
an important role but also the second QS mechanism they have based on alkyl quinolone
signal (pseudomonas quinolone signal, PQS). Diggle et al have demonstrated that by
adding external PQS molecules to P. aeruginosa culture the biofilm formation can be
enhanced [102] by increasing the EPS structure (Extracellular polymeric substance), a
function that is crucial for the biofilm architecture and stability. External DNA has also
contributed to the biofilm structure by interconnecting the polymeric matrix [103] and alkyl
quinolone signals have been related to the release of eDNA, another mechanism positively
affecting the biofilm formation.
Even so, as shown in Table 1 QS does not always promote biofilm formation, as is
the case for V. cholera in which the induction of high cell density is detrimental for the
biofilm formation [97].
Overall, QS is affected by many different variables and it is very specific feature
dependent process. While there are some common features in the chemical nature of the
signals and the family of synthesizing proteins, each case should be independently analyzed
making it very difficult to draw general conclusions. It is also true that there are well
defined family genes involved in QS sensing for specific type of signals, and to find these
family genes (or homologous) in Halanaerobium could help to find interesting similarities,
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and elucidate which quorum sensing signals can potentially induce QS in Halanaerobium
bacteria .
To approach this, for any QS signal families, including AHL, quinolone, and AI-2
I have compared the genes of the species with known QS mechanisms (i.e., Vibrio Harveyi
and Pseudomonas aeruginosa) with the target genus Halanaerobium (using nbci protein
BLAST, http://blast.ncbi.nlm.nih.gov/Blast.cgi), keeping in mind that there is still a lack
of information about the whole genome for specific species belonging to this genus and,
that only a few have been sequenced (i.e. H. praevalens and H. Hydrogeniformans species).
The literature analysis focuses on autoinducers occurring in Gram (-) bacteria, as
our target bacterium Halanaerobium is Gram (-).
2.2.3. Quorum sensing signals
2.2.3.1. Homoserine lactones (HSLs) and quinolone-based signals (autoinducers)
Generally in Gram (-) bacteria AHL (N-acyl-homoserine lactones) are the
molecules involve in the signaling for quorum sensing, although the specific molecules
vary from one specie to another as the responsible genes do. Involved genes are members
of the luxI and luxR families. AHLs are synthesized by enzymes belonging to the LuxI
family, transferred out of the cell, and diffuse to neighboring bacteria where they interact
with the cytoplasmic receptor LuxR family involved in transcriptional regulation [83]. This
LuxR/AHL complex activates or represses the target gene [83]. Specifically, these signal
molecules are synthesized via LasI and RhlI and activate LasR and RhlR proteins
respectively [104].
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The AHLs quorum sensing inducing mechanism was first observed in Vibrio
fischeri, which induces bioluminescence in the resulting phenotype of the community
[105]. The specific autoinducer responsible for bioluminescence was later identified as 3oxo-C6-HSL [106]. Afterwards, several bacteria have been shown to have homologous
genes coding for LuxI and LuxR proteins producing AHLs such as Pseudomonas
aeruginosa, Serratia liquefaciens and Erwinia Herbicola among others [107].
Pseudomonas aeruginosa is probably the most studied organism in terms of
Quorum sensing mechanism due to its role in human health. As previously mentioned, it
integrates two types of signaling, the AHLs (3-oxo-C12-HSL and C4-HSL) and the
quinolone type (PQS, pseudomonas quinolone signal, 2-heptyl-3-hydroxy-4(1H)quinolone). Interestingly, both signals are linked with biofilm formation, the feature I seek
to promote in Halanaerobium bacteria; therefore any mutations in these QS genes result in
attenuation of virulence and loss of swarming motility in P. aeruginosa [108]. What is
more, the inhibition of QS makes the biofilm more susceptible to antibiotics and toxic
agents.
The specie Burkholderia thailandensis also presents two types of signals, AHL and
quinolones. The gene hmqf is the one involved in the synthesis of the quinolone based
autoinducer molecule and it has also multiple homologous genes of las and rhl (AHLs
system), therefore multiple QS transcriptional regulators as well as AHLs synthases [109,
110].
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Table 2. Matching of AHL and quinolone protein sequences in Halanaerobium
species. Obtained by BLAST. (continues)

Protein
LuxI (synthesizing
protein family)

Las I (autoinducer
synthesis protein)

RhII (autoinducer
synthesys protein)

LasR (Receptor family
protein, transcriptional
regulator)

RhIR (transcriptional
regulator protein)

Description

Query cover

E value

Ident.

Thiamine biosynthesis protein thiI
[Halanaerobium saccharolyticum]

29%

1.1

32%

hypothetical protein [Halanaerobium
saccharolyticum]

15%

1.2

43%

RpiR family transcriptional regulator
[Halanaerobium hydrogeniformans]

21%

2.8

33%

transcriptional regulator, LuxR family
protein [Halanaerobium
Saccharolyticum]

18%

0.006

36%

LuxR family transcriptional regulator
[Halanaerobium Hydrogeniformans]

41%

1.00E-04

28%

ribose transport protein RbsD
[Halanaerobium prevalens]

16%

0.056

38%

polyprenyl synthease [Halanaerobium
Hydrogeniformans]

16%

0.067

36%

RnfABCDGE type electron transport
complex subunit [Halanaerobium
Hydrogeniformans]

26%

0.08

34%

transcriptional regulator GntR family
domain [Halanaerobium
saccharolyticum]

21%

0.23

30%

GTP binding protein Era
[Halanaerobium Hydrogeniformans]

38%

0.13

25%

Patatin-like phospholipase
[Halanaerobium saccharolyticum]

16%

0.23

27%

Carbamoyl-phosphate synthase large
chain [Halanaerobium saccharolyticum]

21%

0.24

35%

Transcriptional regulator , LuxR family
protein [Halanaerobium
saccharolyticum]

20%

0.21

38%

hypothetical protein [Halanaerobium
saccharolyticum]

18%

0.76

32%

hypothetical protein [Halanaerobium
saccharolyticum]

51%

2.00E-04

25%

transcriptional regulator
[Halanaerobium saccharolyticum]

21%

0.014

40%
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HTH-type
transcriptional
regulator VqsM
(quorum sensing
modulator protein)

3-oxo-C6-HSL
(synthesis protein,
LuxI family) {Vibrio
fischeri]

PQS (P.aeuroginosa
quinolone signal)
synthesis protein

PQS(P. aeuroginosa
quinolone signal)
response protein

quinolone signal
response protein
(LuxR [Burkholderia
thailandensis]

LuxR family trnscriptional regulator
[Halanaerobium Hydrogeniformans]

16%

0.44

41%

AraC family transcriptional regulator
[Halanaerobium Hydrogeniformans]

18%

1.00E-04

31%

response regulator receiver
[Halanaerobium saccharolyticum]

18%

5.00E-04

30%

two-component response regulator
[Halanaerobium saccharolyticum]

19%

1.60E-01

24%

hypothetical protein [Halanaerobium
prevalens]

28%

6.00E-02

35%

malic protein NAD-binding protein

15%

1.80E-01

33%

RpiR family transcriptional regulator
[Halanaerobium hydrogeniformans]

22%

2.40E-01

33%

regulatory protein TetR [Halanaerobium
prevalens]

28%

7.70E-01

30%

3-oxoacyl-(acyl-carrier protein)
[Halanaerobium saccharolyticum]

89%

8.00E-65

37%

3-oxoacyl-(acyl-carrier protein)
[Halanaerobium prevalens]

88%

3.00E-60

37%

3-oxoacyl-(acyl-carrier protein)
[Halanaerobium hydrogeniformans

89%

8.00E-55

33%

beta-lactamase [Halanaerobium
praevalens]

53%

4.00E-09

28%

Hydroxyacylglutathione hydrolase
[Halanaerobium saccharolyticum]

53%

1.00E-07

26%

flavodoxin/nitric oxide synthase
[Halanaerobium hydrogeniformans]

80%

1.00E-06

21%

flavodoxin/nitric oxide synthase
[Halanaerobium praevalens

80%

8.00E-06

20%

Hydroxyacylglutathione hydrolase
[Halanaerobium saccharolyticum]

51%

2.00E-05

24%

beta-lactamase [Halanaerobium
praevalens DSM 2228]

57%

6.00E-04

23%

As mentioned, phylogenetic comparisons may not facilitate the prediction of the
specific nature of the AHL synthesized by a given Lux I homologue, but when the match
is high enough (E value closest to zero) can help guide the selection of potential quorum
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sensing molecules to study in my target bacteria Halanaerobium. The PQS signal
(quinolone type) seems to have the greater matching (Table 2) therefore, this signal is
undoubtedly considered in my research.
In addition, one gene has been reported in Halanaerobium genus that can be related
to QS by the production of quinolone type signal: hmqF (to synthesize 4-hydroxy-3methyl-2-alkylonones) specifically in Halanaerobium hydrogeniformans [109]. This
signal is also produced by the Lux R family proteins and is the same as the one found in
Burkholdeira species whose role in QS has been demonstrated [109, 111, 112].
The gathering of the previous information suggests quinolone type signals may
have a role in Halanaerobium bacteria QS and are therefore used in my research.
2.2.3.2. AI-2 signal (type 2 autoinducer)
A third type of quorum sensing mechanism produces a molecule called AI-2
(autoinducer-2) which is a furanosyl borate diester [87]. This signal was also first
discovered in Vibrio Harveyi [113] linked to bioluminescence regulation. AI-2 is produced
by a wide variety of bacteria both Gram (+) and Gram (-), and therefore is referred to as
the universal signal for communication [114]. Consequently, this autoinducer allows
interspecies communication and has been shown to regulate different bacterial physiology
and to affect virulence factors production as well as biofilm formation [115].
AI-2 is produced by LuxS enzyme that has been widely found in several bacteria
including Firmicutes, which is the phylum to which Halanaerobium bacteria belongs.
LuxP is the periplasmic protein receptor that binds to AI-2 [114]; then this complex
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interacts with LuxQ (membrane bound histidine kinase) that triggers the signal
transduction cascade. In Vibrio species the quorum sensing mechanism integrates AI-2 and
HLS signaling [87]. The study of the precise role of AI-2 remains challenging and what
adds difficulty is the fact that LuxS also has a role in the metabolism, specifically in the
activated methyl cycle (AMC) also closely related to population density, making it difficult
to evidence the effect of AI-2 alone [96]. In some studies made in an effort to elucidate the
effects of AI-2, the strategy was to add external AI-2 molecules and observe the effects.
De Keersmaecker et al. [116] demonstrated that adding synthetic AI-2 did not have effects
on secretions and motility that are phenotypes previously attributed to AI-2 QS. Wang et
al. suggested LuxS has a clear role in the metabolic pathways but do not support its role in
AI-2 signaling in E.Coli. On the contrary, for the same microorganism Barrios et al. [99]
suggest AI-2 stimulates the biofilm formation and provoke some changes on its
architecture.
Results from the literature are conflicting and make it difficult to establish whether
AI-2 promote biofilm formation and could potentially work in Halanaerobium cultures.
AI-2 signals have been identified in hybrid Quorum sensing systems (in combination with
AHLs). All these reasons along with its difficult access in the market point to the need for
synthesizing it. In addition, it has been shown that results with synthetic signals are very
different from the results observed naturally [117]. Therefore, I left AI-2 signal outside of
my study. Table 3 shows sequence matching of the proteins involved in LuxS, Lux P and
LuxQ in Halanaerobium. Only the receptor LuxQ has certain similarity while LuxS
synthesizing protein happens to have a very low similarity. This can suggest
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Halanaerobium species may react to the presence of AI-2 but are not able of self-produce
it.

Table 3. Matching of AI-2 synthesis and reception proteins sequences in
Halanaerobium species.

Protein

Description

LuxS (Autoinducer 2
synthesis protein)
Vibrio spp

LuxP (Autoinducer
2 receptor,
periplasmic binding
protein) Vibrio spp

LuxQ (Autoinducer
2 sensor
kinase/phosphatase)
Vibrio spp

Query
cover

E value

Ident.

ABC transporter substrate-binding protein
[Halanaerobium praevalens]

9%

5.3

59%

Glycine reductase component B gamma subunit
[Halanaerobium saccharolyticum]

25%

0.47

43%

phosphoglyceromutase [Halanaerobium
hydrogeniformans]

31%

0.2

31%

ribulose-phosphate 3-epimerase
[Halanaerobium praevalens]

30%

2.2

28%

putative ABC transporter, periplasmic solutebinding protein [Halanaerobium
saccharolyticum]

24%

8.00E-08

30%

periplasmic binding protein/LacI transcriptional
regulator [Halanaerobium saccharolyticum]

14%

4.00E-04

42%

LacI family transcriptional regulator
[Halanaerobium hydrogeniformans]

21%

2.00E-04

27%

D-ribose transporter subunit RbsB
[Halanaerobium praevalens]

23%

0.018

28%

PAS/PAC sensor hybrid histidine kinase
[Halanaerobium praevalens]

44%

2.00E-63

35%

sensory box histidine kinase/response regulator
[Halanaerobium saccharolyticum]

47%

3.00E-62

37%

PAS/PAC sensor hybrid histidine kinase
[Halanaerobium hydrogeniformans]

45%

3.00E-54

33%
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2.2.4. QS in saline environments
Cell to cell communication in marine environments is dominated by N-acyl
homoserine lactones (AHLs) signaling. One of the first reported studies in QS was
precisely regarding the marine bacteria Vibrio Fischeri whose autoinducer synthase Lux I
produces the 3-oxohexanoyl homoserine lactone (3-oxo-C6-HL) responsible of inducing
luminescence expression when the QS activating concentration threshold is reached [106,
118].
Recently, in coral colonizing bacteria, which are very diverse, 30% of the 100
isolates have been found to produce AHLs as cell to cell communication signals [119].
Llamas et al. [120] have also found AHLs production in halophilic exopolysaccharide
producing species of Halomonas. Their results showed that the maximum AHL production
takes place during the exponential to stationary growth stages. These two studies show the
ability of bacteria to form aggregates and biofilms in marine surfaces. However, there are
few studies that directly quantify the AHL production from the actual biofilm. Huang et al.
[121] studied the AHL production in subtidal biofilms of different ages and found different
types of AHL at different stages of the biofilm growth, but they were unable to elucidate
whether this variability could be given by temporal regulation of AHL production or by
the change in bacterial population in the different biofilm growth stages. Another study led
by Decho et al. [122] showed AHLs production directly from microbial mats under natural
conditions, a population that was dominated by cyanobacteria and sulphate-reducing
bacteria. AHLs signals of different lengths from C4 to C14-HSL were produced.
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As mention above AI-2 was first found in Vibrio Harvey complementary to AHLs
as a QS mechanism. Other than that, only one recent paper focused on understanding AI-2
quorum sensing and biofouling in marine environments. In this very recent paper Liaqat et
al. [101] demonstrated the AI-2 signaling in Halomonas pacifica has an important role in
biofouling in marine environments. Therefore, the use of AI-2 as exogenous autoinducer
in Halanaerobium cultures to promote biofilm could be an interesting study to consider in
the future, as there seem to be receptors that bind to this signal (Table 3).
2.2.5. QS and MFC
There are very few papers studying the relation between QS and exoelectrogenic
capabilities. Venkaraman et al. [123] have discovered that there is a direct relationship
between electricity generation and QS in P. aeruginosa. In this study they improved the
efficiency of a MFC by enhancing QS that regulates the biosynthesis of redox shuttles such
as phenazines. They demonstrated that by adding 3-oxo-C12-HSL, phenazine production
in P.aeruginosa was stimulated and the current generation increased by 28-fold.
In another study with the same organism P. aeruginosa, Yong et al [124] studied
the effect of overexpressing rhl (QS related gene) on the performance of MFC. They
demonstrated that by changing the overexpression, different electron shuttles were
synthesized by P. aeruginosa. The overexpression of rhl quorum sensing gene led to the
production of pyocamyn and phenazine, which have much lower redox potential leading
to a production of current 1.6 times higher.
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Wang et al. [125] also stated that phenazine production in P.aeruginosa was
regulated by QS. They follow the same approach of bioengineering a strain (using sPqsE
vector) that produces larger amounts of a phenazine electron shuttle, pyocyanin. An
increase in the production of e- shuttles resulted in a consequent 5-fold increase of the
current density output.
These studies show that QS can play an important role not only in biofilm formation
and growth but also in the regulation of electrochemical capabilities of bacteria, which can
be manipulated either genetically or chemically. These are very important premises that
contributed to my motivation to study QS in my hypersaline MFC system.
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Chapter 3

Hypersaline Microbial Fuel Cell

3.1. Introduction
The treatment of extremely saline, high-strength wastewaters while producing
electricity represents a great opportunity to mitigate environmental impacts and recover
resources associated with wastes from shale oil and gas production. In this chapter I
demonstrate that extreme halophilic microbes can produce electricity in an MFC at salinity
up to 3- to 7-fold higher than sea water.
MFCs produce bioelectricity while treating wastewater. In MFCs, bacteria oxidize
organic compounds (i.e., electron donors) under anaerobic conditions while using solid
terminal electron acceptors in the process (e.g., carbon electrodes). Geobacteraceae, with
well-known exoelectrogenic capabilities, has been identified as a dominant anodophilic
bacterial family in several studies [126, 127], and Shewanellla oneidensis (with well
understood extracellular electron transport systems [128]) is also commonly detected in
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anodic microbial consortia [22, 129]. MFC have been extensively studied to treat different
organic compounds in industrial wastewaters such as glycerin from biodiesel waste [6],
cellulose from paper recycling wastewater [7] and alcohol distillery wastewater [8], but
few studies have attempted to use MFCs to treat high-strength hyper saline wastewater
[33]. Although some salinity in principle is beneficial, allowing better proton transfer and
higher conductivity in the system, high salinity levels could be harmful to bacteria
colonizing the anode, and significantly hinder energy output. For example, salt
concentrations greater than 20 g/L were detrimental to bacteria in sewage due to osmotic
stress, while even lower salinity (e.g., 10 g/L) has been shown to reduce the Coulombic
efficiency (CE) (percent of electrons converted to current from the total electrons stored in
the organic matter of the stream) of MFCs [34].
This chapter describes the development of a MFC system to generate electricity
from hypersaline high-strength wastewater formulated to represent produced or flow-back
waters from oil and gas production. We address microbial adaptation to hypersaline
conditions, assess the MFC´s electrical power generation, and characterize the halotolerant
microbial community colonizing the anode using pyrosequencing analysis. This is the first
study showing that MFCs could generate power and electricity under extreme salinity up
to 250 g/L NaCl (7-fold higher than sea water).

