
ABSTRACT 

ORTIZ-MEDINA, JUAN FAUSTO. Identification of the Microorganisms and Mechanisms that 

Drive the Conversion of Nitrogen Gas into Ammonium in Microbial Electrolysis Cells. (Under 

the direction of Dr. Douglas Call). 

 

 

Ammonia (NH3) is one of the most produced chemicals in the world, with over 80% used 

in agriculture as the main component of fertilizers. The majority of NH3 is generated from 

atmospheric nitrogen gas (N2) through the Haber-Bosch process, requiring around 2% of the 

world’s fossil fuel energy and generating 420 million tons CO2 annually. Alternatives to produce 

NH3 or its protonated form ammonium (NH4
+) are needed. Microbial electrolysis cells (MECs), a 

technology that utilizes microorganisms growing in an anode biofilm (bioanode) to transfer 

electrons and generate products of interest such as hydrogen gas (H2) at the cathode, may provide 

an alternative method to generate NH4
+ by electrically driving the biological fixation of N2 into 

NH4
+ under ambient conditions and high energy efficiency. The overarching objective of this 

dissertation is to assess the possibility of using MECs to produce NH4
+.  

To accomplish this objective, first I investigated the variability of MEC startup after 

inoculation with a complex microbial community by characterizing the electrochemical properties 

and community structure of bioanodes during their initial enrichments. Bioanode replicates were 

operated at two fixed electrode potentials (representing different electron transfer rates) for one 

fed-batch cycle. Startup time decreased and maximum current generation increased when the 

anode was fixed at +0.15 V [vs. standard hydrogen electrode (SHE)] compared to −0.15 V, but the 

replicates clustered into three distinct activity levels. At −0.15 V, current production strongly 

followed Geobacter species abundance and bioanode resistance, wherein the largest abundance of 

Geobacter was associated with the lowest charge transfer resistance. My findings show that startup 



variability occurs at both applied potentials, but the underlying electrochemical and microbial 

factors driving variability are dependent on the applied potential. Accordingly, Geobacter species 

are critical components of high current-generating bioanode communities. 

Secondly, I tested the hypothesis that voltage can increase N2 fixation and subsequent NH4
+ 

production rates in MECs. N2 fixation rates [based on an acetylene gas (C2H2) to ethylene gas 

(C2H4) conversion assay] of a microbial consortium increased significantly when the applied 

voltage between the anode and cathode increased from 0.7 V to 1.0 V, reaching a maximum of 

~40 nmol C2H4/(min-mg anode protein) comparable to model aerobic N2-fixing bacteria. Upon 

addition of an NH4
+ uptake inhibitor, NH4

+ was recovered at rates approaching 5.2×10-12 mol 

NH4
+/(s-cm2 anode). Energy demand for NH4

+ production was as low as 24 MJ/mol NH4
+ due to 

the simultaneously produced energy-rich gas in the MECs. Geobacter species predominated in the 

bioanode community, suggesting a key role in current generation and N2 fixation. These results 

show that voltage can drive N2 fixation rates, and MECs may provide a new route for generating 

NH4
+. 

Lastly, my goal was to better understand the pathways of N2 fixation in Geobacter 

sulfurreducens and their regulation during anode respiration. To do this, I analyzed gene 

expression levels (via RNA sequencing) from G. sulfurreducens growing on anodes fixed at 

different potentials (EAN) and varying amounts of NH4
+. The presence of NH4

+ expectedly 

decreased the expression of genes associated with N2 fixation, as this process is sensitive to NH4
+. 

Interestingly, EAN had an unexpected impact on N2 fixation-related genes. At the low EAN value 

(−0.15 V vs. SHE), genes associated with the nitrogenase were significantly up-regulated, as well 

as genes associated with NH4
+ uptake, transport, and transformation, such as glutamine and 

glutamate synthetases. The results suggest that cells responded to the highly energy-constrained 



conditions at −0.15 V by increasing expression of N2 fixation pathways and glutamate production. 

These findings have important implications for understanding N2 fixation regulatory pathways, 

allowing us to better identify target genes or operational strategies to enhance NH4
+ production in 

MECs.  
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CHAPTER 1 

THE NEED OF SUSTAINABLE ALTERNATIVES OF AMMONIUM PRODUCTION 

1.1 A necessity to reduce carbon and energy footprint 

The world is currently experiencing global warming. This environmental phenomenon, 

which translates into an overall increase in Earth’s global temperature, has been primarily 

attributed to anthropogenic activity, which has increased the amount of greenhouse gases (GHG) 

present in the atmosphere. One of the leading contributors of GHG emissions is the combustion of 

fossil fuels which mainly produces carbon dioxide (CO2). In 2018, the energy-related emissions 

of CO2 reached an historical maximum at 33.1 Gt CO2 per year, resulting in an atmospheric 

concentration of 407.4 ppm CO2.
1 Following this trend, it is expected that by 2050 the emissions 

of this gas will increase by 78%.2 This may result in a long-term increase in global temperature 

between 1.7 and 2.4 °C.3 This climate alteration is associated with adverse weather effects such as 

stronger meteorological phenomena (e.g. hurricanes), rise of sea level and ocean acidification. All 

these effects can potentially damage current infrastructure,4 impact the availability of natural 

resources, decrease the yield of economic activities such as agriculture, fishery and forestry,5 and 

overall compromise the wellbeing of humankind in the following decades. Therefore, there is a 

latent need for sustainable alternatives to conventional processes that rely on fossil fuels. 