50

3.2. Materials and methods
3.2.1. Inoculum and MFC
The sources of bacteria were samples from a saline pond in Galveston Bay (TX),
and sea sediments (Gulf of Mexico). These samples were incubated anaerobically in
halophilic medium, which contained sodium acetate (1 g/L), MgCl2. 6H2O (30 g/L),
MgSO4. 7 H2O (35 g/L), KCl (7 g/L), Yeast (8.5 g/L), peptone (1.7 g/L), casamino acids
(1.7 g/L) and 100 g/L NaCl [130]. Wolfe’s vitamin and mineral solutions (10 mL) were
also added, and the pH was adjusted to 7.5 prior to inoculation [130]. Gas production,
monitored by respirometry (PF-8000, Respirometer Systems, Arkansas, USA), showed
that only the sample from Galveston Bay pond yielded culturable bacteria, which were
used in subsequent bioelectrochemical tests. A salinity of 100 g/L NaCl was chosen
initially since it is a typical value commonly found in brines and shale gas production
wastewaters [131]. The MFC was first inoculated with 50:50 inoculum:medium and the
entire volume was replaced by new medium in subsequent cycles. MFCs were run in fedbatch mode with a constant external load of 510 Ω except when noted. The medium was
replaced when the voltage dropped from the reached steady value. Two replicate rectors
and different controls were used, including deionized water, saline water and an MFC run
under aerobic conditions. No electricity production was observed in any of the controls.
The MFC was a single chamber reactor with an air cathode (250 mL empty volume)
[132]. The anode was a carbon brush (PANEX 35, Gordon Brush, Commerce, CA) cleaned
with acetone and heated at 300 ºC for 30 min prior to use. Carbon cloth with Nafion binder
containing 0.5 mg/cm2 Pt on the water facing side (Fuel Cell Store, College Station, TX)
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was used as the cathode. Copper foil served as current collector and as sealant along with
a clamp for the cathode to avoid the use of glue in the system. The cathode was replaced
when power output decreased or fouling of the cathode’s surface was observed, usually
after two months of operation.
Generated voltage was monitored using a multimeter (model 2100, Keithley
Instruments Inc, Cleveland, OH) connected to a computer with a data acquisition system
we developed. Current and power densities were determined from Ohms law in terms of
the cathode surface area since the cathode was the limiting electrode in the system. I =
V/aR; I is the current density (mA/m2), V (V) is the voltage and a is the cathode surface
area (a = 12.6 x 10-4 m2). Power density was then calculated by P (mW/m2) = I*V.
Polarization curve was obtained by varying the external load from 100 to 20000 Ω and
letting the voltage stabilize for about 10 minutes. Coulombic efficiency was calculated
𝑡

𝑀 ∫ 𝐼 𝑑𝑡

0
using: 𝐶𝐸 = 𝐹𝑏𝑣𝛥𝐶𝑂𝐷
as previously reported [133], where M is the molecular weight of

oxygen, v is volume of liquid, F is Faraday’s constant, b is the number of electrons
exchange per mole of oxygen (b = 4) and ΔCOD is the change in COD during time t (cycle
duration). COD was measured by a colorimetric method (HACH LR, HR COD, Hach
Company, CO).
MFC performance at different salt concentrations was evaluated by replacing the
medium with higher salinity media various times after letting the voltage stabilize; the
MFC was then brought back to the original salinity of 100 g/L NaCl.
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3.2.2. Microscopy imaging
Carbon brush fibers were cut from the anode with a clean scissor and placed into a
sterile Petri dish under anaerobic conditions. The fibers were fixed at 60 °C for 1 h and
washed with Phosphate Buffered Saline (PBS) twice to remove unbounded cells. Prior to
imaging, biofilm-covered fibers were stained by incubating for 10 min in 0.01 g/L 4',6diamidino-2-phenylindole (Molecular Probes, Life Technologies, Grand Island, NY) in the
dark, and the excessive dye was washed off with PBS. The stained fibers were mounted on
a glass slide and covered with a cover slip. Nikon A1-Rsi confocal laser scanning
microscope (CLSM, Nikon Instruments Inc., Melville, New York) with a 60× oil
immersion lens was used to observe biofilms, at an excitation wavelength of 358 nm and
an emission length of 461 nm.
3.2.3. Analysis of anodic microbial population
Bacteria attaching to the carbon brush anode were collected with a sterile sample
loop when the MFC reached maximum voltage production and after 7 months of operation,
and were centrifuged at 5,000 r.p.m. for 10 min at 4 °C. The DNA was extracted with a
soil extraction kit (Mobio, Inc., San Diego, CA). Tag-encoded FLX amplicon
pyrosequencing analysis was performed at the Research and Testing Laboratory (Lubbock,
TX), utilizing a Roche 454 FLX instrument with titanium reagents. 16S rRNA genes were
amplified

for

pyrosequencing

AGRGTTTGATCMTGGCTCAG-3’)

using

a
and

primer

set

of

27Fmod

519Rmodbio

(5’(5’-

GTNTTACNGCGGCKGCTG-3’), and the forward primers contained a short run of
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nucleotides as barcodes distinct from each other by at least two nucleotides. HotStarTaq
Plus Master Mix Kit (Qiagen, Valencia, CA) was used for PCR under the following
conditions: 94 °C for 3 min; 32 cycles of 94 °C for 30 seconds, 60 °C for 40 seconds and
72 °C for 1 min; and 72 °C for 5 min. Subsequently, the amplicons were sequenced using
Roche 454 Titanium chemistry, producing reads from the forward direction from 27Fmod.
Raw reads were processed with Ribosomal Database Project

(RDP)

Pyrosequencing Pipeline (http://pyro.cme.msu.edu) [134]. Sequences were first trimmed
to remove the adaptor sequences and then sorted based on their barcodes, and PCR
chimeras were filtered out using DECIPHER [135]. The 16S rRNA gene surveys produced
35,003-41,311 effective reads for our triplicate samples. For analyses, samples were subsampled to 35,000 sequences per sample. Sequences were aligned using the secondary
structure-based alignment tool INFERNAL (version 0.81) and bacteria 16S rRNA
secondary–structure model [136]. Operational taxonomic units (OTUs) were defined at 3%
distance using RDP’s complete linkage clustering tool. Representative sequences for each
OTU were classified using RDP’s classifier with a 50% bootstrap confidence [137, 138].
A heat map of bacterial abundance was constructed by R environment (version 2.15.2;
http://www.R-project.org) and, based on their RDP sequences, a phylogenetic tree
generated using MEGA 5.2 [139].
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3.3. Results and discussion
3.3.1. Microbial adaptation and MFC performance under high salinity
This study demonstrates the potential to produce bioelectricity from extremely
saline synthetic wastewater (100-250 g/L NaCl). The MFCs produced up to 0.2 V with an
external load of 510 Ω, with a sustained value ranging from 0.16 to 0.18 V (Figure 8) and
Coulombic efficiencies (CE) ranging from 37 to 42% COD removal efficiencies from 10
to 23%. MFC performance was sustained for more than 10 months and voltage output was
reproducible after several cycles (Figure 8(a)). Power generation of up to 71 mW/m2 (317.6
mW/m3) (Figure 8 (b)) and a current density of up to 562 mA/m2 (based on cathode surface
area) were obtained in the presence of 100 g/L NaCl. The long periods of constant power
output could be one important feature for practical application, due to the consistent but
slow growth rate of the anodic microorganisms [140, 141]. The CE increases when
alternative electron accepting processes (e.g., sulfate and iron (III) reduction, and
methanogenesis) are minimized in the bulk medium, since they will compete with the solid
electrode in taking the electrons released during organic matter oxidation [142, 143].
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Figure 8. (a) Voltage production vs. time in three consecutive cycles (Rext=510 Ω),
the arrows indicate media replacement. (b) Polarization and Power density curves
obtained by varying the external load from 100 to 20000 Ω . Salinity at 100g/L NaCl.
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We assessed the impact of salinity on the original bacterial culture (Figure 9) as
well as on MFC performance (Table 4), and observed a reproducible stimulatory effect on
both electricity generation and gas production when salinity was increased from 100 g/L
to 175 g/L. This increased the voltage by 28% and power generation by 63%. It is unclear
whether this increase in performance is the result of enhanced metabolism of halophilic
exoelectrogens at 175 g/L NaCl, or to the inhibition of other bacteria that compete for
electrons but do not generate electricity. Salinity can also improve the conductivity of a
medium by reducing ohmic losses that lead to higher power output [144]. Nevertheless, a
further increase in salinity to 250 g/L resulted in corresponding voltage and power
decreases by 54% and 79%. Such hypersaline conditions apparently hindered
microorganisms that transfer the electrons to the electrode surface [34] (Table 4). Similar
voltage, current density and power generation were obtained when the salinity was returned
to 100 g/L, showing the capacity of the system to recover the voltage output and dampen
saline fluctuations. This resilience is important for practical applications since salinity
fluctuations are common in industrial settings. For example, salinity of shale gas produced
waters usually fluctuates from 30 to 250 g/L at a given well [67].
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Figure 9. Anaerobic activity of the bacterial culture from Galveston Bay pond
assessed per gas production at different salinities.

Table 4. Voltage production (V) and current (I) and power (P) densities with 510 Ω
external load at different salinities. Values represent the mean ±one standard
deviation from triplicate runs.

Salt (g/L) Vmax (V)

I (mA/m2)

P (mW/m2)

100

0.18 ± 0.01

288.81 ± 20.65

53.61 ± 7.77

175

0.21 ± 0.02

330.44 ± 31.55

70.37 ± 13.21

250

0.05 ± 0.03

84.30 ± 46.23

5.47 ± 4.48

100

0.17 ± 0.02

266.95 ± 28.91

46.01 ± 9.94
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Interest in using MFCs for desalination (Microbial Desalination Cells, MDC) [51]
or to power desalination devices has recently increased. A MFC working under saline
conditions coupled with a desalination device highlights the possibility to simultaneously
convert saline wastewater into fresh clean water [145]. Compared to conventional energy
intensive desalination technologies (e.g., reverse osmosis and distillation), devices relying
on bioelectrochemical processes could provide an energy efficient solution for off-grid use,
avoiding or minimizing the need for diesel generators that generate air pollution, or
infrastructure-intensive approaches.
The power densities obtained at 100 g/L NaCl (50-71 mW/m2) were relatively low
compared to those generated by air-cathode MFCs in the absence of high salinity but with
otherwise very similar set up (1,430 mW/m2) [132]. This is likely due, in part, to
differences in the properties of the anodic biofilm (e.g., community structure, surface
coverage and thickness), which are known to influence the produced power and current
densities [146]. In this MFC, the anodic carbon brush fiber surface was sparsely covered
by a relatively thin biofilm (0-4 µm) (Figure 10), which largely explains the very low power
density compared to systems fully covered by thicker biofilms [147]. The anode material
is crucial for MFC setup, since the interaction between biofilm and electrode surface
influences MFC performance [148]. Therefore, improving anode materials to increase the
attachment of hypersaline exoelectrogenic bacteria (e.g., increasing surface area and
modulating hydrophobicity), and optimizing liquid medium composition and microbial
community structure to promote biofilm formation may be fruitful research venues.
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a

20 µm

b

20 µm

Figure 10. Confocal scanning laser micrographs of the biofilm formed on the MFC
anodic brushes. White dotted lines outline a brush fiber, and white arrows point to
the biofilm.
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3.3.2. Bacterial community structure and phylogenetic analysis
Pyrosequencing data showed the predominance of Firmicutes (96.3%) in the anodic
biofilm (Figure 11(a)), and other abundant phyla included Proteobacteria (3.2%),
Bacteroidetes (0.5%), and Synergistetes (<0.1%). Both Firmicutes and Proteobacteria
have also been widely found as the most abundant phyla in produced and flowback waters
of oil/gas reservoirs and shale formations [149, 150]. More than 90% of detected
Firmicutes (in abundance) were Gram-positive bacteria, possibly due to their resistance to
environmental stress; this phylum has been reported to be an important constituent of the
anode community in MFCs fed by glucose, cellulose and acetate [151]. Clostridia and
Bacilli (94.9% and 1.4% respectively) were dominant classes among Firmicutes phylum
in this biofilm (Figure 11(b)). Preferential growth of Clostridia in anodic biofilm
communities of MFC inoculated with activated sludge has been observed [152], and some
Clostridia spp. have been reported to contribute to the performance of MFC via their
electrochemical activities [153-156]. Delta- and Gamma-Proteobacteria (3.1% and 0.1%
respectively) were dominant Proteobacteria, and were also abundant in other studies
characterizing anodic microbial populations [157, 158].
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0.5%

Deltaproteobacteria
3.1%

Flavobacteria
0.3%
Bacteroidetes
0.2%

Synergistia
<0.1%

Bacili
1.4%
Clostridia 94.9%

Firmicutes 96.3%

c. Order
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Staphylococcaceae Carnobacteriaceae
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0.1%
Bacillaceae 1
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<0.1%
<0.1%
Bacillaceae 2
<0.1%
Flavobacteriaceae
0.3%
Clostridiaceae 4
<0.1%
Halanaerobiales
Halanaerobiaceae
Marinilabiaceae
93.6%
91.7%
0.2%
Synergistia Clostridiaceae 3
1.4%
<0.1%
Halobacterodaceae
Synergistaceae
1.9%
<0.1%

Figure 11. Bacterial community of MFC anode biofilm in the levels of phylum (a),
class (b), order (c) and family (d).

The dominant genus in our system was Halanaerobium (85.7%) (Figure 13),
consisting of Rod-shaped (Figure 12) and strictly anaerobic and halophilic
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chemoorganotrophs capable of fermentation [159], and Halanaerobium saccharolyticum
(>38%), Halanaerobium acetethylicum (>1%), and Halanaerobium congolense (>1%)
were the dominant species in the anodic biofilm (Table 5). Halanaerobium belong to the
dominant order Halanaerobiales (93.6%, Figure 11(c)) [160], and were likely responsible
for the majority of exoelectrogenic respiration activity. Halanaerobium has been widely
found in petroleum fields and brine-seawater [161-164], as well as in natural shale gas
formations [165], and their increased abundance (> 72%) in the microbial community of
shale late flowback fluids has also been reported [166]. However, no previous studies have
reported the presence of Halanaerobium in anodic biofilms.

Figure 12. Halanaerobium hydrogeniformans [167].
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Sulfate reducing bacteria (SRB) were also detected in the anodic biofilm.
Desulfovibrio was the dominant SRB genus (3%), and Desulfonispora were also present
with much lower abundance. SRB are widely observed in oil-producing wells, different
types of wastewater and saline environments [168-173], and they typically consume
electrons that may otherwise enter the electric circuit (and thus hinder power output and
overall MFC efficiency [142]). However, SRB have also been observed in the biofilm
community of an MFC system that produces high current densities [174].
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Figure 13. Phylogenetic tree of the bacterial community in MFC (known genus
level) and their relative abundance in triplicate anodic biofilm samples of our MFC
system.
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Table 5. Predominant species colonizing the MFC anode in triplicate samples.

Name of the specie
Halomonas saccharevitans
Halanaerobium saccharolyticum
Desulfonispora thiosulfatigenes
Marinobacter koreensis
Halanaerobium acetethylicum
Halanaerobium kushneri
Marinifilum spp.
Alkalibacterium spp.
Clostridium spp.
Marinilabiaceae spp.
Paenibacillaceae spp.
Marinobacter hydrocarbonoclasticus
Clostridiaceae caldanaerocella colombiensis
Bacillaceae spp.
Faecalibacterium prausnitzii
Halomonas bacillus subtilis
Idiomarina loihiensis
Coprococcus clostridium sp. ss2/1
Desulfovibrio senezii
Lachnospiraceae spp.
Marinilabilia spp.
Clostridiisalibacter spp.
Clostridiisalibacter paucivorans
Alkalibacterium thalassios
Halocella spp.
Halanaerobium lacurosei
Anaerophaga spp.
Halanaerobium praevalens
Orenia spp.
Aminobacterium spp.
Peptococcaceae spp.
Halomonas salina
Desulfovibrio cavernae
Staphylococcus epidermidis mother c4
Orenia marismortui
Halanaerobium spp.
Halanaerobium congolense

MFC1 % MFC2 % MFC3 %
0.009599 0.008026 0.002163
38.87982 38.25595 38.37685
0 0.008026
0
0.011998 0.002007 0.006489
1.103859
1.29018 1.139928
0.659916 0.475541 0.458567
0.261567 0.337092 0.257403
0.249568 0.302982 0.231446
0.007199 0.022072
0
0.007199 0.004013 0.015141
0.004799
0 0.004326
0.050394 0.036117 0.047587
0.009599
0.00602 0.002163
0.326358 0.353144 0.449915
0
0 0.006489
0.009599
0
0
0
0 0.010815
0
0 0.008652
0.386351 0.389261 0.387186
0.086389 0.054176 0.129783
0.0024 0.002007 0.002163
0.0024 0.004013 0.015141
0.933481
0.88888 1.010145
0.595124 0.597937 0.605654
0.011998
0
0
0.112786 0.088286 0.073544
0.136782
0.16052 0.114642
0.472739 0.409326 0.447752
1.706182
1.4507 1.358396
0
0.00602 0.002163
0.0024 0.010033 0.015141
0
0 0.010815
0.201574 0.196637
0.25524
0.0024
0 0.008652
0.215972 0.220715 0.114642
52.59407 53.32678 53.33651
0.945479 1.093543 1.094504
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To optimize the performance of our MFC system, one may have to consider the
substrate range and the optimum growth conditions for Halanaerobium. These species can
grow at a wide range of NaCl concentrations (2-30%, wt/vol) and temperature (5-60 ºC),
with an optimum at 7-13% NaCl and 33-40 ºC [175-177]. H. praevalens and H. kushneri
grow optimally at pH 6.5-7.4, while the optimal pH for H. hydrogeniformans is 11 [175177]. Our MFCs were developed at room temperature, 10% NaCl, and neutral pH, with
yeast extract and acetate as the main carbon sources, which was fortuitously consistent with
the optimum growth conditions of Halanaerobium (except for the temperature). A variety
of simple carbohydrates and other fermentable compounds can be utilized by
Halanaerobium species [175-177]. This suggests that ensuring the presence of syntrophic
microorganisms that produce fermentable substrates from complex carbon sources in
flowback or produced waters could help sustain Halanaerobium biofilms, although further
research is needed to determine whether such manipulations to the microbial community
structure would be stable and improve MFC performance.

3.4. Conclusions
These results open a new window for potential MFC applications and biological
treatment of hyper-saline wastewaters, including those produced by the oil and gas
industry. The microbial community of our anodic biofilm exhibited a high degree of
similarity to the microbial communities from produced or flowback waters from oil and
gas reservoirs, suggesting biological treatment compatibility. Our results also infer the
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importance of the genus Halanaerobium for the performance of MFCs under extreme
salinity conditions. Consequently, elucidating the physicochemical and biological factors
that affect biofilm development and the exoelectrogenic activity of Halanaerobium may
be a fruitful avenue of research to treat challenging high-strength hyper-saline wastewaters
while recovering electricity.
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Chapter 4

Effect of temperature, performance with
single culture H. praevalens MFC and
degradation of a model aromatic compound

4.1. Introduction
Microbial Fuel Cells are inherently biological reactors for wastewater treatment,
and in addition to its potential to produce electricity (recovering energy from waste), their
ability to degrade pollutants of environmental concern is of paramount importance and is
the fact that will make them feasible for real settings. Hence, this chapter analyzes the
capability of hypersaline MFCs to degrade a model pollutant, sodium benzoate, which will
infer the ability to degrade other complex aromatic compounds (i.e benzene and toluene)
that undergo same metabolic pathways under anaerobic biodegradation.
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The temperature is another parameter of interest overlooking a real application.
Specifically, in the oil and gas industry, flowback and produced wastewaters temperature
can vary and reach up to 70 ºC, while once on the surface they rapidly acclimate to ambient
temperature. Because this variability in temperature can reach the MFC, in this study I
assess the effect on power production and sodium benzoate degradation when increasing
the temperature to 37 ºC.
The ability of Halanaerobium species (dominant in my hypersaline MFC (Table 5)
to degrade hydrocarbons and aromatic compounds has been already demonstrated by other
authors [178], but never in an MFC reactor. Although the degradation capacity is
determined by the type of bacteria and has been already proven for Halanaerobium species,
I considered important to demonstrate that the degradation of aromatic compounds can also
take place in a hypersaline MFC colonized by these bacteria. Proving the degradation
capabilities of the hypersaline MFC is required to be functional.
In order to corroborate that bacteria belonging to the genus Halanaerobium
(predominant genus in the anode) are responsible for the electricity production, as I showed
in previous Chapter 3, and with the vision of having to analyze genetic factors of bacteria
that colonize the MFC (later in chapter 6), I run MFC experiments with single culture H.
praevalens. The specie H. praevalens was chosen because its whole genome has been
sequenced [179] and it was present in the anode of the hypersaline MFC seeded with an
environmental sample (sediments from saline pond of Gulf of Mexico). The ability of the
single culture H. praevalens to degrade sodium benzoate is also assessed in this chapter,
as well as the effect of increasing temperature.
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4.2. Materials and Methods
4.2.1. Effect of temperature in MFCs and single culture MFC performance
To approach this task I chose a commercially available specie belonging to the
predominant genus found in the anode surface, Halanaerobium praevalens (strain 2228,
purchased from DSMZ, Germany). Figure 14 shows the phylogenetic tree of the specie.
Regarding the mixed culture, a new environmental sample was used, taken from the same
location as in Chapter 3, saline pond sediments from Galveston Bay, TX. This approach
will help to assess the reproducibility of the data when using samples from the same
environmental origin to feed the MFC. This was also done to be able to analyze the
bacterial population in the original sample and evaluate how it evolves in the Hypersaline
MFC (in both, anode surface and bulk fluid).Bacterial population analysis was made by
pyrosequencing following the same protocol as in section 3.2.3 of this dissertation. Single
and mixed cultures were grown in media containing; 1.7 g/L casamino acids, 1.7 g/L
peptone, 8.5 g/L yeast, 5g/L MgSO4, 7g/L KCl and 100 g/L NaCl. 50:50 inoculum:medium
was used to feed the MFC. To monitor the MFC performance exactly the same method as
in section 3.2.1 was followed. To assess the effect of temperature the MFCs were placed
in an incubator at 37 ºC.
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Figure 14. Phylogenetic tree of Halanaerobiales taken from [180].
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4.2.2. Determining the degradation of a model aromatic compound: Sodium Benzoate
Sodium benzoate degradation experiments were run in batch reactors (200 ml
Wheaton bottles) and in MFCs with both bacterial cultures, mixed culture from saline
sediments and single culture H.praevalens. 1 g/L sodium benzoate (Sigma Aldrich, MO,
USA) was included in the growth media and its degradation was monitored by HPLC
(Shimadzu, Columbia, MD). In order to assess the effect of temperature on the degradation
capabilities the reactors were placed in an incubator at 37 ºC.

4.3. Results and discussion
4.3.1. Assess MFC performance with a single culture and effect of temperature
Optimun growth conditions of genus Halanaerobium are at 70-130 g/L NaCl and
33-40 ºC [173], although they can survive in a broaden range. Based on these information,
I run experiments under 37 ºC to evaluate the effect of increasing temperature in the MFC
performance. Figure 15 shows power density curves of mixed culture MFC at room
temperature and at 37ºC.
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Figure 15. Power density curves of mixed culture MFC at 37 ºC and 23 ºC.

An increase of temperature has a positive effect in the MFC and enhances the
maximum power output from 40 to 151 mW/m2 in the mixed culture MFC. Same trend
was observed with single culture H. praevalens fed MFC. Steady voltages in triplicate runs
of both MFCs at different temperatures and under 510 Ω external resistance are gathered
in Table 6. The improvement on the MFC power output was expected since the growth rate
of these specific bacteria increases with temperature and so does the degradation kinetics
of organic matter.
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Table 6. Mean steady voltage output of the MFCs with a constant Rext=510 Ω and
100g/L NaCl at different temperatures (triplicates).

Voltage (volts)
Temperature

Single culture MFC

Mixed culture MFC (enrichment of

(H.praevalens)

Halanaerobium)

23 ºC

0.123 ± 0.019

0.151 ± 0.03

37 ºC

0.204 ± 0.024

0.239 ± 0.015

The temperature variable highlights the suitability of this technology for the direct
treatment of flowback/produced wastewaters as the temperature of these waters ranges 2370 ºC (http://water.epa.gov). In addition, when the time lapse between the production of
wastewaters and treatment is long, we also show that MFCs perform correctly at room
temperature hovering 21-25 ºC, demonstrating its versatility.
The single culture MFC produced mean voltages of 0.123± 0.019 and 0.204 ± 0.024
volts at 23 and 37 ºC respectively, confirming the ability of the genus Halanaerobium to
perform in a MFC and handle the exoelectrogenic functions.

4.3.2. Analysis of the degradation of a target pollutant: Sodium Benzoate
A very important feature for the MFC and its application is to prove its ability to
degrade target pollutants that represent those found in the industry.
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In this study sodium benzoate was chosen as model pollutant because it is the
central intermediate product of many aromatic compounds undergoing anaerobic
biodegradation (benzoate or benzoyl-CoA pathway) [181]. Figure 16 illustrates some
aromatic compounds that undergo the benzoate degradation pathway. The biodegradation
of benzoate infers the capability of the MFC system to degrade more complex compounds
of similar nature found in real wastewaters such as BTEX whose handling and
experimentation in the lab are very complex, not only for their high volatility but also their
high toxicity.

Figure 16. Examples of aromatic compounds that undergo the benzoate (benzoylCoA) anaerobic degradation pathway. Modified from [181].

Once the beneficial effect of higher temperature was demonstrated I run benzoate
degradation experiments in simple batch reactors at both temperatures 23 and 37 ºC and
with mixed and single bacterial cultures (Figure 17).
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Figure 17. Sodium benzoate degradation in batch reactors and percent of
degradation in 10 days with mixed and single cultures.

From Figure 17 can be concluded that temperature has a positive impact on
degradation kinetics. At room temperature there was a lag phase before significant
degradation of sodium benzoate took place. 40-55% anaerobic degradation is reached in
ten days under 37ºC.
The degradation of sodium benzoate in the MFCs was also analyzed in order to
assess whether the same behavior as in simple batch reactors was found, given the
characteristics the system is subjected to differ. I ran MFCs seeded with the mixed culture
and the single culture in the presence of 1g/L sodium benzoate at 37 ºC and 23 ºC, with
100g/L NaCl media. In Table 7 voltage production and percent of sodium benzoate
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degradation after 23 days are shown. Same positive effect of temperature is observed
(Table 7).

Table 7. Voltage at Rext = 510 Ω and sodium benzoate degradation reached in mixed
and single culture MFCs at different temperatures.

T (ºC)

V (volt)

% degradation in 23 days

23

0.141 ± 0.024

33.95 ± 2.20

37

0.242 ± 0.006

54.74 ± 6.40

23

0.163 ± 0.043

37.86 ± 3.01

37

0.240 ± 0.04

57.56 ± 5.62

Mixed culture MFC

Single culture MFC

Degradation of sodium benzoate approached the same value (% degradation) in
both MFCs, and at different temperatures. The degradation observed in MFC was slower
than the one obtained in batch reactors. This suggests that in MFC bacteria may need longer
acclimation time to adjust to the new conditions. The results are very similar for both
MFCs, meaning that in the mixed culture MFC, which ultimately is an enrichment of
Halanaerobium, these species are truly the ones that perform. Therefore these results
demonstrate that Halanaerobium species are responsible for both, degradation of sodium
benzoate and exoelectrogenic properties.
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4.3.3. Evolution of bacterial population in the MFC
In order to monitor the changes in bacterial population from the original sample taken from
saline pond of Galveston Bay when fed in an MFC, pyrosequencing technique was used.
The extraction and analysis of the MFC anode and bulk fluid bacterial population were
made after three months of operation.
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MFC bulk fluid
3%

Bacillus alveayuensis
Halanaerobium praevalens

97%

MFC anode
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Halanaerobium
praevalens
Halanaerobium
acetethylicum
98%

Figure 18. Relative abundance of species (2% >) in the sample from saline pond and
anode and bulk fluid MFC.

Figure 18 shows the relative abundance of species that were found in a
concentration greater than 2%. It is clear that the bacterial population underwent a
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noteworthy change in the hypersaline MFC compared to the original sample. In the sample
from the saline pond, archaea was found as predominant kingdom accounting for more
than 60% of the organisms in the sample, as it is very common in extreme environments.
Three major species were dominant in the sediments. Fervidicoccaceae spp., with a 44%
in abundance, are extremely thermophilic and anaerobic archaea. They were first isolated
in hot springs in Iceland and have optimum growth on peptides and yeast extract at a
temperature of 70 ºC [182]. The next two most dominant species are thermophilic
methanogens belonging to the genus Methanococcus (14%) and Methanobrevibacter
(10%). Methanococcus spp. [183] were first isolated from submarine hydrothermal vents.
In addition to CO2 and H2, they can also grow on formate as a primary energy source.
Methanobrevibacter is an anaerobic methanogen dominant in the human gut ecosystem
with an optimum growth temperature of ~ 37 ºC [184]. These bacteria were highly expected
since they were taken from a shallow pond, where the water gets easily heated and evaporated, and
can reach high temperatures and saline concentration, conditions where archaea is typically found.

The dominant species change radically within the MFC, and there are species that
were not even detected in the original sample (≤ 1%). Halanaerobium species become
dominant in an MFC initially fed with bacteria from saline pond sediments. The same
predominant genus is favored as in the previous saline MFC (Chapter 3) innoculated with
a different sample taken from the same pond at different time of the year. This indicates
the consistency of the environmental samples when we use the same hypersaline growth
media, showing that the media used specifically favors the survival and adaptation of
Halanaerobium species, which have exoelectrogenic properties in addition to be tolerant
to high salinity. The previous MFC had higher species variability within the

80
Halanaerobium genus, while this MFC (Figure 18) happens to be an enrichment of a single
specie H. praevalens with 97 and 98 % in the bulk and the anodic population respectively.
Major conclusion from this section is that the saline growth media used to feed the
MFC clearly favors the growth of Halanaerobium species which are responsible of the
electricity generation in the MFC.

4.4. Conclusions
Results from this chapter assert that Halanaerobium species are responsible of the
hypersaline MFC performance, under both perspectives of organic contaminant
degradation and production of electricity, that are corroborated by the single culture H.
praevalens MFC. The exposure to a temperature rise has a stimulating effect, accelerating
the kinetics of the reactor and the degradation rate of the model aromatic compound which
represents those that are potentially found in real saline wastewaters. In effect, these results
bring hypersaline MFCs to a more realistic scenario necessary for a future real
implementation.
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Chapter 5

Quorum Sensing Autoinducers Enhance
Biofilm Formation and Power Production in
a Hypersaline Microbial Fuel Cell

5.1. Introduction
The production of highly saline and high-strength wastewaters by unconventional
oil and gas production and other industrial processes poses a significant treatment and
disposal challenge at many locations where deep well injection is not feasible [185]. In
addition, produced and flow-back waters disposal legislation is becoming more stringent,
underscoring the need for novel treatment approaches. Microbial fuel cells (MFC) offer the
potential to treat high-strength produced and flow-back waters while generating electricity
[186]. In MFCs, bacteria oxidize organic pollutants under anaerobic conditions using the
anode as electron acceptor [11]. This allows the generation of electrical power that can be
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harvested [187]. Although some salinity can be beneficial, allowing better proton transfer
and higher conductivity in the system [34], high salinity levels can exert osmotic stress and
pose a major challenge to MFC or any treatment process with a significant microbial
component [67]. Therefore, the success of MFCs for such applications hinges upon finding
an effective and resilient microbial community that can degrade hydrocarbons and other
organics under saline conditions.
Halanaerobium species belonging to the phylum Firmicutes are anaerobic and
extreme halophilic bacteria able to ferment and degrade complex organic matter such as
aromatic compounds [178]. Interest in this genus is growing in the oil and gas industry
since such bacteria are commonly found in oil reservoirs and shale formations [188] as
well as in produced waters from hydraulic fracturing [165, 189]. Because Halanaerobium
spp. adapt to high hydrocarbon concentrations under extremely saline conditions, such
extremophile bacteria might be relevant for biological treatment of produced and flowback waters.
We recently reported that Halanaerobium spp. (including H. saccharolyticum, H.
kushneri, H. praevalens and H. congolense) became dominant in a MFC seeded with ocean
sediments from the Gulf of Mexico and operating at 100 g/L NaCl [186]. The power
production under such extreme saline conditions was steady, yet low at 71 mW/m2. This
suggests that MFCs could steadily generate electricity while treating saline wastewater
from unconventional oil and gas production. Halanaerobium spp. were found to form
microcolonies and small biofilm patches on the surface of the carbon brush anode, and full
biofilm coverage was not achieved.
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Biofilm coverage of the anode is critical for MFC power generation. Halophiles
such as Halanaerobium spp. exhibit optimum growth at 70 to 130 g/L NaCl [179], and
would not be stressed by hypersaline wastewaters. Hence, it is important to understand the
biofilm formation and exoelectrogenic capabilities of these extreme halophiles to enhance
the performance of hypersaline MFCs.
It is generally accepted that all bacterial genera employ cell to cell communication
strategies to coordinate collective behavior [87]. In one approach, diffusible signals
(autoinducers) are synthesized by bacteria and secreted out of the cell. The extracellular
concentration of these signals increases with bacteria density, leading to their diffusion
back into the cells. This phenomenon, known as quorum sensing (QS), serves to coordinate
gene expression and regulate various traits, from virulence to biofilm formation [89, 98,
190].
There are very few microorganisms for which QS mechanisms (signal molecules
and genes) are well understood (e.g., Pseudomonas aeruginosa and Burkholderia
cenocepacia). For P. aeruginosa, promotion of biofilm formation by QS has been
demonstrated [87, 108], and this process can be induced even by exogenous autoinducers
[102]. QS autoinducers in Gram(-) bacteria generally belong to the family of Nacylhomoserine lactones (AHL) but also include butyrolactones, alkyl-quinolones and
furanones [84]. In contrast, little is known about QS by Halanaerobium spp. and to our
knowledge, no prior publications have studied QS or biofilm formation by Halanaerobium
spp. Thus, it is unknown what are the Halanaerobium QS signals and whether QS could
be stimulated by autoinducers from other bacteria. However, the genus Halanaerobium is
known to produce quinolone type signals (LuxR family proteins) such as 4-hydroxy-
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methyl-2-quinolones coded by the hmqF gene [109]. Furthermore, Halanaerobium species
are considered as Gram (-) bacteria, although strictly speaking they are low G+C Gram(+)
bacteria that lack a cell wall. Genes involved in QS by Gram (-) bacteria generally belong
to the luxI and luxR families, which code for quinolone-like transcriptional regulator and
synthesis proteins respectively [112, 191]. Thus, it is plausible that some quinolones might
be involved in QS by Halanaerobium spp.
In this work, we assess the potential to enhance anodic bacterial attachment and
MFC power generation under high salinity conditions by the addition of exogenous QS
signals such as PQS and quinolone. Halanaerobium praevalens was chosen as a model
extreme halophilic bacterium because its entire genome has been sequenced [179], which
facilitates transcriptomic analysis.