Among anthropogenic activities, a major source of GHG emissions is agriculture. Crops 

and livestock are responsible for the emission of CO2 and other potent GHG, such as methane 

(CH4) and nitrous oxide (N2O).6 Poor agricultural management practices contribute significantly 

to the emission of these gases through excess application of fertilizers and poor livestock waste 

management. This GHG pollution affects other environmental systems, causing phenomena such 

as eutrophication and acidification of soils and waters.6 Thus, processes that can lead to a less 
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impactful agricultural management are increasingly developed and tested as means to directly 

reduce GHG emissions. 

 

1.2 Ammonia and its importance 

Ammonia (NH3) is one of the most produced chemicals in the world.  Its annual global 

production is between 160-200 million tons, of which 80% is used in agriculture as the main 

component of several fertilizers.7 The rest is employed in the manufacture of explosives and 

chemical commodities such as pharmaceuticals, refrigerants, and cleaning products.8 Additionally, 

research on NH3 as an alternative fuel has increased in recent years due to its capacity to be 

combusted without releasing CO2 and because it can be stored at low temperatures and pressures.9  

Through its use as fertilizer, NH3 provides the nitrogen that is essential for plant growth. 

Historically, different sources of fixed nitrogen such as wastes, manure and byproducts from fuels 

were commonly applied as fertilizers.10 It was not until Fritz Haber and Carl Bosch developed the 

catalytic synthesis of NH3 from nitrogen (N2) and hydrogen (H2) gas, better known as the Haber-

Bosch process that a thermochemical method of fixed nitrogen production became feasible. This 

process synthesizes NH3 through the following reaction:10 

𝑁2 +  3𝐻2 ↔ 2𝑁𝐻3                  ∆𝐻298𝐾 = −45.7 𝑘𝐽/𝑚𝑜𝑙 

While this reaction in thermodynamically favorable under ambient conditions, high 

temperatures (350 - 550°C) and pressures (150 - 300 atm), along with an iron (Fe) or ruthenium 

(Ru) catalyst, are employed in order to break the highly stable triple bond in N2 (N≡N).11 Despite 

these conditions and the relatively low conversion yield (around 3%), this process is still used after 

more than one hundred years of its invention due to its simplicity and immediate industrial 

scalability. Since the time of its invention, it has become the main driving factor of the exponential 
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growth of human population by dramatically increasing global agricultural productivity.12 The 

process and its energy demand have been optimized numerous times since its industrial adoption, 

achieving energy requirements as low as 0.48 MJ/mol NH3 produced11,13 which allows this process 

alone to generate at least 130 million tons of NH3 per year.13,14 

 Although the usefulness of this process is undisputed, many challenges regarding the 

current need of a more sustainable process remain. The aforementioned high temperatures and 

pressures are normally maintained through the consumption of non-renewable energy. This results 

in Haber-Bosch spending around 2% of the world’s fossil fuel energy and generating 420 million 

tons CO2 annually.7 In addition to this demand, H2 is primarily obtained by steam reforming of 

natural gas,11 which also is energy intensive and generates CO2 as a byproduct. Approximately 

53% of the H2 produced globally is used in NH3 production through the Haber-Bosch process.15 

Therefore, sustainable options to produce H2 are also important to develop to improve NH3 

production efficiency. Additionally, NH3 generation through this process is heavily centralized 

due to the required size of the plants performing this process, giving limited cost-effective 

opportunities for production in less-demanding scenarios such as developing countries and remote 

communities.16  

 

1.3 Alternatives to the Haber-Bosch process 

Due to the intrinsic energy demands of Haber-Bosch to produce NH3, a suite of alternative 

processes to generate fixed nitrogen has been developed in recent years. The majority of these 

methods aim to reduce the dependency on fossil fuels and minimize the energy needed to 

synthesize NH3 from N2 and H2. The most researched artificial methods are plasma induced, 

electrochemical and catalytically assisted nitrogen fixation.11 A brief overview of these 
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technologies, energetic demands, and their corresponding advantages and disadvantages are 

described below. 

 

1.3.1 Plasma-induced nitrogen fixation 

Plasma is the state of matter described as molecules that are found in the form of ionized 

gases. As such, it is referred as the fourth state of matter.13 Plasma is usually obtained through the 

application of electrical energy, which increases the temperature of the electrons up to at least 

10,000 °C due to their small mass. These electrons will collide with the gases of interest to cause 

excitation, ionization and/or dissociation, creating new species that are more reactive.13 This 

process facilitates, therefore, the production of NH3 by ionizing N2 and H2. There are two types of 

plasma-induced nitrogen fixation: thermal and non-thermal. For thermal fixation, both charged 

(electrons) and neutral (gases) particles possess similar temperatures to achieve equilibrium.11 This 

implies that gases must achieve temperatures even higher than required by the Haber-Bosch 

process (~700 °C),11 heavily limiting its applicability as an alternative for nitrogen fixation. On 

the other hand, non-thermal (non-equilibrium) plasma induced nitrogen fixation only requires 

collision of high energy electrons with gases at moderate temperatures (25-200 °C) and pressures 

(0.9-1 atm).17 This allows the energetic demand to be comparable to Haber-Bosch, achieving in 

certain cases values as low as 0.29 MJ per mol of N fixed.11 

Due to the use of electrical current, this technology is considered to be environmentally 

benign, as the current input can be obtained from renewable energies to minimize its energy and 

carbon footprints.18 Additionally, its operational conditions allow for small scale production if 

decentralized options are desired. On the other hand, there are several limitations for this 

technology. NH3 production is still dependent on H2 as a reactant, therefore the energetic needs 
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and carbon emissions related to the production of this gas are similar to Haber-Bosch. As such, 

production of other forms of fixed nitrogen, such as nitric oxide (NO) utilizing air as input, are 

preferred instead.14,19 Additionally, the underlying reaction mechanisms are poorly understood,11,17 

which adds a degree of uncertainty in efficiency when more relevant production rates are 

considered.18 

 

1.3.2 Electrochemical nitrogen fixation 

Another widely researched alternative for nitrogen fixation is the production of NH3 

through electrochemical cells. These systems consist of electrodes suspended in a conductive 

electrolyte solution, in which one of them (anode) performs oxidation reactions while the other 

(cathode) is responsible of reduction processes. Both reactions happen simultaneously due to 

transfer of electrons throughout the cell. Because formation of this compound from N2 is a 

reduction reaction (i.e. NH3 gains electrons), this reaction can be facilitated electrochemically with 

a cathode acting as electron donor. Instead of high temperatures and pressures, equilibrium is 

shifted by applying an external voltage that imparts the required energy to drive the reaction.  