5.2. Materials and Methods
5.2.1. Biofilm Growth
A Halanaerobium spp. enrichment from sea sediments, with 70% predominance of
H. praevalens, was used in biofilm growth tests to screen potential QS signal molecules.
Two different N -acylhomoserine lactones (AHLs) typically found in Gram (–) bacteria
were considered: N-(3-oxo-dodecanoyl)-homoserine lactone (3-oxo-C12-HSL, SigmaAldrich, MO, USA), and N-(butanoyl)-homoserine lactone (C4-HSL, Cayman Chemicals,
MI, USA). A signal belonging to the family of 2-alkyl-4-quinolones (AQs), the PQS, better
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known as the Pseudomonas quinolone signal, was also tested (2-heptyl-3-hydroxy-4quinolone, Sigma-Aldrich, MO, USA).
Subsequent experiments were conducted with a pure culture of H. praevalens
(strain 2228, purchased from DSMZ, Germany) to avoid potential confounding effects
associated with microbial population shifts and discern the transcriptomic response to
potential QS autoinducers.

Based on preliminary results with the sea sediments

enrichment, two AQs were used: the PQS and 4-hydroxy-1-methyl-2-quinolone
(quinolone) (Sigma-Aldrich, MO, USA). Chemical structures of the quinolone type signals
are illustrated in Figure 19.

PQS (2-heptyl-3-hydroxy-4-quinolone)

4-hydroxy-1-methyl-2-quinolone

Figure 19. Chemical structure of the quorum sensing signals used in this study.

The effect of potential QS molecules (autoinducers) on biofilm formation was
assessed by growing bacterial cultures under anaerobic conditions in 24-well plates. QS
molecules were added separately, at 0.1 µM or 100 nM. The growth medium (pH 7.5)
contained glucose (2.5 g/L), MgSO4 (5 g/l), KCl (7 g/L), yeast extract (8.5 g/L), peptone
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(1.7 g/L), casamino acids (1.7 g/L) and 100 g/L NaCl. The 24-well plates (triplicates) were
cultivated at 37 ºC with shaking at 50 rpm for 5 days. Crystal violet stain was used to
quantify the attached biomass in Costar® cell culture 24-well plates from Corning Inc.
(Corning, NY). After discarding the medium, the biofilm was heat-fixed at 60 ºC for 1
hour. Then 250 µL of crystal violet (0.1%) was added in each well to stain the biofilm.
After 15 min in dark crystal violet was removed and the plates were washed with 0.1 M
phosphate buffer (PBS, pH=7.4) to remove the excess dye. The dye absorbed in the biofilm
was then extracted with 70% ethanol and was quantified by measuring its absorbance at
590 nm in a microtiter plate reader (Spectramax 384, Molecular Devices, CA, USA).
5.2.2. Effect of QS Signals on Gene Expression
H. praevalens was grown in Costar® cell culture 24-well plates (Corning, NY) to
OD600=0.05 at 37 ºC and 50-60 rpm shaking in the presence of exogenous QS signals
(added at 100 nM). The plates were placed in a GasPak™ EZ Standard Incubation
Container (BD, Franklin Lakes, NJ) to ensure anaerobic conditions. Controls, receiving no
QS signals, were treated in the same way. After 45-h (exponential growth phase), the
biofilm was rinsed with PBS to remove unbound cells and subsequently removed from the
plate with a cell scraper. Biofilm RNA was extracted using RNeasy Mini Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s protocol, and concentrations were
determined using a Nanodrop ND-1000 instrument (Nanodrop products Inc., Wilmington,
NE). cDNA was synthesized overnight at 42°C by reverse transcription polymerase chain
reaction (PCR) using random primers RNaseOUT, dNTPs and Superscript II reverse
transcriptase. Quantitative real-time polymerase chain reaction (q-rt-PCR) was performed
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in 15 µL of reaction mixture composed of 2 ng cDNA, SYBR Green Master Mix (7.5 µL),
0.3 µM of each primer and water, to quantify the expression of target chromosomal genes
involved in QS (i.e., carbon storage regulator gene csrA), lipopolysaccharide (LPS)
biosynthesis (i.e., lipopolysaccharide biosynthesis gene Hp_2077 and polysaccharide
biosynthesis gene capD) and multidrug and metal resistance (efflux-pump) gene Hp_1819.
The sequence of quantitative PCR primers and standard curves are shown in Table 8 and
Figure 20 respectively. These target genes were chosen according to the genome annotation
of H. praevalens [179]. The 2−ΔΔCT method was used to quantify differential gene
expression with DNA gyrase subunit A gyrA as the reference gene, and the results were
analyzed with SDS 1.3.1 [192]. All treatments and q-rt-PCR analyses for each sample were
run in triplicate.

Table 8. Sequence of quantitative PCR primers

Primer name
csrA forward
csrA reverse
capD forward
capD reverse
Hp1819 forward
Hp1819 reverse
Hp 2077 forward
Hp 2077 reverse
gyrA forward
gyrA reverse

Sequence
5’- GAG TTA ACA GTT GTT GGA ATT G-3’
5’- TTC AAT ACT TCT TGG AGC ATC-3’
5’- GTG CAG GTG GAG GAT TTA C-3’
5’- CAG CGC CTG TTA CTA ATA CTT-3’
5’- GAA GCC AAC ATT GGG ATT AAG G-3’
5’- GGG ATG GCA GGT CAG TTA TT-3’
5’- TGC TGC TTT GGG AGA ATA AA-3’
5’- CTG AGG CAA TAG GTG ACA TTC T -3’
5’- TTA GTA GAT GGC CAC GGA AAC -3’
5’- CTG AGG CAA TAG GTG ACA TTC T -3’
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Threshold cycle

35
33
31
29
27
25
23
21
19
17
15

-4

-3

-2

-1

gyrA
2077
CsrA
CapD
1819

0

1

2

log DNA concentration (ng)

Figure 20. Standard calibration curve of primers. For all the primers, the
correlation coefficient ranged between 0.999 and 1, and all the slopes ranged from 3.34 and -3.39. The PCR efficiencies were all higher than 95%.

5.2.3. MFC Reactor
A single chamber reactor with an air cathode (250 mL volume) was used to study
the effect of the addition of quinolone molecule on the electrical output of hypersaline
MFCs. Carbon brush (PANEX 35, Gordon Brush, Commerce, CA) and carbon cloth
containing 0.5 mg/cm2 Pt (Fuel Cell Store, College Station, TX) were used as anode and
cathode, respectively, as previously described [186, 193]. The experimental setup was
described previously [186]. MFCs were seeded with a H. praevalens pure culture (OD600
=0.05) and the hypersaline growth medium (100 g/l NaCl) was the same as used in the
biofilm growth assay. To study the effect of QS signal, 100 nM of quinolone (4-hydroxy-
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1-methyl-2-quinolone) was included in the growth medium, which was the best performing
concentration for both biofilm formation and transcriptional response.

5.2.4. Confocal scanning microscopy
Sample preparation for confocal imaging of the anode’s carbon fibers was made as
previously described [186]. Confocal imaging was performed using a Nikon A1- Rsi
inverted confocal microscope with 60X water immersion objective (NA 1.27 , Nikon
Instruments, Melville, NY) in a unidirectional Single-track mode without averaging. A
405-nm Argon laser was used for DAPI imaging with a 425–475 nm emission filter. Laser
intensities were set at 5% of the maximum output power (25.7 mW for 405 nm). The
pinhole was set at 1 AU. Images were all captured at the same setting and analyzed using
Nikon NIS Element (Nikon Instruments, Melville, NY).

5.3. Results and discussion
5.3.1. Biofilm Induction by QS Signals
AHLs (i.e., 3-oxo-C12-HSL and C4-HSL) had no discernible effect on biofilm
formation by the H. praevalens enrichment (Figure 21). In contrast, considerable
stimulation of biofilm formation was achieved by PQS (2-heptyl-3-hydroxy-4-quinolone)
(Figure 22). Thus, subsequent experiments and transcriptomic analysis were conducted
with a pure culture of H. praevalens exposed to quinolone-type signals (AQs).
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Figure 21. Unaffected biofilm development by a H. praevalens enrichment exposed
to homoserinlactone signals 3-oxo-C12-HSL or C4-HSL. Absorbance values from
the crystal violet staining assay were used to assess biofilm formation.
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Quinolone-based signal

Figure 22. Enhanced biofilm development by H. praevalens enrichment exposed to
PQS. Absorbance values from the crystal violet staining assay were used to assess
biofilm formation.

The addition of both AQs at concentrations as low as 100 nM significantly promoted
biofilm formation by Halanaerobium praevalens on a polystyrene surface (Figure 23 and
Figure 24). A minimum threshold signal concentration has to be reached to achieve QS,
although the concentration of exogenous QS signal needed to stimulate biofilm growth
may be system-specific and vary by microorganism and signal type. The promotion of
quorum sensing biological factors has been shown to occur over a broad range of
exogenous autoinducer concentrations [194]. Common QS signal threshold values are in
the nanomolar range [87], although higher threshold concentrations have been reported. A
study conducted with P. aeuroginosa reported that homoserine lactone (HSL)
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concentrations reached up to 1.5 mM [195], and another study [121] reported higher
concentrations of 3.36 mM in a 6-day-old biofilm. Overall, signal concentrations reported
in the literature are around 500 nM. That is why concentrations of 1 µM and 100 nM were
chosen for our study.

1.4

Absorbance (590 nm)

1.2
1.0
0.8
0.6
0.4
0.2
0.0
control

quinolone
1 µM

quinolone
100 nM

PQS
1 µM

PQS
100 nM

Figure 23. Enhanced biofilm development by H. praevalens exposed to quinolone or
PQS signals. Absorbance values from the crystal violet staining assay were used to
assess biofilm formation.
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blank

control quinolone quinolone PQS
100 nM 1 µM
1 µM

PQS
100 nM

Figure 24. Biofilm growth plate of pure culture H. praevalens exposed to quinolone
or PQS signals at different concentrations.

A similar behavior was reported for P. aeruginosa, where PQS enhanced biofilm
development [89]. Our results further substantiate the positive effect of QS enhancement
on biofilm formation by other bacteria, including Pseudomonas putida [87], Burkholderia
cenocepacia , Escherichia coli [98, 99] and Halomonas pacifica [101].
Results from Figure 23 suggest that alkyl-quinolones may be involved in interspecies signaling to enhance biofilm formation by Halanaerobium praevalens. For PQS,
previous studies found that this signal can also enhance QS in other bacterial species (e.g.,
Burkholdeira spp.) when the latter possess homologous genes [196]. Such potential
interspecies communication could be of great relevance to biofilm formation in a wide
variety of systems. The fact that two different quinolone-based signals induced QS in the
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same bacterium is noteworthy. Some Pseudomonas, Alteromonas, and Burkholderia spp.
produce multiple quinolone molecules [197]. In P. aeruginosa, in addition to the wellknown PQS, the quinolone (4-hydroxy-2-quinolone) used in our study has been also
detected [111], although its specific function in the cell remains unknown. Our results show
that this quinolone signal has a stimulatory effect on biofilm formation by H. praevalens
(Figure 23).
To further understand biofilm promotion mechanisms, transcription of biofilmrelated genes was assessed following exposure to QS signals at 100 nM. Note that these
target genes are putative; whereas the databases relate some genes to biofilm formation and
QS sensing [198] ,there are no published studies demonstrating their role. The influence of
QS signals on the expression of a metal resistance (efflux pump) gene was also considered
because heavy metals such as cadmium, silver and zinc are commonly found in oil and gas
reservoirs [67]. Such metals could be carried over, and upregulation of metal resistance
could mitigate their impact on MFC performance.
We found up-regulation of four target genes after the addition of 4-hydroxy-1methyl-2-quinolone (quinolone), while only Hp_2077 (1.5 to 3.5 fold increase) and
Hp_1819 (6 to 9 fold increase) were stimulated with PQS (Figure 25). The up-regulation
of Hp_2077 and capD is consistent with the enhanced biofilm formation observed in crystal
violet assay, as polysaccharides are the main components of the biofilm matrix that hold
bacterial cells together, providing architecture, adhesion to the surface, and resistance
[199].

log2 gene expression ratio
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Figure 25. H. praevalens gene expression results.Hp_2077 and cap D represent
biofilm formation genes, csrA is a carbon storage gene related to QS mechanisms
and Hp_1819 a multidrug resistance gene. Values greater than one indicate
significant up-regulation [200].

Hp_1819, the metal resistance gene, was highly overexpressed in the presence of
both signals, with up to 9-fold increase with PQS and 13-fold with quinolone. Hp_1819
codes for the multidrug efflux pump homologue of AcrB that belongs to ResistanceNodulation-Division (RND) family. This efflux pump plays an important role in providing
heavy metal resistance to gram-negative bacteria including cobalt, zinc and cadmium. The
addition of QS signal increase the expression of genes coding for AcrB pump in a single
step, which would make H. praevalens more resistant to residual heavy metals that may
reach an MFC.
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Gene expression results corroborate the data from biofilm growth plates
demonstrating the induction of biofilm formation by QS signals. Overall, higher upregulation was achieved with quinolone than PQS, so in the analysis of the MFC
performance we only studied the influence of quinolone, which is also more economical
and accessible.

5.3.2. Effect of QS Signal on the Pure-Culture MFC performance
Two MFCs seeded with H. praevalens culture and the same hypersaline medium
(100 g/L NaCl) were run simultaneously. One MFC was amended with 100 nM quinolone
signal and the other one served as a control. Figure 26 shows two consecutive cycles, with
the arrow indicating replacement of the medium. For the second cycle no signal was added
to evaluate the persistence of the QS signal effect. Voltage production (Figure 26) was
significantly stimulated by quinolone addition, reaching up to 0.3 V compared to the
control (mean value ≈ 0.1 V) at Rext = 510 Ω. The first cycle experienced fluctuations in
voltage output that are common prior to cell stabilization in the system [201], but the
produced voltage was clearly higher in the MFC amended with QS signal throughout the
experiment. This improvement cannot be attributed to an increase in electron donor
concentration in the medium, since the addition of 100 nM quinolone (only 30 µg/L COD)
represents less than 0.0002% of the total COD added to the MFC.
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Figure 26. Enhanced voltage production in MFC seeded with H. praevalens by
addition of 100nM quinolone. Arrow indicates replacement of the medium.

After replacement of the medium (without signal), the same pattern was observed
with more stabilized voltage production. A stable value of 0.185±0.009 V (accounting for
3 subsequent cycles) was reached in the MFC previously amended with quinolone,
compared to 0.101±0.004 V (mean value for 3 cycles) in the unexposed control. Therefore
the beneficial effect of the QS signal persisted, indicating that there is no need for
continuous addition. Power density curves also show a significant benefit on the maximum
power production capacity (Figure 27), with an increase of up to 75% right after the
addition of quinolone and a long-term stable increase of 30% (based on an external
resistance of 510 Ω).
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Figure 27. Enhanced power density in MFC seeded with H. praevalens by the
addition of 100 nM quinolone

Confocal microscopy images (Figure 28 confirms that bacterial attachment to the
anode was stimulated by exogenous quinolone molecules. In the absence of QS signal
(Figure 28b.) the anode carbon strands were sparsely covered with isolated microcolonies,
whereas the quinolone substantially enhanced bacterial attachment (Figure 28a).
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a

b

20 µm

Figure 28. Confocal scanning laser images of enhanced biofilm colonization of anodic
strands in an MFC amended with 100 nM quinolone. Two strands highly covered by
bacteria can be clearly identified (a) versus control, where the image shows multiple
strands that are sparsely covered (b) (strands indicated by arrows).

The positive effect on energy output can be largely attributed to the increase in the
anodic biofilm formation, although we cannot rule out the possibility that the autoinducers
also stimulated the exoelectrogenic capabilities of the bacteria as has been previously
reported for P. aeruginosa [123]. P. aeruginosa generates extracellular virulence factors
(i.e., phenazines) that act as electron shuttles facilitating the transfer of the electrons to the
MFC anode. Phenazine production is upregulated by QS, and was reported to increase
current generation by 28-fold in the MFC [123]. In another study, [124] assessed the effect
of the overexpression of rhl (QS related gene) in P. aeruginosa on MFC performance. The
overexpression of this gene led to the production of various electron shuttles with lower
redox potential, resulting in a 1.6-fold increase in current. Assessing the potential for such
exoelectrogenic enhancement mechanism represents a much greater challenge due to the

100
limited information about QS by H. praevalens, as well as the prevailing extreme salinity
that interferes with the analysis of trace chemicals and electron shuttles in the medium.

5.4. Conclusions
Results from this chapter demonstrate that MFCs can be used to treat hypersaline
high-strength wastewaters (e.g., produced and flow-back waters) while producing
electricity, which would alleviate a major economic and environmental challenge for the
oil and gas industry. Power production can be significantly enhanced by adding trace levels
of exogenous QS signals such as 4-hydroxy-1-methyl-2-quinolone and PQS. This enhances
quorum sensing, which promotes anodic biofilm formation. Transcriptomic analysis
corroborated enhanced biofilm formation through increased expression of genes associated
with polysaccharides biosynthesis. Overall, these results suggest a promising approach to
expand the limits of MFC applications and enable biological treatment of hyper saline
wastewaters.
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Chapter 6

MFC fed by high-salinity Barnett Shale
produced wastewater: autochthonous
bacterial population and energy for
desalination by CDI

6.1. Introduction
Hydrocarbon production inherently involves the use of large volumes of water, as
it is especially the case of unconventional oil and gas production from shale formations
(hydraulic fracturing), which requires around 30,000 m3 per well [3] for oil/gas extraction
process. Approximately 30% of this water flows back as produced or flowback water,
which may contain very high salt concentrations (up to 250 g/L NaCl) as well as a wide
variety of pollutants such as gases, oil, suspended solids, naturally occurring radioactive
materials (NORM), and chemicals used in the hydraulic fracturing fluids [67]. Water
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management is thus a major challenge for unconventional oil and gas industry, which
constitutes about the 10% of the total cost of well operation [202].
These produced waters need to be adequately treated to enable reuse or beneficial
disposition. Oil and suspended solids removal is highly efficient with currently available
technologies [67]. However, there is a need to remove dissolved organic pollutants, many
of which are toxic (e.g., BTEX) [203]. This is particularly challenging for biological
treatment processes (usually the more economical approach) under high salinity conditions
that are inhibitory as they exert osmotic stress and plasmolysis in bacterial cells [204].
Desalination of flowback/produced waters is also required as the salinity in treated
water must be below an established limit for surface discharge, 500 ppm (i.e., the secondary
drinking water standard) in the case of Pennsylvania [202]. In addition, for reuse in
subsequent hydraulic fracturing processes, removal of some multivalent cations such as
calcium, barium and strontium salts is also necessary to avoid interference with chemical
additives used in the fracturing fluid as well as clogging of the formation and pipelines due
to mineral precipitation [205]. Currently, desalination of flowback and produced waters
relies on energy intensive processes such as reverse osmosis or mechanical vapor
compression [67], therefore there is an emerging need of cost effective treatment
alternatives for both organic pollutants removal and desalination.
Microbial fuel cells (MFC) can offer biological treatment of organic pollutants from
these extreme saline wastewaters while producing electricity, thus constituting a great
opportunity to mitigate environmental impacts and recover resources in a cost effective
manner. MFCs produce electricity while treating wastewater through bacteria that are able
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to oxidize organic compounds (i.e., electron donors) under anaerobic conditions while
using a solid terminal electron acceptor in the process (e.g., carbon electrodes) [206]. For
this specific application bacteria must meet two main requirements: thrive under extreme
saline conditions and have exoelectrogenic capabilities. Although the use of MFCs for
hypersaline wastewaters is almost inexistent and specifically there is no precedent studies
of produced water fed MFCs, I previously demonstrated that MFCs can work under
extreme saline conditions of 100g/L NaCl with the appropriate exoelectrogenic halophiles
colonizing the anode (Chapter 3). Species belonging to Halanaerobium genus were found
to be predominant in the anode, which are species that have been already found in shale
formations and oil reservoirs [165].
In addition, the inherent electrical power production by MFCs could be used to
power a desalination device, such as capacitive deionization (CDI) which is an emerging
desalination technology that uses charged electrodes to adsorb opposite charged salt ions
[207]. Figure 29 shows a diagram of a CDI. The advantage of using a CDI is that it provides
high water recovery and is a low-energy desalination technology with much lower energy
requirements than the more commonly-used membrane based desalination methods (i.e.,
nanofiltration and RO) [208].
MFC-CDI coupling would allow removing both organic contaminants and salts,
requiring minimum external energy supply (if not completely self-powered) which would
be a great advantage for the unconventional oil and gas industry that takes place in off-grid
remote sites. There are several approaches in the literature that combine MFCs with
desalination devices [51, 52, 56] but never before with a hypersaline MFC. A widely used
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approach found in literature integrates the MFC and the CDI in a single device, microbial
capacitive desalination cells (MCDC), which have the main drawback that pH decreases in
the anode chamber and damages the bacteria.
In this chapter I assess whether an MFC can perform when fed directly with
produced water using the autochthonous bacteria from shale gas/oil formation. Proof of
concept that hypersaline MFCs (100 g/L NaCl) can generate enough electricity to drive
desalination in a commercial CDI is also provided.

Figure 29. Diagram of operating CDI. Red and yellow dots representing oppositely
charged salt ions.
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6.2. Materials and methods
6.2.1. MFC reactor
In order to study the performance of the MFC with real produced waters, the same
reactor, an air cathode MFC described in section 3.2.1, was used.
Three different produced water samples were assessed. Two of them were kindly
provided by BP and collected directly from the field (Cotton Valley formation, Haynesville
Shale). Cotton Valley 1 was collected on July 16th, 2014 from the first stage separator of a
centralized treatment facility that serves only the Cotton Valley formation in Rusk County,
Texas. It was a mixture of produced waters from multiple wells. Cotton Valley 2 was
collected directly from a well (Smith 1H, Cotton Valley formation) in November 2014 and
delivered to our lab immediately after collection. The third sample (Barnett Shale 1) was
collected from a well that had been producing for 100 days in the Barnett Shale formation
(Bend Arch–Fort Worth Basin Province, TX).Table 9 shows some characteristics of these
produced wastewater samples.

Table 9. Characteristics of the produced wastewaters provided by BP and SWRC.

Cotton Valley 1

Cotton Valley 2

Barnett Shale 1

Turbidity (NTU)

366

201

178

pH

4.95

5.14

6.9

TDS (g/L)

89.5

90.1

85.7
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The first approach was to directly feed the MFC with produced waters as the only
source of bacteria and nutrients and acclimated for a period of approximately 48 hours
while electricity production was continuously monitored. Feeding with Barnett Shale 1
(COD = 10.52 ± 1.34 g/L) resulted in measurable electricity production, but the two Cotton
Valley samples did not generate any electricity within 48 h.
In order to determine whether the failure of the two Cotton Valley samples in
generating electricity was caused by the lack of live bacteria or the inability of the bacteria
from these samples to perform in an MFC because of the lack of exoelectrogenic
capabilities, additional experiments were conducted. Respirometry, microscopic
examination and heterotrophic plate counting were used to assess bacterial activity. As
shown in Table 9 both samples from Cotton Valley had a slightly acidic pH, and even when
the pH was adjusted to basic conditions (pH= 7.5), all tests results were negative,
concluding there were insufficient viable bacteria in the samples from Cotton Valley.
6.2.2. Coupling of the MFCs with capacitive deionization device
The coupling of MFCs with a CDI device was performed to evaluate the ability of
the electrical power produced by hypersaline MFCs to drive desalination in the CDI. The
CDI device consists of two acrylic sheets with two activated carbon electrodes (Material
Methods PACMM 203, Irvine, CA) squeezed in between, separated by filter paper
(Whatman Qualitative Filter Paper, 20-25 µm, Little Chalfont, UK). Leaking is prevented
by fitting an O-ring (433 N70 Buna-N Nitrile 70 O-ring, Lwiston, ID) in a groove placed
into the acrylic frame. Water circulated using a peristaltic pump (SciLog Tandem 1081)
and tubing (Masterflex Tubing PuriFlex, L/S 13, Vernon Hills, IL). To measure
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conductivity changes in the system, a microconductimeter was employed which was fitted
to a conductivity probe (Oakton 4-cell conductivity/temperature probe, PC 2700 Benchtop
meter).Current was monitored by placing a multimeter (Extech EX540, True RMS
Industrial Multimeter/Datalogger, Nashua, NH) in series with the CDI device.
The coupling was made in two different configurations (Figure 30) using multiple
hypersaline MFCs fed with bacteria from Galveston bay pond. MFCs for the CDI-coupling
experiments were not fed with produced water due to the limited amount of sample, but
were representative since they had in common that the culture from Galveston bay was an
enrichment of Halanaerobium species (~90%) [186] which are also predominant species
in the MFC fed with produced water One configuration consisted of three MFCs connected
in parallel, where the current sums up, and the other connecting two of them in series,
where the voltages of each MFC sum up. This way we evaluated the impact of both,
increased current and voltage on the desalination efficiency. The influent of saline water
into the CDI contained 0.5 g/L NaCl, and the flow rate was as low as 0.1 ml/min, to allow
sufficient time for the desalination to take place and be able to appreciate more clearly the
changes that occur in the system under different circuit configurations.
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A)

B)

Figure 30. Parallel (A) and series (B) connection diagrams of the MFCs supplying
the CDI.

6.2.3. Analysis of anodic microbial population
From the MFC able to produce electricity with produced wastewater (Barnett
Shale) the bacterial population was analyzed by pyrosequencing. This analysis was
performed after several months of MFC operation (~ 3 months). The sample volume from
Barnett produced wastewater was limited and allowed only the acclimation and first feed
of the MFC, enough to let the bacteria from produced wastewater to colonize the anode,
but in the subsequent cycles, synthetic hypersaline media was used as replacement
(composition in section 4.2.1). The analysis of the original produced wastewater from
Barnett Shale, the bacteria colonizing the anode and bacteria from the bulk fluid of the
MFC were analyzed by pyrosequencing (method described in section 3.2.3).
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6.3. Results and discussion
6.3.1. MFC operation with real produced wastewaters
Produced wastewater from Barnett Shale formation (Barnett Shale 1) collected
from a well after 100 days of production was used as the only source of bacteria and
electron donors in the MFC experiment. Figure 31 shows the power density and
polarization curves of the MFC only fed with produced wastewater. Bacteria from Barnett
Shale were able to colonize the MFC anode and transfer electrons to its surface to produce
a maximum power density of 47 mW/m2 (0.14 volt and 0.42 mA), comparable to the power
density of 71 mW/m2 obtained using the mixed culture from Galveston Bay under 100 g/L
NaCl. The COD removal of produced wastewater in the MFC (CODout = 3.35 ± 0.07 g/L)
was of 68.15%, yielding a Coulombic efficiency of 10.02 % in 58 days.
Due to the limited quantity of produced water sample available, the MFC was fed
with synthetic growth media in subsequent cycles of the experiment containing 100 g/L
NaCl. Mean values of the maximum steady voltage produced in three subsequent cycles
with autochthonous bacteria from shale and fed with synthetic saline media were of 0.155
± 0.023 volts with external load of 510 Ω. Mean COD removal was 51.05 ±15%. The
capacity of COD removal of the hypersaline MFC seeded with bacteria from shale is higher
than the obtained from hypersaline MFC seeded with bacteria from a saline pond
(enrichment of Halanaerobium), probably due to different bacterial population as it will be
analyzed in the next section.
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Figure 31. Power density curve of MFC fed with produced water from Barnett
Shale 1. External load ranges from 100 to 20000 Ω.

This results represent a step towards real application where it is demonstrated that
MFC can be operated with real produced wastewater as the only feed stream without
additional bacterial seeding.

6.3.2. Phylogenetic analysis of bacteria in the MFC fed with real produced wastewater
Pyrosequencing results of bacterial population in Barnett Shale 1 produced
wastewater, as well as of bacteria colonizing the anode and bulk fluid of the MFC initially
fed with Barnett Shale 1 after 3 months of continuous operation are shown in Figure 32.
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57%
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Figure 32. Predominant bacterial species in the Barnett Shale produced water, the
MFC bulk fluid and on the MFC anode inoculated with Barnet Shale 1.

Bacterial population in produced wastewater significantly differs from that found
in the MFC. In the MFC, H. praevalens, which was not detected in the Barnett Shale 1
sample probably due to its small population (< 1%), became the predominating specie in
the MFC. This shift can be attributed to the fact that after feeding the MFC with real
produced wastewater in the first cycle, subsequent medium replacements were done with
synthetic media, which favors the growth of H. praevalens species as was shown in Chapter
3 and 4. Interestingly, the species Marinobacter hydrocarbonoclasticus, which was present
in the original Barnet Shale 1 in large numbers, dominated also the population of the MFC
anode surface as well as in bulk fluid. Marinobacter hydrocarbonoclasticus is of great
interest due to its extraordinary ability to degrade hydrocarbons from petroleum (typically
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non-cyclic alkanes) and its capacity to use them as the sole source of energy and carbon.
It also degrades aromatic compounds under anaerobic conditions, hence, of great
importance in the field of bioremediation [209]. In addition, M. hydrocarbonoclasticus has
very unique features such as the extreme salt tolerance which ranges from 5 to 205 g/L
NaCl and the capacity to grow either in aerobic and anaerobic conditions, which provides
outstanding adaptive advantage. M. hydrocarbonoclasticus was first isolated in
Mediterranean Sea nearby a petroleum refinery (1992). It is described as Gram (-), aerobic
and rod-shaped bacteria (Figure 33), and looks surprisingly similar to H. praevalens. Its
genome of 4 million base-pares size was sequenced by Grimaud, R., et al. in 2012 [210].
The ease of M. hydrocarbonoclasticus to form biofilms in the interface of water
and hydrophobic hydrocarbons has been previously demonstrated [210] which explains
why this specie becomes dominant in the carbon brush anode of our hypersaline MFC.
Although its presence in the bulk fluid is also high, the species abundance percentages are
inverted in the anode with respect to the bulk fluid as M. hydrocarbonoclasticus has greater
capacity to form biofilm than H. praevalens, as previously demonstrated (Chapter 3).
Remarkably, the presence of M. hydrocarbonoclasticus in electroactive biofilms has also
been reported, specifically in a marine electroactive biocathode for its use as biosensor
[211]. Its capacity to extracellularly transfer electrons has been evidenced when producing
current as a single species in the biocathode [212].
These features of Marinobacter hydrocarbonoclasticus are highly beneficial for
MFCs aimed at hydrocarbon degradation and electricity generation under extreme saline
conditions. The presence of M. hydrocarbonoclasticus explains the increase of COD

114
removal in the MFC in comparison to the hypersaline MFC populated by Halanaerobium
species since this bacterium is able to hydrolyze complex hydrocarbons (anaerobic
respiration) and produce organics that are easily fermented by other organisms (e.g.,
Halanaerobium), suggesting syntrophic relationships that benefit overall MFC
performance. The microbial analysis of the MFC, both of bulk fluid and anode, shows that
M. hydrocarbonoclasticus and H. praevalens, both autochthonous bacteria from shale
formations, can coexist in an electroactive biofilm of an extreme saline MFC and contribute
to electrical power production.

Figure 33. Marinobacter hydrocarbonoclasticus [213].
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Results presented in this section demonstrate MFCs can be fed and perform with
bacteria from real produced wastewaters, demonstrating the potential feasibility of the
hypersaline MFC device for oil and gas produced wastewater treatment.

6.3.3. Coupling of the MFCs with CDI
With the electrical output produced by hypersaline MFCs we attempted to directly
power the CDI to drive desalination. The electric power produced by the MFCs generated
a potential difference between the oppositely charged CDI electrodes, to adsorb saline
counter ions on their surface. When coupling MFC with a CDI there is no longer a constant
external load (Rext ≠ 510Ω ≠ Const.) applied to the MFCs, as has been the operational mode
used so far. The external resistor of the MFC is now the CDI device, which behaves as a
capacitor whose resistance increases continuously as the electrodes are charged and
desalination takes place. As charging of the CDI electrodes proceeds, the resistance of the
CDI device increases, leading to increased voltage output of the MFC. The voltage (V)
generated by the MFC will influence the total number of charges the CDI electrodes can
store and hence the number of ions the CDI is able to remove from water (adsorption
capacity) while the current (I) produced by MFC is related with the rate at which the CDI
electrodes are charged and therefore the ion adsorption kinetics. Through Ohms Law
(V=I*R) we can predict that as desalination progresses, the external resistance in the MFC
will increase, producing an increase of the voltage output, while sacrificing current. The
electric power produced by the MFC will generate a potential difference between the CDI
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electrodes that will be oppositely charged and so adsorbing saline counter ions on their
surface.
Two approaches have been followed; one where we use three MFCs in parallel, and
other with two MFCs connected in series. The hypersaline MFCs used in these coupling
experiments produced voltages in the range of 0.17 to 0.21 volts with Rext=510Ω prior to
the coupling with the CDI. Since, hydrolysis of water at 25 °C starts at voltages higher
than 1.23 V [214], the CDI device was controlled under that limit. This is the reason why
in serial connection we only used two MFCs, since in a circuit connected in series the
voltage of all the batteries are sum up, and as the desalination progresses we have the risk
to exceed that limit. Figure 34 shows the experimental set up of three MFCs coupled to the
CDI.
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Figure 34. Experimental set up of three MFCs in parallel connected to the CDI.