In an aqueous based electrochemical cell, the half reaction of N2 reduction is the 

following:16 

𝑁2 (𝑔) + 2𝐻2𝑂 + 6𝐻+
(𝑎𝑞) + 6𝑒− → 2𝑁𝐻3 ∗ 2𝐻2𝑂 

Eo = 0.092 vs. standard hydrogen electrode (SHE) 

Thanks to this cathodic reaction, any compound containing hydrogen, or protons already 

present in the water system, can be used as the source of hydrogen atoms. This offers an advantage 

compared to other processes as H2 gas is not directly required, avoiding therefore the energetic 

and carbon demands associated with its use. For these reasons, electrochemical production of NH3 
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has been extensively studied, using a wide array of electrode materials, catalysts, electrolytes and 

temperatures.20 The main challenge of electrochemical systems is the competition of NH3 synthesis 

with hydrogen evolution reaction (HER), which occurs at similar potentials, with H2 production 

overcoming NH3 at higher applied voltages.16,20 Despite the large amount of performed research, 

production rates and faradaic efficiencies (the amount of NH3 generated per electrons consumed) 

are still comparatively low, especially at low temperatures.20 Additionally, a catalyst is needed to 

accelerate the reaction kinetics. Although Fe- and Ru- based electrodes have been utilized to 

emulate Haber-Bosch catalysis, it has been reported that other materials, such as platinum (Pt) and 

silver-palladium (Ag-Pd) have the most promising yields.20 Therefore, the use of precious metals 

may impose an additional cost to consider for the production of NH3 using this method. 

 

1.3.3 Catalyst-assisted nitrogen fixation 

One thoroughly researched alternative for NH3 production is the improvement of catalysts to 

perform N2 fixation at more benign temperatures and pressures, thereby lowering the energetic 

requirements for Haber-Bosch. Some of them are rationally designed to emulate the catalytic 

properties offered by Fe and Ru-based catalysts used in this process;21 however, other catalysts are 

developed based on the catalytic site of nitrogenase, the enzyme responsible for nitrogen fixation 

in nature. As such, a wide array of catalysts to assist N2 fixation have been developed over the 

years. One advantage of developing new catalysts is that their implementation can be additive with 

other N2 fixation alternatives and work cooperatively, e.g. exploiting the reductive driving force 

on electrochemical cells.22 However, affordability and practicality of materials should always be 

taken into consideration, especially if these catalysts are expected to represent an improvement 

over the Haber-Bosch process. 
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1.4 Biological Nitrogen Fixation (BNF) 

In addition to the methods described in the previous section, one of the most well-known 

alternatives to produce NH3 from N2 is biological nitrogen fixation (BNF), a process already 

occurring in the environment. A suite of microorganisms, termed diazotrophs or nitrogen-fixing 

microorganisms, perform this process under ambient conditions to obtain nitrogen compounds that 

are utilized to synthesize biomolecules such as amino acids and nucleic acids. There are two types 

of diazotrophic microorganisms: symbiotic, which thrive in close association with plant roots 

(inhabiting special compartments termed nodules), and free-living diazotrophs, which perform N2 

fixation as part of their own metabolism and without the need of a symbiotic partner. Symbiotic 

N2 fixation is restricted to bacteria from the group rhizobia and the genus Frankia,23 which grow 

in close association with plants such as legumes. Comparatively, free-living diazotrophs are 

widespread across bacterial and archaeal microorganisms, including bacterial phyla such as Alpha-

, Beta-, Gamma-, and Delta-proteobacteria, Firmicutes, Cyanobacteria, green-sulfur bacteria,23 as 

well as archaeal groups such as methanogens.24 This allows for these organisms to thrive in a wide 

array of environments, both terrestrial and marine, which may contain scarce amounts of fixed 

nitrogen and other nutrients.  

To fix N2, diazotrophs express an enzyme, termed nitrogenase, that catalyzes the 

conversion of N2 to NH3 through the following general reaction:25 

𝑁2 + 16 𝑀𝑔𝐴𝑇𝑃 + 8𝐻+ + 8 𝑒−  ↔ 2𝑁𝐻3 + 𝐻2 + 16 𝑀𝑔𝐴𝐷𝑃 + 16𝑃𝑖 

There are three different types of nitrogenases depending on the metals comprising the 

cofactor associated with the active site of the enzyme: iron-molybdenum (Mo-Fe), vanadium (V) 

or iron (Fe). The Mo-Fe nitrogenase is the preferentially expressed form due to its higher specific 

activity, whereas the latter two are normally utilized when molybdenum is scarce.26 The reaction 
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requires a considerable amount of metabolic energy, which is provided in the form of adenosine 

triphosphate (ATP) molecules. Considering the energetic value of ATP, this process theoretically 

requires around 244 kJ/mol NH3, an energetic demand potentially lower than Haber-Bosch.27 

However, the process is energetically demanding for the microorganisms as they must divert a 

fraction of their substrate energy. Therefore, N2 fixation is only utilized when no other nitrogen 

sources are available, and it is under strict regulatory controls.28 Nevertheless, N2 fixation from 

free-living diazotrophs is a very common process in the environment, producing around 90 million 

tons NH3 year-1 globally, which more than half of NH3 generated through Haber-Bosch (~150 

million tons NH3 year-1).23   

 

1.5 Ammonium production from BNF 

Due to the low energetic requirements and simplicity compared to artificial production 

options, obtaining ammonium (NH4
+), the protonated form of ammonia (pKa = 9.25) from N2- 

fixing microorganisms has been considered a promising alternative to Haber-Bosch process. The 

success of symbiotic diazotrophs that provide nitrogen compounds to legume plants has 

encouraged research on free-living diazotrophs to emulate stimulation of plant growth.25 

Symbiotic N2 fixation is directly influenced by the host plant, which promotes the formation of a 

stable environment (nodule) for diazotrophs to grow, as well as sending molecular signals that 

stimulate the production of NH4
+ that the plant readily utilizes. In contrast, free-living diazotrophs 

utilize this process to generate their own macromolecules, rarely releasing NH4
+.29 Surprisingly, 

attempts to inoculate non-legume crops with external free-living diazotrophs such as Azospirillum 

brasilense (a microorganism commonly found in the rhizosphere) has resulted in increased crop 

yields, although this outcome has been attributed to production of bacterial growth-promoting 
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substances, such as auxins, that stimulate root development and uptake of water and nutrients by 

the plant, rather than direct NH4
+ assimilation.30  

Early attempts to obtain NH4
+ from free-living diazotrophs involved the inhibition of 

enzymes responsible for NH4
+ incorporation into the cell, primarily glutamine synthetase. While 

several inhibitors were tested, L-methionine sulfone and L-methionine sulfoximine (MSX) proved 

to be the most effective, decreasing its activity by around 70% and, in the case of the latter, binding 

irreversibly to the enzyme.31 This led to several studies, published mainly between 1975-1990, that 

aimed to observe the effects of the inhibitor and increase NH4
+ production.32  Among those studies, 

culturing Anabaena, a free-living cyanobacteria, in growth medium with MSX led to the excretion 

of up to 8 mM NH4
+.33 However, due to the overall low NH4

+ yields and the constant need to 

provide these compounds, which are as expensive as $234/gram as of 2019,34 inhibitor addition 

has been limited to proof-of-concept studies and the selection of inhibitor-resistant strains.35  

Recently, most contemporary studies focus on obtaining, either by selection or by genetic 

manipulation, microbial strains with mutations that encourage NH4
+ excretion. Mutated strains 

possess deletions of either key NH4
+ assimilation components (such as the aforementioned 

glutamine synthetase) or genes that are involved in regulating N2 fixation. The organisms that are 

most frequently engineered are free-living diazotrophs with a good understanding of the N2 

fixation pathways, along with the regulation mechanisms involved. Although obtaining a 

diazotrophic microorganism able to generate NH4
+ through genetic modification is a promising 

alternative to produce fixed nitrogen compared to Haber-Bosch, directly applying genetically 

modified microorganisms in the environment represents a challenge, due to the unpredictability of 

adaptive mutations, the ability of these organisms to thrive compared with native components, as 

well as the existing regulations. 
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1.6 Electrochemical enhancement of BNF 

In addition to obtaining a microorganism able to excrete NH4
+, there is a need to establish 

an optimal environment where it can fix N2 effectively and obtain robust, predictable yields with 

the opportunity for further optimization. As mentioned in the previous sections, nitrogen fixation 

is a reduction process that involves energetic inputs (either thermal, electrical or organic) to make 

the reaction favorable and, in the case of BNF, the process must be protected from direct oxygen 

exposure. With these factors in consideration, a biological electrochemical system (BES) offers a 

unique, enclosed environment where N2 fixation can be potentially enhanced, combining the 

design simplicity of an electrochemical cell with the catalytic activity and affordability of BNF. 

This system can be operated either as enzymatic fuel cells (EFCs), in which only enzymes are the 

catalysts, or as microbial electrochemical technologies (METs), where the whole microorganism 

performs BNF. In the first scenario, electron transfer is possible through enzymes present in the 

electrolyte solution, along with electrochemically active mediators (e.g., methyl viologen). 

Oxidative enzymes such as hydrogenases transfer electrons to the anode, moving towards the 

cathode to reduce N2 to NH4
+ via nitrogenases.36 On the other hand, MET utilizes microorganisms, 

termed exoelectrogens or electrochemically active bacteria (EAB), that are able to interact with 

the electrodes either by transferring electrons to the anode or receiving electrons from the cathode. 

As METs do not normally require a chemical mediator and they are considered self-regenerating 

catalysts (due to microbial growth), they offer an attractive niche to perform N2 fixation, and 

previous studies have confirmed the capability of free-living diazotrophs to thrive in these 

systems.37,38  

For this reason, I propose that METs, using free-living diazotrophs as catalysts, can be 

utilized for generation of NH4
+. The overall objective of this dissertation is to identify the microbial 
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components and mechanisms that drive the microbial conversion of N2 to NH4
+ in one 

representative system, microbial electrolysis cells (MEC). The following chapter (Chapter 2) 

explains in more detail the choice of utilizing METs for this process, identifying the opportunities 

and challenges of employing these systems. The challenge of unpredictability during microbial 

enrichment or startup in METs is addressed in Chapter 3, where I characterized the variability in 

enrichment of anodes from a mixed community during MEC startup through their microbial and 

electrochemical properties. In Chapter 4, I studied the changes in N2 fixation and NH4
+ production 

in diazotrophic MECs due to external electrochemical stimuli. In Chapter 5, after establishing the 

proof-of-concept for NH4
+ generation in MECs, I aimed to understand more deeply how the model 

exoelectrogen Geobacter sulfurreducens fixed N2 during anode respiration. To do that, I examined 

changes in the transcriptome and gene expression levels in G. sulfurreducens as a function of fixed 

anode potential and NH4
+ concentration. The results presented in this dissertation provide insight 

into the mechanisms of N2 fixation and characterize the microorganisms involved in this process. 