Evolution of applied voltage to the CDI with respect to time (hours) and with
different electric circuit configurations is shown in Figure 35. Initially, electrodes had zero
electric potential (uncharged) for both cases. As empowered by MFCs, continuously
generating current, a charge difference between the two electrodes from the CDI is
produced. Voltage reading showed rapid increase from the initial point followed by gradual
stabilization in both MFC configurations. However, comparing to serial-MFCs, parallelMFCs showed sharp increase instantly while voltage curve for the serial-MFCs was
gradually increased over relatively longer period of time, possibly due to three times
greater current of parallel configuration. The maximum voltage for the parallel-MFCs was
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about half of that of the serial-MFCs, since in serial configuration the voltage of each MFCs
sums up.
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Figure 35. Comparison of voltage evolution between parallel- and serial- MFCs.

The increasing applied voltage to electrodes in the CDI determined the tendency of
salt adsorption. Salt adsorption trends for the CDI device with three MFCs in parallel are
shown in Figure 36. Two different cycles at same flow rate show similar adsorption trends.
Adsorption rate at maximum salt removal was 0.53 – 0.59 μg/min. Due to relatively lower
voltage, adsorption rate was also low, but due to the higher current (sum up of the three
MFCs) the maximum adsorption rate was reached in a much shorter time than in series
connection. Salt adsorption density until 41.6 hours (2,500 min) was in the range of 0.30 –
0.40 mg/g (mg of salt per g of electrode carbon).
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Figure 37 presents data from integrating the CDI and two MFCs in series. Seriesconnected MFCs and CDI showed greater adsorption rate at maximum salt removal of 2.01
– 3.03 μg/min, which is about 4 – 6 times higher, due to the higher voltage input. Salt
adsorption density from CDI experiment with serial-MFCs until 41.6 hours (2,500 min)
was 0.93 – 1.47 mg/g, which is more than 3 times larger than with parallel-MFCs. This
implies that adsorption tendency is closely related to the behavior of MFCs. The rapid
increase of voltage in parallel-MFCs, explains why the maximum salt removal peak
appeared in short period of time. The overall adsorption capacity was limited by the surface
area and charge density of the commercial CDI electrodes. Research in electrode materials
such as nanotechnology based electrodes will be an opportunity for potential improvement
of the desalination process [215, 216].

Figure 36. Salt concentration change for CDI with parallel-MFCs.
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Figure 37. Salt concentration change for CDI with Serial-MFCs.

6.4. Conclusions
The results from this last chapter represent a step towards real applications. We
have demonstrated that a hypersaline MFC can be operated with real wastewater as the
only feed stream without additional bacterial seeding.
A

new

bacterium

indigenous

to

the

shale

formation,

Marinobacter

hydrocarbonoclasticus, was found to co-colonize the anode with H. praevalens in a MFC
that produces a sustained power output and organic degradation during several months of
continuous operation. Marinobacter hydrocarbonoclasticus offer several advantages for
high saline MFCs due to their proven exoelectrogenic activity, extreme saline tolerance
and petroleum hydrocarbon degradation capability.
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Although optimization is still needed, the MFC-CDI coupling results demonstrate
that the energy produced by a hypersaline MFC can drive desalination on a CDI, making
feasible the use of an hybrid MFC-CDI system for treatment of saline flowback and
produced wastewaters from shale gas and oil production.
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Chapter 7

Conclusions and Significance

The development of these novel high-salinity microbial fuel cells can bring a
significant environmental benefit to treat hypersaline wastewaters that are of great concern
due to the difficulty and prohibitively high costs to treat them by available technologies.
Such MFCs offer a dual benefit: biological treatment of hypersaline wastewaters
plus energy production. This research provides valuable knowledge to inform biological
treatment of challenging hypersaline wastewaters in different contexts and expand the
application of conventional biological reactors to treat saline and hypersaline waters by
acclimating the microflora. Currently, the anaerobic biological treatment of saline
wastewaters is poorly understood, and salinity is generally recognized to significantly
hinder the normal functioning of conventional bioreactors. Therefore there are still many
knowledge gaps to address to develop effective biological treatment processes for such
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wastewaters, which mainly depends on having a resilient bacteriological population.
Hence, the importance of my research with the discovery of Halanaerobium species as
organic degraders and exoelectrogenic microorganisms. Furthermore, by recovering
energy from organic waste directly in the form of electricity as we have demonstrated (an
ability of MFCs), the concept becomes more appealing and extends its potential application
to off- grid remote settings (e.g., hydraulic fracturing sites). These MFC devices are also
of great interest for coastal regions in developing countries, especially when severe
shortages of fresh water require consideration of alternative saline water or wastewater
sources. With treatment alternatives, the use of saline water could be transferred to
industrial processes, home utilities (toilets) etc. and be returned back to the environment
(sea) reducing the consumption of the already scarce fresh water. In addition, hypersaline
MFCs could be used in contexts with lack of structure, such as military operations in remote
sites, where sustainable treatment of contaminated saline water with an energy input can
be of great assistance and / or need.
I demonstrated the ability of hyperhalophile species belonging to the genus
Halanaerobium to degrade relevant contaminants such as benzoate and produce electricity
in an MFC, as well as to communicate (via QS) in order to promote biofilm formation.
These findings open new doors to very fruitful research venues, as there are all the
disciplines that can help elucidating the functions of specific genes of these species of
interest, H. praevalens and M. hydrocarbonoclasticus, their specific abilities to degrade
various pollutants and understanding the specific exoelectrogenic genes that are involved
in the process of exerting electrons, in order to seek ways to optimize them by molecular
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biology techniques. Advances in these fields could lead to biological systems optimized to
run on a MFC.
My pioneering study on the induction of QS in H. praevalens advances knowledge
of biofilm formation under saline conditions, which could lead to strategies to either
promote or hinder biofilm formation (e.g., to enhance performance of biofilm-based
reactors or mitigate biofouling, clogging, or microbial induced corrosion, respectively),
depending on the desired outcome. Therefore understanding and manipulating biofilm
formation can be beneficial for two purposes:
1) Increase biofilm formation to improve the performance of MFCs under extreme
salinities. This is a new niche that, as demonstrated in this dissertation, brings dual
benefit of increasing power production in a MFC and at the same time enables
exploration of the potential for biological treatment of hypersaline wastewaters.
2) Hinder macromolecular fouling and clogging of oil and gas reservoirs (where
species belonging to the genus Halanaerobium have been found) to increase
production (QS quenching).

If one endeavors understanding bacteria, and the large variety of environmental and
ecological functions they occupy, their social aspects cannot be left aside. In this sense, my
research contributes to the knowledge in communication between bacteria, sometimes
underestimated due to the existing holes of knowledge, demonstrating for the first time the
effect the addition of exogenous autoinducers has in the specie H. praevalens under
extreme conditions of salinity. At the same time, I have contributed to the interspecies
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communication, as the quinolone autoinducers used in my study, with a clear effect on the
promotion of biofilm formation in H. praevalens, are produced by various species (i.e.,
Pseudomonas aeruginosa and Burkholderia cenocepacia), thus they can have an effect on
each other. Overall, I contribute to the increasing interest in QS, which diverse application
in environment, agriculture and the field of antivirulence in medicine is gaining more and
more importance.
In regard to potential full scale applications of these novel hypersaline MFC, I have
demonstrated that electricity generated by hypersaline MFCs can be used to power a CDI
device for desalination. In addition, multiple MFCs can be connected in different
configurations to increase the overall power output to the CDI device in order to improve
the salt adsorption capacity and kinetics.
Moreover, as demonstrated in this dissertation, MFCs can be operated with real
produced water as the only feed stream without additional bacterial seeding, demonstrating
the feasibility of hypersaline MFC devices for oil and gas produced water treatment. An
indigenous bacterium, Marinobacter hydrocarbonoclasticus, was found to co-colonize the
anode with H. praevalens and offer several advantages for high saline MFCs due to their
proven electroactivity, extreme saline tolerance and petroleum hydrocarbon degradation
capability.

126

References
1.

2.

3.

4.
5.
6.

7.

8.

9.

10.

11.
12.

13.
14.

15.

Lefebvre, O., et al., Impact of increasing NaCl concentrations on the performance
and community composition of two anaerobic reactors. Appl Microbiol Biotechnol,
2007. 75(1): p. 61-9.
Leung, R.W.K., et al., Integration of seawater and grey water reuse to maximize
alternative water resource for coastal areas: the case of the Hong Kong
International Airport. Water Science and Technology, 2012. 65(3): p. 410-417.
Jiang, M., C.T. Hendrickson, and J.M. VanBriesen, Life Cycle Water Consumption
and Wastewater Generation Impacts of a Marcellus Shale Gas Well.
Environmental Science & Technology, 2014. 48(3): p. 1911-1920.
Peyton, B.M., T. Wilson, and D.R. Yonge, Kinetics of phenol biodegradation in
high salt solutions. Water Research, 2002. 36(19): p. 4811-20.
Lefebvre, O. and R. Moletta, Treatment of organic pollution in industrial saline
wastewater: A literature review. Water Research, 2006. 40(20): p. 3671-3682.
Feng, Y.J., et al., Treatment of biodiesel production wastes with simultaneous
electricity generation using a single-chamber microbial fuel cell. Bioresource
Technology, 2011. 102(1): p. 411-415.
Huang, L.P. and B.E. Logan, Electricity generation and treatment of paper
recycling wastewater using a microbial fuel cell. Applied Microbiology and
Biotechnology, 2008. 80(2): p. 349-355.
Ha, P.T., et al., Treatment of Alcohol Distillery Wastewater Using a BacteroidetesDominant Thermophilic Microbial Fuel Cell. Environmental Science and
Technology, 2012. 46(5): p. 3022-3030.
Kim, Y., et al., Capturing power at higher voltages from arrays of microbial fuel
cells without voltage reversal. Energy & Environmental Science, 2011. 4(11): p.
4662-4667.
Fan, Y., S.-K. Han, and H. Liu, Improved performance of CEA microbial fuel cells
with increased reactor size. Energy & Environmental Science, 2012. 5(8): p. 82738280.
Oliveira, V.B., et al., Overview on the developments of microbial fuel cells.
Biochemical Engineering Journal, 2013. 73: p. 53-64.
Cheng, S.A. and B.E. Logan, Increasing power generation for scaling up singlechamber air cathode microbial fuel cells. Bioresource Technology, 2011. 102(6):
p. 4468-4473.
Liu, H., et al., Scale-Lip of membrane-free single-chamber microbial fuel cells.
Journal of Power Sources, 2008. 179(1): p. 274-279.
Zuo, Y., et al., Tubular membrane cathodes for scalable power generation in
microbial fuel cells. Environmental Science & Technology, 2007. 41(9): p. 33473353.
Wang, B. and J.I. Han, A single chamber stackable microbial fuel cell with air
cathode. Biotechnology Letters, 2009. 31(3): p. 387-393.

127

16.
17.

18.

19.

20.

21.
22.

23.
24.

25.

26.

27.
28.
29.

30.

31.

Wen, Q., et al., MnO2-graphene hybrid as an alternative cathodic catalyst to
platinum in microbial fuel cells. Journal of Power Sources, 2012. 216: p. 187-191.
Li, S.Z., et al., Iron- and nitrogen-functionalized graphene as a non-precious metal
catalyst for enhanced oxygen reduction in an air-cathode microbial fuel cell.
Journal of Power Sources, 2012. 213: p. 265-269.
Liu, J., et al., Intermittent contact of fluidized anode particles containing
exoelectrogenic biofilms for continuous power generation in microbial fuel cells.
Journal of Power Sources, 2014. 261: p. 278-284.
Ghasemi, M., et al., Nano-structured carbon as electrode material in microbial fuel
cells: A comprehensive review. Journal of Alloys and Compounds, 2013. 580: p.
245-255.
Pant, D., et al., A review of the substrates used in microbial fuel cells (MFCs) for
sustainable energy production. Bioresource Technology, 2010. 101(6): p. 15331543.
Mathuriya, A.S., Eco-Affectionate Face of Microbial Fuel Cells. Critical Reviews
in Environmental Science and Technology, 2014. 44(2): p. 97-153.
Chae, K.J., et al., Effect of different substrates on the performance, bacterial
diversity, and bacterial viability in microbial fuel cells. Bioresource Technology,
2009. 100(14): p. 3518-3525.
Feng, Y., et al., Brewery wastewater treatment using air-cathode microbial fuel
cells. Applied Microbiology and Biotechnology, 2008. 78(5): p. 873-880.
Zhang, J.N., et al., Continuous electricity production from leachate in a novel
upflow air-cathode membrane-free microbial fuel cell. Water Science and
Technology, 2008. 57(7): p. 1017-1021.
Mohan, S.V., S. Srikanth, and P.N. Sarma, Non-catalyzed microbial fuel cell
(MFC) with open air cathode for bioelectricity generation during acidogenic
wastewater treatment. Bioelectrochemistry, 2009. 75(2): p. 130-135.
Ahn, Y. and B.E. Logan, Effectiveness of domestic wastewater treatment using
microbial fuel cells at ambient and mesophilic temperatures. Bioresource
Technology, 2010. 101(2): p. 469-475.
Zhang, G.D., et al., Efficient electricity generation from sewage sludge using
biocathode microbial fuel cell. Water Research, 2012. 46(1): p. 43-52.
Feng, Y.J., et al., A horizontal plug flow and stackable pilot microbial fuel cell for
municipal wastewater treatment. Bioresource Technology, 2014. 156: p. 132-138.
Li, Z., X. Zhang, and L. Lei, Electricity production during the treatment of real
electroplating wastewater containing Cr6+ using microbial fuel cell. Process
Biochemistry, 2008. 43(12): p. 1352-1358.
Song, T.S., et al., Electricity generation from terephthalic acid using a microbial
fuel cell. Journal of Chemical Technology and Biotechnology, 2009. 84(3): p. 356360.
Morris, J.M., et al., Microbial fuel cell in enhancing anaerobic biodegradation of
diesel. Chemical Engineering Journal, 2009. 146(2): p. 161-167.

128

32.

33.
34.
35.

36.
37.

38.

39.

40.
41.

42.
43.
44.

45.
46.

47.

Adelaja, O., T. Keshavarz, and G. Kyazze, Enhanced biodegradation of
phenanthrene using different inoculum types in a microbial fuel cell. Engineering
in Life Sciences, 2014. 14(2): p. 218-228.
Puig, S., et al., Microbial fuel cell application in landfill leachate treatment. Journal
of Hazardous Materials, 2011. 185(2-3): p. 763-767.
Lefebvre, O., et al., Effect of increasing anodic NaCl concentration on microbial
fuel cell performance. Bioresource Technology, 2012. 112: p. 336-340.
Pham, T.H., P. Aelterman, and W. Verstraete, Bioanode performance in
bioelectrochemical systems: recent improvements and prospects. Trends in
Biotechnology, 2009. 27(3): p. 168-178.
Lovley, D.R., The microbe electric: conversion of organic matter to electricity.
Current Opinion in Biotechnology, 2008. 19(6): p. 564-571.
Paquete, C.M. and R.O. Louro, Molecular details of multielectron transfer: the
case of multiheme cytochromes from metal respiring organisms. Dalton
Transactions, 2010. 39(18): p. 4259-4266.
Gorby, Y.A., et al., Electrically conductive bacterial nanowires produced by
Shewanella oneidensis strain MR-1 and other microorganisms. Proceedings of the
National Academy of Sciences of the United States of America, 2006. 103(30): p.
11358-11363.
Richter, H., et al., Cyclic voltammetry of biofilms of wild type and mutant
Geobacter sulfurreducens on fuel cell anodes indicates possible roles of OmcB,
OmcZ, type IV pili, and protons in extracellular electron transfer. Energy &
Environmental Science, 2009. 2(5): p. 506-516.
Rabaey, K., et al., Microbial phenazine production enhances electron transfer in
biofuel cells. Environmental Science & Technology, 2005. 39(9): p. 3401-3408.
Wang, Y.F., et al., Self-excreted mediator from Escherichia coli K-12 for electron
transfer to carbon electrodes. Applied Microbiology and Biotechnology, 2007.
76(6): p. 1439-1446.
Newman, D.K. and R. Kolter, A role for excreted quinones in extracellular electron
transfer. Nature, 2000. 405(6782): p. 94-97.
Arends, J.B.A. and W. Verstraete, 100 years of microbial electricity production:
three concepts for the future. Microbial Biotechnology, 2012. 5(3): p. 333-346.
Rabaey, K., et al., Biofuel cells select for microbial consortia that self-mediate
electron transfer. Applied and Environmental Microbiology, 2004. 70(9): p. 53735382.
Nevin, K.P. and D.R. Lovley, Mechanisms for Fe(III) oxide reduction in
sedimentary environments. Geomicrobiology Journal, 2002. 19(2): p. 141-159.
Park, D.H. and J.G. Zeikus, Improved fuel cell and electrode designs for producing
electricity from microbial degradation. Biotechnology and Bioengineering, 2003.
81(3): p. 348-355.
Rosenbaum, M.A. and A.E. Franks, Microbial catalysis in bioelectrochemical
technologies: status quo, challenges and perspectives. Applied Microbiology and
Biotechnology, 2014. 98(2): p. 509-518.

129

48.
49.
50.

51.
52.

53.
54.

55.

56.
57.

58.

59.
60.
61.

62.

63.
64.