My findings lay the foundation for a NH4
+ production system that may be a viable alternative to 

the current means of generating this valuable compound.  
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CHAPTER 2 

MICROBIAL ELECTROCHEMICAL TECHNOLOGIES AS A PLATFORM FOR 

AMMONIUM PRODUCTION 

2.1 Definition of microbial electrochemical technologies 

Microbial electrochemical technologies (METs) represent a suite of systems that harness 

microbial metabolic energy to turn it into valuable products of interest. They consist of 

electrochemical cells, made up of an anode and cathode, with an electrolyte (e.g., wastewater). 

Microorganisms are able to be grown in METs and, depending on the configuration, transfer 

electrons to the anode or receive electrons from the cathode. The microorganisms capable of 

performing these processes are termed exoelectrogens and exoelectrotrophs, respectively, or 

simply electrochemically active microorganisms.1 A basic schematic of these systems is shown in 

Figure 2.1. 

The concept of using METs to harvest energy from microorganisms has been known and 

researched for several years. Although microorganisms were proven to be capable of generating 

electrical current since 1911,2 they were not considered as a potential alternative for energy 

generation until nearly a century later, when it was revealed that some electrochemically active 

microorganisms were capable of extracellular electron transfer without utilizing artificial chemical 

mediators.3 Further association of this technology with environmental engineering processes, such 

as wastewater treatment that provides organic matter for microbial growth, has helped these 

technologies to be included as emerging systems that can be incorporated into the food-water-

energy nexus.4  

The first technology conceived under the modern classification of METs is the microbial 

fuel cell (MFC). In MFCs, microorganisms obtain energy (through the oxidation of organic 
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substrate) and transfer electrons from their respiration pathways to the anode, which serves as an 

external, insoluble electron acceptor.5 These electrons move towards the cathode, where 

compounds such as oxygen or ferricyanide are utilized as terminal electron acceptors. While 

moving through the circuit, electrical current is generated. This technology has experienced 

constant improvement to maximize the current and power outputs.6 Most research has focused on 

finding microorganisms with high rates of electron transfer, electrode materials that minimize 

potential energy losses, and affordable catalysts to increase electron transfer kinetics.7,8 While 

efficiency of these systems has increased substantially, a handful of limitations, like the need of 

using precious metals such as platinum as a cathode catalyst, has prevented a successful upscaling 

of these technologies to operate in environmentally relevant conditions and generate noticeable 

amounts of energy as direct current.9 

Following the operational principle of microbial anode respiration occurring in MFCs, a 

handful of similar technologies has been developed. One of the most studied is microbial 

electrolysis cells (MECs). The design is similar to MFCs, with microorganisms growing on the 

anode and transferring electrons accordingly. However, the electron acceptor is removed, and an 

external power source is utilized to drive hydrogen gas (H2) production at the cathode (Fig. 2.1).10 

Because of the current generated by the microorganisms, the amount of external energy needed to 

produce H2 (~0.2 V theoretically) is lower than that required by electrolysis of water in abiotic 

electrochemical cells (at least 1.2 V).11 This positions MECs as a potentially attractive alternative 

for H2 production, utilizing microorganisms to degrade organic waste sources and producing this 

gas in return to offset energetic demands. MECs offer the advantage that energy is stored as the 

product of interest, H2, compared to the direct current produced at MFCs that must be utilized on-

site. Additionally, H2 can be used as a feedstock for diverse industries, either as a fuel or as a 
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chemical precursor. This has helped position MECs as a more promising technology to be applied 

at larger scales, and a handful of studies have already attempted to operate pilot scale MECs with 

varying degrees of success.12,13 One of the shortcomings that MECs experience is that, when they 

are utilized to treat organic sources, methanogenic microorganisms will consume H2 and convert 

it to methane (CH4).
11 Although CH4 may be desirable in some situations because of existing 

infrastructure to utilize it compared to H2, its production decreases the overall efficiency of the 

system, and its strength as a greenhouse gas (at least 20 times stronger than CO2) poses a concern 

in terms of sustainability.14 MECs also suffer from scalability issues and cost of materials when a 

large system is considered, so research is underway to find more affordable materials and 

replicable conditions.15 

Another MET that has been developed in recent years is the microbial electrosynthesis cell 

(MES). Following the principle of MECs to transfer electrons and drive the production of a 

chemical of interest, microorganisms in MES utilize the electrons generated at the cathode, either 

directly or by consuming the produced H2.
16 Through this metabolism, high value products of 

interest such as butyrate, ethanol and succinate, can be synthesized from CO2 or simple carbon 

molecules.17 This provides a better opportunity for MES for scaling up to relevant production rates, 

as the products often have lower demands. This also opens the possibility of utilizing genetically 

engineered microorganisms with novel routes to produce high-value chemicals of interest. 

However, as in MECs, difficulty in achieving robust and scalable processes is still a challenge to 

fully implement this technology commercially. 
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2.2 Microbial metabolism in microbial electrochemical technologies 

The common driving force of all METs is microbial metabolism. Microorganisms must 

obtain energy to fulfill metabolic processes such as growth, maintenance, and reproduction. This 

energy comes from respiration. During respiration, there is a transfer of electrons from a chemical 

compound that acts as electron donor to another that serves as electron acceptor (e.g., anode). This 

generates chemical energy in the form of phosphorylated compounds, such as adenosine 

triphosphate (ATP) that ultimately provide energy to diverse metabolic pathways in living cells. 

Depending on the source of electron donors, microorganisms can be either chemolithotrophs 

(utilize inorganic compounds as electron donors) or chemoorganotrophs (which instead use 

organic compounds for that function). The theoretical energy gained by cell respiration is dictated 

by the following equation:18 

∆𝐸𝑟
0 = 𝐸acceptor

0 − 𝐸donor
0  

Where E0 represents the oxidation-reduction (redox) potential of either donor or acceptor 

reactions at standard conditions, and ∆𝐸𝑟
0 denotes the change due to electron transfer. This change 

is proportional to the change in free-energy ∆𝐺𝑟
0 through the Nernst equation:18 

∆𝐺𝑟
0 = −𝑛F∆𝐸𝑟

0 

 Where n represents the number of electrons (e-) transferred and F is Faraday’s constant 

(96485 C per mole e-). Therefore a positive value of ∆𝐸𝑟
0 implies that the reaction is spontaneous, 

and under most circumstances, will release energy. On the other hand, reactions with a negative 

value of ∆𝐸𝑟
0 will require an energy input in order to proceed accordingly.  

In METs such as MFCs and MECs, electrochemically active bacteria utilize the anode as 

electron acceptor. As long as the redox potential of the utilized electron donor is lower (more 

negative) than the anode potential, bacteria can use the anode as electron acceptor and transfer the 
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electrons involved in respiration. There are three well-studied methods of electron transfer 

depending on the type of bacteria and their growth and respiration mechanisms. Bacteria may be 

able to colonize the surface of the anode, forming a biofilm, and thus transferring the electrons 

directly through electron transport mechanisms, such as outer-membrane cytochromes (OMCs, 

Fig. 2.2A).19 Due to the proximity of the cells, this method of electron transfer is highly effective 

as there are minimal potential losses between the terminal electron transfer and the electrode, 

although there is a limit on the amount of cells that are able to interact directly with the anode 

surface. A second method involves the use of electron mediators (known as “electron shuttles”) 

produced by bacteria to transfer electrons (Fig. 2.2B).19 As they do not require direct contact with 

the electrode, a higher concentration of cells can thrive planktonically in the growth medium. 

However, availability of mediators is subject to phenomena such as diffusion and turnover rates, 

which limits the effectiveness of this method for electron transfer. The third method involves the 

formation of a conductive extracellular matrix along with highly conductive proteins, or 

“nanowires” (Fig. 2.2C).19 Due to the synthesis of conductive proteins, as well as other secreted 

chemicals, a matrix is formed to allow exoelectrogenic bacteria to form a biofilm over 100 nm 

wide. In a mixed microbial community, it is likely that more than one of these mechanisms is 

occurring at any given time. 

 

2.3 Exoelectrogenic bacteria and their methods of electron transfer 

There are a handful of bacteria that possess exoelectrogenic capabilities. Bacteria that are 

able to respire on electrodes belong to a wide number of phyla, including Firmicutes, 

Proteobacteria (from the classes Alpha-, Beta-, Gamma-, and Delta- Proteobacteria), and 

Acidobacteria.20 Even though they can be obtained from very diverse environmental sources, only 
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a couple have been extensively studied in terms of mechanisms of electron transfer and 

metabolism: Shewanella oneidensis MR-1, which belongs to the class Gammaproteobacteria, and 

Geobacer sulfurreducens PCA, under the class Deltaproteobacteria. The former is able to respire 

either by direct contact (i.e., utilizing specialized outer membrane cytochromes such as MtrC and 

OmcA)21 or by employing electron shuttles such as riboflavin and flavin mononucleotides 

(FMN).22 G. sulfurreducens  is only capable of direct respiration through its respective OMCs such 

as OmcE and OmcS,23,24 although it is also able to form conductive matrices and deliver electrons 

at long distances through electrically conductive pilin proteins termed “nanowires”.7 These 

adaptations have allowed Geobacter species to produce higher current densities than Shewanella 

spp. (at least 10-fold under the same reactor configurations).25 Due to their effective extracellular 

transfer pathways, Geobacter enrichments are common in METs inoculated with mixed 

communities, particularly from soil and wastewater, which are frequent applications for these 

technologies.26 This allows Geobacter spp. to be one of the primary microorganisms of interest 

when optimization and development of new MET approaches are desired. 

 

2.4 Utilization of Geobacter spp. in diazotrophic microbial electrochemical technologies 

One of the most prominent characteristics of Geobacter species, besides their high rates of 

electron transfer, is their ubiquity and adaptability to survive in oligotrophic environments, where 

they utilize a wide array of electron acceptors such as iron, manganese, and uranium, among 

others.27 One of their most intriguing characteristics, however, is their ability to fix nitrogen in 

these environments. All characterized Geobacter spp. possess genes related to biological nitrogen 

fixation, and some species such as G. metallireducens and G. sulfurreducens have positively 

shown nitrogenase activity and expression of N2 fixation genes under limited fixed nitrogen 
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conditions.28,29 The model and representative species of this genus, G. sulfurreducens, has several 

genes and regulons related to this process.30 Therefore, it would be unsurprising that Geobacter 

spp. can thrive through anode respiration and N2 fixation conditions in METs. As mentioned in 

chapter 1, METs offer the possibility of utilizing external electrochemical inputs to stimulate N2 

fixation due to the reductive nature of the process. Utilizing anaerobic METs, such as microbial 

electrolysis cells (MECs) enriched with Geobacter, are thus a novel possibility to develop a 

responsive system that can be optimized for N2 conversion into ammonium (NH4
+). The 

implications of selecting this technology are researched in the following chapters to understand 

the performance of diazotrophic Geobacter spp. in METs and their role in establishing successful 

anodic biofilms with optimal N2 fixation capabilities. 
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Figures 