Bird, L.J., V. Bonnefoy, and D.K. Newman, Bioenergetic challenges of microbial
iron metabolisms. Trends in Microbiology, 2011. 19(7): p. 330-340.
Richardson, D.J., Bacterial respiration: a flexible process for a changing
environment. Microbiology-Uk, 2000. 146: p. 551-571.
Leang, C., et al., Engineering Geobacter sulfurreducens to produce a highly
cohesive conductive matrix with enhanced capacity for current production. Energy
& Environmental Science, 2013. 6(6): p. 1901-1908.
Kim, Y. and B.E. Logan, Microbial desalination cells for energy production and
desalination. Desalination, 2013. 308: p. 122-130.
Mehanna, M., et al., Using microbial desalination cells to reduce water salinity
prior to reverse osmosis. Energy & Environmental Science, 2010. 3(8): p. 11141120.
Luo, H., et al., Ionic composition and transport mechanisms in microbial
desalination cells. Journal of Membrane Science, 2012. 409: p. 16-23.
Chen, X., et al., Stacked Microbial Desalination Cells to Enhance Water
Desalination Efficiency. Environmental Science & Technology, 2011. 45(6): p.
2465-2470.
Forrestal, C., P. Xu, and Z. Ren, Sustainable desalination using a microbial
capacitive desalination cell. Energy & Environmental Science, 2012. 5(5): p. 71617167.
Forrestal, C., et al., Microbial desalination cell with capacitive adsorption for ion
migration control. Bioresource Technology, 2012. 120: p. 332-336.
Qu, Y., et al., Simultaneous water desalination and electricity generation in a
microbial desalination cell with electrolyte recirculation for pH control.
Bioresource Technology, 2012. 106: p. 89-94.
Yuan, L., et al., Capacitive deionization coupled with microbial fuel cells to
desalinate low-concentration salt water. Bioresource Technology, 2012. 110: p.
735-738.
Feng, C., et al., A microbial fuel cell driven capacitive deionization technology for
removal of low level dissolved ions. Chemosphere, 2013. 91(5): p. 623-628.
Xiao, Y.Y. and D.J. Roberts, A review of anaerobic treatment of saline wastewater.
Environmental Technology, 2010. 31(8-9): p. 1025-1043.
Khalid, A., M. Arshad, and D.E. Crowley, Decolorization of azo dyes by
Shewanella sp under saline conditions. Applied Microbiology and Biotechnology,
2008. 79(6): p. 1053-1059.
Barredo-Damas, S., et al., Application of tubular ceramic ultrafiltration membranes
for the treatment of integrated textile wastewaters. Chemical Engineering Journal,
2012. 192: p. 211-218.
Baan, R., et al., Special Report: Policy: Carcinogenicity of some aromatic amines,
organic dyes, and related exposures. Lancet Oncology, 2008. 9(4): p. 322-323.
Sundarapandiyan, S., et al., Electrochemical oxidation and reuse of tannery saline
wastewater. Journal of Hazardous Materials, 2010. 180(1-3): p. 197-203.

130

65.

66.

67.
68.

69.
70.
71.

72.

73.

74.

75.
76.
77.

78.

79.
80.

81.

Maalouf, S., D. Rosso, and W.W.G. Yeh, Optimal planning and design of seawater
RO brine outfalls under environmental uncertainty. Desalination, 2014. 333(1): p.
134-145.
Qurie, M., et al., Inland Treatment of the Brine Generated from Reverse Osmosis
Advanced Membrane Wastewater Treatment Plant Using Epuvalisation System.
International Journal of Molecular Sciences, 2013. 14(7): p. 13808-13825.
Ahmadun, F.R., et al., Review of technologies for oil and gas produced water
treatment. Journal of Hazardous Materials, 2009. 170(2-3): p. 530-551.
Ellouze, E., R.B. Amar, and B.A.B. Salah, Coagulation-flocculation performances
for cuttlefish effluents treatment. Environmental Technology, 2003. 24(11): p.
1357-1366.
Dincer, A.R. and F. Kargi, Performance of rotating biological disc system treating
saline wastewater. Process Biochemistry, 2001. 36(8-9): p. 901-906.
Lefebvre, O., et al., Halophilic biological treatment of tannery soak liquor in a
sequencing batch reactor. Water Research, 2005. 39(8): p. 1471-1480.
Head, I.M. and R.P.J. Swannell, Bioremediation of petroleum hydrocarbon
contaminants in marine habitats. Current Opinion in Biotechnology, 1999. 10(3):
p. 234-239.
Ahn, Y.B., et al., Reductive dehalogenation of brominated phenolic compounds by
microorganisms associated with the marine sponge Aplysina aerophoba. Applied
and Environmental Microbiology, 2003. 69(7): p. 4159-4166.
Guo, J.B., et al., Biocalalyst effects of immobilized anthraquinone on the anaerobic
reduction of azo dyes by the salt-tolerant bacteria. Water Research, 2007. 41(2): p.
426-432.
Dafale, N., et al., Decolorization of azo dyes and simulated dye bath wastewater
using acclimatized microbial consortium - Biostimulation and halo tolerance.
Bioresource Technology, 2008. 99(7): p. 2552-2558.
Artiga, P., et al., Use of a hybrid membrane bioreactor for the treatment of saline
wastewater from a fish canning factory. Desalination, 2008. 221(1-3): p. 518-525.
Aspe, E., et al., Ammonia inhibition in the anaerobic treatment of fishery effluents.
Water Environment Research, 2001. 73(2): p. 154-164.
Cravo-Laureau, C. and R. Duran, Marine coastal sediments microbial hydrocarbon
degradation processes: contribution of experimental ecology in the omics'era.
Frontiers in Microbiology, 2014. 5.
Kappell, A.D., et al., The polycyclic aromatic hydrocarbon degradation potential
of Gulf of Mexico native coastal microbial communities after the Deepwater
Horizon oil spill. Frontiers in Microbiology, 2014. 5.
Aitken, C.M., D.M. Jones, and S.R. Larter, Anaerobic hydrocarbon biodegradation
in deep subsurface oil reservoirs. Nature, 2004. 431(7006): p. 291-294.
Riffat, R. and K. Krongthamchat, Anaerobic treatment of high-saline wastewater
using halophilic methanogens in laboratory-scale anaerobic filters. Water
Environment Research, 2007. 79(2): p. 191-198.
Kapdan, I.K. and B. Erten, Anaerobic treatment of saline wastewater by
Halanaerobium lacusrosei. Process Biochemistry, 2007. 42(3): p. 449-453.

131

82.

83.

84.

85.
86.

87.

88.

89.

90.

91.

92.
93.

94.

95.

Kapdan, I.K. and B. Boylan, Batch treatment of saline wastewater by
Halanaerobium lacusrosei in an anaerobic packed bed reactor. Journal of
Chemical Technology and Biotechnology, 2009. 84(1): p. 34-38.
Swift, S., et al., Quorum sensing as a population-density-dependent determinant of
bacterial physiology, in Advances in Microbial Physiology, Vol 45, R.K. Poole,
Editor. 2001. p. 199-270.
Winzer, K., K.R. Hardie, and P. Williams, Bacterial cell-to-cell communication:
Sorry, can't talk now - gone to lunch! Current Opinion in Microbiology, 2002. 5(2):
p. 216-222.
Yim, G., H.H.M. Wang, and J. Davies, The truth about antibiotics. International
Journal of Medical Microbiology, 2006. 296(2-3): p. 163-170.
Riedel, K., et al., N-acylhomoserine-lactone-mediated communication between
Pseudomonas aeruginosa and Burkholderia cepacia in mixed biofilms.
Microbiology-Sgm, 2001. 147: p. 3249-3262.
Williams, P., et al., Look who's talking: communication and quorum sensing in the
bacterial world. Philosophical Transactions of the Royal Society B-Biological
Sciences, 2007. 362(1483): p. 1119-1134.
RobertJ. Goldstone, R.P., Matthew P. Fletcher, Shanika A. Crusz and Stephen P.
Diggle, Quorum Sensing and Social Interactions in Microbial Biofilms, in
Microbial Biofilms, G.L.a.G. Lewis, Editor. 2012, Caister Academic Press:
Norfolk. p. 5.
Diggle, S.P., et al., The galactophilic lectin, LecA, contributes to biofilm
development in Pseudomonas aeruginosa. Environmental Microbiology, 2006.
8(6): p. 1095-1104.
Zhang, Z.G. and L.S. Pierson, A second quorum-sensing system regulates cell
surface properties but not phenazine antibiotic production in Pseudomonas
aureofaciens. Applied and Environmental Microbiology, 2001. 67(9): p. 43054315.
Rice, S.A., et al., Biofilm formation and sloughing in Serratia marcescens are
controlled by quorum sensing and nutrient cues. Journal of Bacteriology, 2005.
187(10): p. 3477-3485.
Labbate, M., et al., Quorum sensing-controlled biofilm development in Serratia
liquefaciens MG1. Journal of Bacteriology, 2004. 186(3): p. 692-698.
Puskas, A., et al., A quorum-sensing system in the free-living photosynthetic
bacterium Rhodobacter sphaeroides. Journal of Bacteriology, 1997. 179(23): p.
7530-7537.
Huber, B., et al., The cep quorum-sensing system of Burkholderia cepacia H111
controls biofilm formation and swarming motility. Microbiology-Sgm, 2001. 147:
p. 2517-2528.
Koutsoudis, M.D., et al., Quorum-sensing regulation governs bacterial adhesion,
biofilm development, and host colonization in Pantoea stewartii subspecies
stewartii. Proceedings of the National Academy of Sciences of the United States of
America, 2006. 103(15): p. 5983-5988.

132

96.

97.

98.

99.

100.
101.

102.

103.
104.

105.

106.
107.
108.

109.

110.

111.

Croxatto, A., et al., VanT, a homologue of Vibrio harveyi LuxR, regulates serine,
metalloprotease, pigment, and biofilm production in Vibrio anguillarum. Journal
of Bacteriology, 2002. 184(6): p. 1617-1629.
Karatan, E. and P. Watnick, Signals, Regulatory Networks, and Materials That
Build and Break Bacterial Biofilms. Microbiology and Molecular Biology
Reviews, 2009. 73(2): p. 310-+.
Li, J., et al., Quorum sensing in Escherichia coli is signaled by AI-2/LsrR: Effects
on small RNA and Biofilm architecture. Journal of Bacteriology, 2007. 189(16): p.
6011-6020.
Barrios, A.F.G., et al., Autoinducer 2 controls biofilm formation in Escherichia coli
through a novel motility quorum-sensing regulator (MqsR, B3022). Journal of
Bacteriology, 2006. 188(1): p. 305-316.
Daines, D.A., et al., Haemophilus influenzae luxS mutants form a biofilm and have
increased virulence. Microbial Pathogenesis, 2005. 39(3): p. 87-96.
Liaqat, I., R.T. Bachmann, and R.G.J. Edyvean, Type 2 Quorum Sensing
Monitoring, Inhibition and Biofilm Formation in Marine Microrganisms. Current
Microbiology, 2014. 68(3): p. 342-351.
Diggle, S.P., et al., The Pseudomonas aeruginosa quinolone signal molecule
overcomes the cell density-dependency of the quorum sensing hierarchy, regulates
rhl-dependent genes at the onset of stationary phase and can be produced in the
absence of LasR. Molecular Microbiology, 2003. 50(1): p. 29-43.
Whitchurch, C.B., et al., Extracellular DNA required for bacterial biofilm
formation. Science, 2002. 295(5559): p. 1487-1487.
Pearson, J.P., et al., Structure of the Autoinducer Required for Expression of
Pseudomonas-aeruginosa Virulence Genes. Proceedings of the National Academy
of Sciences of the United States of America, 1994. 91(1): p. 197-201.
Nealson, K.H., T. Platt, and J.W. Hastings, Cellular Control of Synthesis and
Activity of Bacterial Luminiscent System. Journal of Bacteriology, 1970. 104(1): p.
313-&.
Eberhard, A., et al., Structural Identification of Autoinducer of PhotobacteriumFischeri luciferase. Biochemistry, 1981. 20(9): p. 2444-2449.
Whitehead, N.A., et al., Quorum-sensing in gram-negative bacteria. Fems
Microbiology Reviews, 2001. 25(4): p. 365-404.
Diggle, S.P., et al., Advancing the quorum in Pseudomonas aeruginosa: MvaT and
the regulation of N-acylhomoserine lactone production and virulence gene
expression. Journal of Bacteriology, 2002. 184(10): p. 2576-2586.
Agarwal, A., C. Kahyaoglu, and D.B. Hansen, Characterization of HmqF, a
Protein Involved in the Biosynthesis of Unsaturated Quinolones Produced by
Burkholderia thailandensis. Biochemistry, 2012. 51(8): p. 1648-1657.
Gotschlich, A., et al., Synthesis of multiple N-acylhomoserine lactones is widespread among the members of the Burkholderia cepacia complex. Systematic and
Applied Microbiology, 2001. 24(1): p. 1-14.
Heeb, S., et al., Quinolones: from antibiotics to autoinducers. Fems Microbiology
Reviews, 2011. 35(2): p. 247-274.

133

112.

113.

114.
115.

116.

117.
118.

119.
120.

121.

122.

123.

124.

125.

Vial, L., et al., Burkholderia pseudomallei, B. thailandensis, and B. ambifaria
produce 4-hydroxy-2-alkylquinoline analogues with a methyl group at the 3
position that is required for quorum-sensing regulation. Journal of Bacteriology,
2008. 190(15): p. 5339-5352.
Bassler, B.L., et al., Intercellular Signaling in Vibrio harveyi Sequence and
Function of Genes Regulating Expression of Luminescence Molecular
Microbiology, 1993. 9(4): p. 773-786.
Chen, X., et al., Structural identification of a bacterial quorum-sensing signal
containing boron. Nature, 2002. 415(6871): p. 545-549.
Guo, M., et al., Small Molecule Inhibitors of AI-2 Signaling in Bacteria: State-ofthe-Art and Future Perspectives for Anti-Quorum Sensing Agents. International
Journal of Molecular Sciences, 2013. 14(9): p. 17694-17728.
De Keersmaecker, S.C.J., et al., Chemical synthesis of (S)-4,5-dihydroxy-2,3pentanedione, a bacterial signal molecule precursor, and validation of its activity
in Salmonella typhimurium. Journal of Biological Chemistry, 2005. 280(20): p.
19563-19568.
Vendeville, A., et al., Making 'sense' of metabolism: Autoinducer-2, LuxS and
pathogenic bacteria. Nature Reviews Microbiology, 2005. 3(5): p. 383-396.
Engebrecht, J. and M. Silverman, Identification of Genes and Gene-products
Necessary for Bacterial Bioluminescence. Proceedings of the National Academy of
Sciences of the United States of America-Biological Sciences, 1984. 81(13): p.
4154-4158.
Golberg, K., et al., Characterization of Quorum Sensing Signals in CoralAssociated Bacteria. Microbial Ecology, 2011. 61(4): p. 783-792.
Llamas, I., et al., Quorum sensing in halophilic bacteria: detection of N-acylhomoserine lactones in the exopolysaccharide-producing species of Halomonas.
Extremophiles, 2005. 9(4): p. 333-341.
Huang, Y.L., et al., Presence of acyl-homoserine lactone in subtidal biofilm and
the implication in larval behavioral response in the polychaete Hydroides elegans.
Microbial Ecology, 2007. 54(2): p. 384-392.
Decho, A.W., et al., Autoinducers extracted from microbial mats reveal a
surprising diversity of N-acylhomoserine lactones (AHLs) and abundance changes
that may relate to diel pH. Environmental Microbiology, 2009. 11(2): p. 409-420.
Venkataraman, A., et al., Quorum sensing regulates electric current generation of
Pseudomonas aeruginosa PA14 in bioelectrochemical systems. Electrochemistry
Communications, 2010. 12(3): p. 459-462.
Yong, Y.C., et al., Bioelectricity enhancement via overexpression of quorum
sensing system in Pseudomonas aeruginosa-inoculated microbial fuel cells.
Biosensors & Bioelectronics, 2011. 30(1): p. 87-92.
Wang, V.B., et al., Engineering PQS Biosynthesis Pathway for Enhancement of
Bioelectricity Production in Pseudomonas aeruginosa Microbial Fuel Cells. Plos
One, 2013. 8(6).

134

126.

127.

128.

129.

130.
131.

132.

133.
134.
135.

136.

137.

138.

139.

140.
141.