 

Figure 2.1. Schematic representation of a microbial electrolysis cell (MEC), a typical design of a 

microbial electrochemical technology (MET). Exoelectrogenic bacteria (depicted as pink ovals) 

are able to respire on the anode, transferring electrons gained from oxidation of an organic electron 

to that electrode. If the reaction is favorable, those electrons should be able to reach the cathode 

where a reduction process completes the circuit. In the case of MECs, an external electric input, 

such as applied voltage (EAP), is added to drive cathodic production of hydrogen gas (H2).  
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Figure 2.2. Mechanisms of extracellular electron transfer performed by exoelectrogenic bacteria 

(pink oval). A) outer membrane cytochromes (OMC), which are expressed on bacterial cell surface 

and transfer electrons directly. B) Mediators or electron shuttles, that carry the electrons 

throughout the growth medium to the anode. C) Formation of a conductive matrix and connection 

with nanowires, both transporting electrons if the cells are at a considerable distance from the 

electrode. 
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CHAPTER 3 

ELECTROCHEMICAL AND MICROBIOLOGICAL CHARACTERIZATION OF 

BIOANODE COMMUNITIES EXHIBITING VARIABLE LEVELS OF STARTUP 

ACTIVITY 

Abstract 

Microbial electrochemical technologies (MET) require the establishment of anode biofilms to 

generate electrical current. The factors driving bioanode formation and their variability during 

startup remain unclear, leading to a lack of effective strategies to initiate larger-scale systems. 

Accordingly, our objective was to characterize the electrochemical properties and microbial 

community structure of a large set of replicate bioanodes during their first cycle of current 

generation. To do this, we operated eight bioanode replicates at each of two fixed electrode 

potentials [−0.15 V and +0.15 V vs. standard hydrogen electrode (SHE)] for one fed-batch cycle. 

We found that startup time decreased and maximum current generation increased at +0.15 V 

compared to −0.15 V, but at both potentials the bioanode replicates clustered into three distinct 

activity levels based on when they initiated current. Despite a large variation in current generation 

across the eight +0.15 V bioanodes, bioanode resistance and abundance of Geobacter species 

remained quite similar, differing by only 10% and 12%, respectively. At −0.15 V, current 

production strongly followed Geobacter species abundance and bioanode resistance, wherein the 

largest abundance of Geobacter was associated with the lowest charge transfer resistance. Our 

findings show that startup variability occurs at both applied potentials, but the underlying 

electrochemical and microbial factors driving variability are dependent on the applied potential. 
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This chapter has been published as 

Ortiz-Medina, J.F., Call, D.F. Electrochemical and Microbiological Characterization of Bioanode 

Communities Exhibiting Variable Levels of Startup Activity. Front. Energy Res. 2019, 7,103. 

 

3.1 Introduction 

Microbial electrochemical technologies (METs) convert organic material, such as 

wastewater, into electricity, hydrogen gas, or commodity chemicals.1  Over the past few decades, 

these technologies have advanced from lab- to demonstration-scales.2 A challenge facing larger-

scale systems is the unpredictable and erratic behavior during the initiation of current or what is 

frequently referred to as reactor startup.3,4 Identifying the underlying reasons for this behavior and 

how to improve startup is therefore paramount for the success of these technologies.  

Despite the important role that electricity-generating microorganisms, or exoelectrogens,  

play in initiating current, most of our knowledge of their function and composition comes from 

bioanodic communities operated over long time scales.5 The most common enrichment procedure 

used to study these communities is to operate them throughout several cycles (in a batch system) 

until a stable current output is reached.3,6 Typically after at least one month of operation, bioanodes 

converge to similar electrochemical properties and community structure regardless of the inoculum 

source and operational conditions such as the anode potential.3,7,8 Most of these studies agree that 

exoelectrogens with efficient pathways of extracellular electron transfer (EET), such as members 

of the genus Geobacter, play a pivotal role in generating current and decreasing anode charge 

transfer resistance.9,10 

Bioanode properties during startup are less understood. Understanding startup behavior is 

important because many pilot-scale systems have reported significant delays (e.g., months) to 
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initiate current.4,11,12 It is frequently observed, but not discussed, in long-term studies that a high 

degree of variable electrochemical performance across replicates occurs during startup,7,13 but the 

underlying factors driving the variation remain unclear. This can ultimately influence the 

predictability and reproducibility of bioanodes over the long term, as shown in several studies that 

observe this erratic behavior.4,14–16 Insufficient replicates is an additional factor leading to this 

unpredictability, as it obscures a possible consensus on startup time, expected current, and 

influence of the microbial community. This causes conflicting results from which decisions about 

optimal electrochemical conditions for bioanode startup are determined, such as which fixed anode 

potential to choose.8,17–19 The initial enrichment stage of bioanodes is further complicated by the 

fact that different outcomes during acclimation are influenced by both stochastic and deterministic 

factors, which are dictated by microbial community dynamics.13  

The objective of this study was to characterize the electrochemical behavior and 

community structure of bioanode communities during startup as a function of anode potential. Two 

anode potentials were selected in order to create two different energy-harvesting conditions for the 

bioanodes. A lower anode potential of −0.15 V [vs. standard hydrogen electrode (SHE)] was 

chosen to impart a lower driving force for extracellular electron transfer (EET), and a higher 

potential of +0.15 V, which increases the EET rate, was selected to represent conditions under 

which the microorganisms could better exploit the available energy.20 Eight replicates at each 

anode potential were included in order to assess factors associated with startup variability, and all 

reactors were inoculated with the same enrichment culture (domestic wastewater) and electron 

donor (acetate). At the end of the first cycle, the bioanode electrochemical properties were 

measured using cyclic voltammetry and electrochemical impedance spectroscopy (EIS) and the 

community profile analyzed using high-throughput Illumina sequencing. Our findings show that 
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startup variability occurs at both applied potentials, but the underlying electrochemical and 

microbial factors driving the variability are dependent on the applied potential. 