Chae, K.J., et al., Biohydrogen production via biocatalyzed electrolysis in acetatefed bioelectrochemical cells and microbial community analysis. International
Journal of Hydrogen Energy, 2008. 33(19): p. 5184-5192.
Cheng, S.A., P. Kiely, and B.E. Logan, Pre-acclimation of a wastewater inoculum
to cellulose in an aqueous-cathode MEC improves power generation in air-cathode
MFCs. Bioresource Technology, 2011. 102(1): p. 367-371.
Babauta, J.T., H.D. Nguyen, and H. Beyenal, Redox and pH Microenvironments
within Shewanella oneidensis MR-1 Biofilms Reveal an Electron Transfer
Mechanism. Environmental Science & Technology, 2011. 45(15): p. 6654-6660.
Ringeisen, B.R., et al., High power density from a miniature microbial fuel cell
using Shewanella oneidensis DSP10. Environmental Science and Technology,
2006. 40(8): p. 2629-2634.
Atlas, R.M., Handbook of Microbiological Media, ed. L.C. Parks. 1993: CRC.
Chapman, E.C., et al., Geochemical and Strontium Isotope Characterization of
Produced Waters from Marcellus Shale Natural Gas Extraction. Environmental
Science & Technology, 2012. 46(6): p. 3545-3553.
Logan, B., et al., Graphite fiber brush anodes for increased power production in
air-cathode microbial fuel cells. Environmental Science & Technology, 2007.
41(9): p. 3341-3346.
Logan, B.E., et al., Microbial fuel cells: Methodology and technology.
Environmental Science & Technology, 2006. 40(17): p. 5181-5192.
Cole, J.R., et al., The Ribosomal Database Project: improved alignments and new
tools for rRNA analysis. Nucleic Acids Research, 2009. 37: p. D141-D145.
Wright, E.S., L.S. Yilmaz, and D.R. Noguera, DECIPHER, a search-based
approach to chimera identification for 16S rRNA sequences. Applied and
Environmental Microbiology, 2012. 78(3): p. 717-725.
Cannone, J.J., et al., The Comparative RNA Web (CRW) Site: an online database
of comparative sequence and structure information for ribosomal, intron, and other
RNAs. Bmc Bioinformatics, 2002. 3.
Claesson, M.J., et al., Comparative analysis of pyrosequencing and a phylogenetic
microarray for exploring microbial community structures in the human distal
intestine. PLoS ONE, 2009. 4(8).
Wang, Q., et al., Naive Bayesian classifier for rapid assignment of rRNA sequences
into the new bacterial taxonomy. Applied and Environmental Microbiology, 2007.
73(16): p. 5261-5267.
Tamura, K., et al., MEGA5: molecular evolutionary genetics analysis using
maximum likelihood, evolutionary distance, and maximum parsimony methods.
Molecular Biology and Evolution, 2011. 28(10): p. 2731-9.
Lynd, L.R., et al., Microbial cellulose utilization: fundamentals and biotechnology.
Microbiol Mol Biol Rev, 2002. 66(3): p. 506-77, table of contents.
Lovley, D.R., Taming Electricigens: How electricity-generating microbes can keep
going, and going – faster. The Scientist, 2006. 20: p. 46.

135

142.

143.

144.
145.

146.
147.
148.

149.
150.
151.

152.

153.

154.
155.
156.

157.
158.

Jung, S. and J.M. Regan, Influence of External Resistance on Electrogenesis,
Methanogenesis, and Anode Prokaryotic Communities in Microbial Fuel Cells.
Applied and Environmental Microbiology, 2011. 77(2): p. 564-571.
Parameswaran, P., et al., Microbial Community Structure in a Biofilm Anode Fed
With a Fermentable Substrate: The Significance of Hydrogen Scavengers.
Biotechnology and Bioengineering, 2010. 105(1): p. 69-78.
Ahn, Y. and B.E. Logan, Saline catholytes as alternatives to phosphate buffers in
microbial fuel cells. Bioresource Technology, 2013. 132: p. 436-439.
Forrestal, C., P. Xu, and Z.Y. Ren, Sustainable desalination using a microbial
capacitive desalination cell. Energy & Environmental Science, 2012. 5(5): p. 71617167.
Logan, B.E., Exoelectrogenic bacteria that power microbial fuel cells. Nature
Reviews Microbiology, 2009. 7(5): p. 375-381.
Katuri, K.P., et al., Microbial analysis of anodic biofilm in a microbial fuel cell
using slaughterhouse wastewater. Bioelectrochemistry, 2012. 87: p. 164-171.
Liu, Y., et al., The study of electrochemically active microbial biofilms on different
carbon-based anode materials in microbial fuel cells. Biosensors & Bioelectronics,
2010. 25(9): p. 2167-2171.
Murali Mohan, A., et al., Microbial communities in flowback water impoundments
from hydraulic fracturing for recovery of shale gas. FEMS Microbiol Ecol, 2013.
Murali Mohan, A., et al., Microbial community changes in hydraulic fracturing
fluids and produced water from shale gas extraction. Environ Sci Technol, 2013.
Beecroft, N.J., et al., Dynamic changes in the microbial community composition in
microbial fuel cells fed with sucrose. Applied Microbiology and Biotechnology,
2012. 93(1): p. 423-437.
Ki, D., et al., Microbial diversity and population dynamics of activated sludge
microbial communities participating in electricity generation in microbial fuel
cells. Water Science and Technology, 2008. 58(11): p. 2195-2201.
Pham, C.A., et al., A novel electrochemically active and Fe(III)-reducing bacterium
phylogenetically related to Aeromonas hydrophila, isolated from a microbial fuel
cell. Fems Microbiology Letters, 2003. 223(1): p. 129-34.
Finch, A.S., et al., Metabolite analysis of Clostridium acetobutylicum: fermentation
in a microbial fuel cell. Bioresour Technol, 2011. 102(1): p. 312-5.
Hussain, A., et al., Population analysis of mesophilic microbial fuel cells fed with
carbon monoxide. Appl Biochem Biotechnol, 2013.
Michaelidou, U., et al., Microbial communities and electrochemical performance
of titanium-based anodic electrodes in a microbial fuel cell. Appl Environ
Microbiol, 2011. 77(3): p. 1069-75.
Kim, G.T., et al., Bacterial community structure, compartmentalization and activity
in a microbial fuel cell. J Appl Microbiol, 2006. 101(3): p. 698-710.
Kiely, P.D., et al., Anode microbial communities produced by changing from
microbial fuel cell to microbial electrolysis cell operation using two different
wastewaters. Bioresource Technology, 2011. 102(1): p. 388-394.

136

159.

160.
161.

162.

163.

164.

165.

166.
167.

168.

169.

170.

171.

172.

Abdeljabbar, H., et al., Halanaerobium sehlinense sp. nov., an extremely
halophilic, fermentative, strictly anaerobic bacterium from sediments of the
hypersaline lake Sehline Sebkha. International Journal of Systematic and
Evolutionary Microbiology, 2013. 63(Pt 6): p. 2069-74.
Kivisto, A.T. and M.T. Karp, Halophilic anaerobic fermentative bacteria. Journal
of Biotechnology, 2011. 152(4): p. 114-24.
Sette, L.D., et al., Analysis of the composition of bacterial communities in oil
reservoirs from a southern offshore Brazilian basin. Antonie Van Leeuwenhoek,
2007. 91(3): p. 253-66.
de Oliveira, V.M., et al., Bacterial diversity characterization in petroleum samples
from Brazilian reservoirs. Brazilian Journal of Microbiology, 2008. 39(3): p. 44552.
Neria-Gonzalez, I., et al., Characterization of bacterial community associated to
biofilms of corroded oil pipelines from the southeast of Mexico. Anaerobe, 2006.
12(3): p. 122-133.
Dahle, H., et al., Microbial community structure analysis of produced water from
a high-temperature North Sea oil-field. Antonie Van Leeuwenhoek, 2008. 93(1-2):
p. 37-49.
Davis, J.P., C.G. Struchtemeyer, and M.S. Elshahed, Bacterial Communities
Associated with Production Facilities of Two Newly Drilled Thermogenic Natural
Gas Wells in the Barnett Shale (Texas, USA). Microbial Ecology, 2012. 64(4): p.
942-954.
Cluff, M.A., Microbial aspects of shale flowback fluids and response to hydraulic
fracturing fluids, in Environmental Science. 2013, Ohio State University.
Begemann, M.B., et al., A Streamlined Strategy for Biohydrogen Production with
Halanaerobium hydrogeniformans, an Alkaliphilic Bacterium. Front Microbiol,
2012. 3(93).
Baena, S., et al., Desulfovibrio aminophilus sp. nov., a novel amino acid degrading
and sulfate reducing bacterium from an anaerobic dairy wastewater lagoon.
Systematic and Applied Microbiology, 1998. 21(4): p. 498-504.
Suzuki, D., et al., Desulfovibrio butyratiphilus sp. nov., a Gram-negative, butyrateoxidizing, sulfate-reducing bacterium isolated from an anaerobic municipal
sewage sludge digester. International Journal of Systematic and Evolutionary
Microbiology, 2010. 60(Pt 3): p. 595-602.
Miranda-Tello, E., et al., Desulfovibrio capillatus sp. nov., a novel sulfate-reducing
bacterium isolated from an oil field separator located in the Gulf of Mexico.
Anaerobe, 2003. 9(2): p. 97-103.
Magot, M., et al., Desulfovibrio longus sp. nov., a sulfate-reducing bacterium
isolated from an oil-producing well. International Journal of Systematic Bacter
ology, 1992. 42(3): p. 398-403.
Ben Ali Gam, Z., et al., Desulfovibrio tunisiensis sp. nov., a novel weakly
halotolerant, sulfate-reducing bacterium isolated from exhaust water of a Tunisian
oil refinery. International Journal of Systematic and Evolutionary Microbiology,
2009. 59(Pt 5): p. 1059-63.

137

173.

174.

175.

176.

177.

178.

179.

180.
181.
182.

183.
184.

185.

186.
187.

Klepac-Ceraj, V., et al., High overall diversity and dominance of microdiverse
relationships in salt marsh sulphate-reducing bacteria. Environmental
Microbiology, 2004. 6(7): p. 686-698.
Miceli, J.F., et al., Enrichment and analysis of anode-respiring bacteria from
diverse anaerobic inocula. Environmental Science & Technology, 2012. 46(18): p.
10349-10355.
Brown, S.D., et al., Complete genome sequence of the haloalkaliphilic, hydrogenproducing bacterium Halanaerobium hydrogeniformans. Journal of Bacteriology,
2011. 193(14): p. 3682-3683.
Bhupathiraju, V.K., et al., Haloanaerobium kushneri sp. nov., an obligately
halophilic, anaerobic bacterium from an oil brine. Int J Syst Bacteriol, 1999. 49 Pt
3: p. 953-60.
Zeikus, J.G., et al., Isolation and description of Haloanaerobium praevalens gen.
nov. and sp. nov., an obligately anaerobic halophile common to Great Salt Lake
sediments. Current Microbiology, 1983. 9(4): p. 225-234.
Oren, A., P. Gurevich, and Y. Henis, Reduction of Nitrosubstituted Aromaticcompunds by the Halophilic Anaerobic Eubacteria, Haloanaerobium- Praevalens
and Sporohalobacter-Marismortui. Applied and Environmental Microbiology,
1991. 57(11): p. 3367-3370.
Ivanova, N., et al., Complete genome sequence of the extremely halophilic
Halanaerobium praevalens type strain (GSL(T)). Standards in Genomic Sciences,
2011. 4(3): p. 312-321.
Oremland, R.S., et al., A microbial arsenic cycle in a salt-saturated, extreme
environment. Science, 2005. 308(5726): p. 1305-8.
Fuchs, G., M. Boll, and J. Heider, Microbial degradation of aromatic compounds
— from one strategy to four. Nat Rev Micro, 2011. 9(11): p. 803-816.
Perevalova, A., A. Lebedinsky, and E. Bonch-Osmolovskaya, The Family
Fervidicoccaceae, in The Prokaryotes, E. Rosenberg, et al., Editors. 2014, Springer
Berlin Heidelberg. p. 35-40.
Bult, C.J., et al., Complete genome sequence of the methanogenic archaeon,
Methanococcus jannaschii. Science, 1996. 273(5278): p. 1058-73.
Leadbetter, J.R. and J.A. Breznak, Physiological ecology of Methanobrevibacter
cuticularis sp. nov. and Methanobrevibacter curvatus sp. nov., isolated from the
hindgut of the termite Reticulitermes flavipes. Applied and Environmental
Microbiology, 1996. 62(10): p. 3620-31.
Wilson, J.M. and J.M. VanBriesen, RESEARCH ARTICLE: Oil and Gas Produced
Water Management and Surface Drinking Water Sources in Pennsylvania.
Environmental Practice, 2012. 14(4): p. 288-300.
Monzon, O., et al., Microbial fuel cells under extreme salinity: performance and
microbial analysis. Environ. Chem. 2015, 2014. 12: p. -.
Rittmann, B., C. Torres, and A. Marcus, Understanding the Distinguishing
Features of a Microbial Fuel Cell as a Biomass-Based Renewable Energy
Technology, in Emerging Environmental Technologies, V. Shah, Editor. 2008,
Springer Netherlands. p. 1-28.

138

188.

189.

190.
191.
192.

193.

194.

195.

196.

197.
198.
199.

200.

201.
202.

203.

Mohan, A.M., et al., Microbial communities in flowback water impoundments from
hydraulic fracturing for recovery of shale gas. Fems Microbiology Ecology, 2013.
86(3): p. 567-580.
Mohan, A.M., et al., Microbial Community Changes in Hydraulic Fracturing
Fluids and Produced Water from Shale Gas Extraction. Environmental Science &
Technology, 2013. 47(22): p. 13141-13150.
Nadell, C.D., et al., The evolution of quorum sensing in bacterial biofilms. Plos
Biology, 2008. 6(1): p. 171-179.
Frederix, M. and A.J. Downie, Quorum Sensing: Regulating the Regulators, in
Advances in Microbial Physiology, Vol 58, R.K. Poole, Editor. 2011. p. 23-80.
Livak, K.J. and T.D. Schmittgen, Analysis of Relative Gene Expression Data Using
Real-Time Quantitative PCR and the 2−ΔΔCT Method. Methods, 2001. 25(4): p.
402-408.
Xing, D., et al., Change in microbial communities in acetate- and glucose-fed
microbial fuel cells in the presence of light. Biosensors and Bioelectronics, 2009.
25(1): p. 105-11.
Nievas, F., et al., Detection, characterization, and biological effect of quorumsensing signaling molecules in peanut-nodulating bradyrhizobia. Sensors, 2012.
12(3): p. 2851-2873.
Charlton, T.S., et al., A novel and sensitive method for the quantification of N-3oxoacyl homoserine lactones using gas chromatography-mass spectrometry:
application ito a model bacterial biofilm. Environmental Microbiology, 2000. 2(5):
p. 530-541.
Toyofuku, M., et al., The effect of a cell-to-cell communication molecule,
Pseudomonas quinolone signal (PQS), produced by P. aeruginosa on other
bacterial species. Microbes Environ, 2010. 25(1): p. 1-7.
Fletcher, M.P., et al., A dual biosensor for 2-alkyl-4-quinolone quorum-sensing
signal molecules. Environ Microbiol, 2007. 9(11): p. 2683-93.
ncbi,
Halanaerobium
praevalens
functional
genes
description.
www.ncbi.nlm.nih.gov, 2015.
Wei, Q. and L.Y.Z. Ma, Biofilm Matrix and Its Regulation in Pseudomonas
aeruginosa. International Journal of Molecular Sciences, 2013. 14(10): p. 2098321005.
Michels, C., et al., Silver nanoparticles temporarily retard NO2− production
without significantly affecting N2O release by Nitrosomonas europaea.
Environmental Toxicology and Chemistry, 2015. 34(10): p. 2231-2235.
Logan, B.E., et al., Microbial fuel cells: Methodology and technology.
Environmental Science and Technology, 2006. 40(17): p. 5181-5192.
Rahm, B.G., et al., Wastewater management and Marcellus Shale gas development:
Trends, drivers, and planning implications. Journal of Environmental
Management, 2013. 120: p. 105-113.
Gregory, K.B., R.D. Vidic, and D.A. Dzombak, Water Management Challenges
Associated with the Production of Shale Gas by Hydraulic Fracturing. Elements,
2011. 7(3): p. 181-186.

139

204.
205.

206.
207.
208.

209.

210.

211.
212.

213.

214.
215.
216.

Peyton, B.M., T. Wilson, and D.R. Yonge, Kinetics of phenol biodegradation in
high salt solutions. Water Research, 2002. 36(19): p. 4811-4820.
Olsson, O., D. Weichgrebe, and K.-H. Rosenwinkel, Hydraulic fracturing
wastewater in Germany: composition, treatment, concerns. Environmental Earth
Sciences, 2013. 70(8): p. 3895-3906.
Logan, B.E., et al., Microbial fuel cells: methodology and technology. Environ Sci
Technol, 2006. 40(17): p. 5181-92.
Oren, Y., Capacitive deionization (CDI) for desalination and water treatment —
past, present and future (a review). Desalination, 2008. 228(1–3): p. 10-29.
Zhao, R., et al., Energy consumption in membrane capacitive deionization for
different water recoveries and flow rates, and comparison with reverse osmosis.
Desalination, 2013. 330: p. 35-41.
Shahriari Moghadam, M., et al., Biodegradation of polycyclic aromatic
hydrocarbons by a bacterial consortium enriched from mangrove sediments. J
Environ Health Sci Eng, 2014. 12(1): p. 014-0114.
Grimaud, R., et al., Genome sequence of the marine bacterium Marinobacter
hydrocarbonoclasticus SP17, which forms biofilms on hydrophobic organic
compounds. Journal of Bacteriology, 2012. 194(13): p. 3539-40.
Vandecandelaere, I., et al., Bacterial diversity of the cultivable fraction of a marine
electroactive biofilm. Bioelectrochemistry, 2010. 78(1): p. 62-6.
Strycharz-Glaven, S.M., et al., Electrochemical investigation of a microbial solar
cell reveals a nonphotosynthetic biocathode catalyst. Applied and Environmental
Microbiology, 2013. 79(13): p. 3933-42.
Márquez, M.C. and A. Ventosa, Marinobacter hydrocarbonoclasticus Gauthier et
al. 1992 and Marinobacter aquaeolei Nguyen et al. 1999 are heterotypic synonyms.
International Journal of Systematic and Evolutionary Microbiology, 2005. 55(3):
p. 1349-1351.
AlMarzooqi, F.A., et al., Application of Capacitive Deionisation in water
desalination: A review. Desalination, 2014. 342: p. 3-15.
Li, H., et al., Novel graphene-like electrodes for capacitive deionization. Environ
Sci Technol, 2010. 44(22): p. 8692-7.
Humplik, T., et al., Nanostructured materials for water desalination.
Nanotechnology, 2011. 22(29): p. 0957-4484.