 

3.2 Materials and methods 

3.2.1. Reactor assembly and configuration 

Microbial electrolysis cells (MECs) were based on a polycarbonate circular chamber 

design (28 mL empty volume) as previously described.21 This configuration fixed the electrode 

spacing across the replicates (2.3 ± 0.1 cm between anode and cathode). We selected a single-

chamber design for this study because compared to two-chamber designs using membrane 

separators, it lowers resistance and eliminates detrimental pH gradients. The electrodes and their 

pretreatment were based on previous methods.8,22 Briefly, the anodes were graphite plates (2 × 2 

cm; GraphiteStore.com, Inc., Northbrook, IL) pretreated by polishing with sandpaper (grit type 

400), soaked in a 1 M HCl solution overnight, and rinsed and stored in DI water until used. The 

cathodes were stainless steel mesh (4 cm diameter; Type 304, mesh size 50 × 50; McMaster-Carr, 

Elmhurst, IL). The current collectors were titanium wire (anode) and stainless steel wire (cathode). 

Each MEC was adjusted until the contact resistance between electrodes and current collectors was 

< 0.7 Ω. To fix the anode potentials, Ag/AgCl reference electrodes (~200 mV vs. SHE) were 

installed equidistant between the anode and cathode. All reference electrodes were checked against 

a calibrated saturated calomel electrode (SCE) to ensure that the difference in potential between 

them and the SCE was < 1 mV.  

 

3.2.2 Microbial enrichment and chronoamperometry 

To perform the microbial enrichment, effluent from the primary clarifier of a domestic 

wastewater treatment plant (~300 mg/L COD) was mixed in equal proportions with 100 mM 
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phosphate buffer, 1 g/L sodium acetate (780 mg/L COD) as the electron donor, and 10 mL/L of 

both Wolfe’s trace vitamin and mineral solutions.22 The contribution of acetate and wastewater to 

the total COD was 84% and 16%, respectively. We amended our MECs with acetate to promote 

the growth of exoelectrogens and reduce diversion of electrons to other pathways, such as 

fermentation. Enhancing exoelectrogen growth allowed us to better understand differences across 

bioreactors that initiated current quickly, slowly, or not at all and is consistent with other lab-scale 

investigations10,15,18,23 and amendment practices in some larger-scale systems.4,24–26 Cathodically-

generated H2 gas may have been present and consumed as an electron donor as well by the 

microbial communities; thus, our design best represents applied systems operating without a 

membrane separator (e.g., MEC-amended anaerobic digesters).27,28 The reactors were connected 

to a potentiostat (Bio-Logic Science Instruments, Knoxville, TN) and operated at different fixed 

anode potentials (EAN): −0.15 V or +0.15 V (both vs. SHE) or open circuit voltage (OCV). These 

potentials were chosen because they provide different scenarios of energy harvesting by 

microorganisms based on EET kinetics. The lower potential (−0.15 V) represents a smaller driving 

force that yields slower EET rates. The higher potential (+0.15 V) enables higher EET rates, and 

in turn more optimized energy harvesting from the available energy.20 Eight replicates for each of 

the three anode treatments were operated. Preliminary tests were conducted to assess when 

maximum current was reached for each EAN. These values were 5.5 days for −0.15 V and 5.0 days 

for +0.15 V. Bioanodes at OCV were operated for 5.0 days. All reactors were operated at a constant 

30oC. 

 

 

 



   

34 

 

3.2.3 Electrochemical characterization 

To characterize the electrochemical properties of the bioanodes, cyclic voltammograms 

(CVs) were collected at a scan rate of 1 mV/s, ranging from −0.3 V to +0.5 V vs SHE. A single 

CV cycle was performed to avoid a prolonged effect of varying the potential on the subsequent 

microbial community analysis. Electrochemical impedance spectroscopy (EIS) was conducted to 

determine the total and component resistances of the bioanodes. The bioanodes were operated for 

30 minutes at their respective enrichment EAN (−0.15 V or +0.15 V) and the frequency was varied 

from 0.1 MHz to 10 mHz with a 10 mV perturbation amplitude. Both CVs and EIS were performed 

at the end of the chronoamperometry measurements. To initially characterize the reactors and 

ensure that all replicates agreed within 10%, both techniques were likewise performed at the start 

of the experiments with the reactors filled with 50 mM phosphate buffer and no inoculum. The 

same techniques were conducted in an identical manner on the OCV controls, but with the anode 

potential held at OCV during EIS instead of one of the two EAN. Depending on the bioanode 

impedance behavior, data from the EIS tests were fitted using equivalent circuits similar to single 

and double-time constant models (Appendix A), which have been used previously.29,30 The 

resistances in the model were attributed to solution resistance (Rs) and charge transfer resistances 

(Rct, Rct,2). Model fitting was performed using the function Z-Fit on the EC-Lab software, version 

11.10, by minimizing the Chi-Square values of each system.  

 

3.2.4 Microbial community visualization and analysis 

After the electrochemical analyses were completed, the MECs were disassembled and the 

bioanodes processed for further analysis. To observe the extent of microbial colonization of the 

anodes, one piece of every electrode was visualized using scanning electron microscopy (SEM). 
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The samples were placed in a 2.5% glutaraldehyde solution overnight, dehydrated in ethanol, and 

dried for 2 h at 30°C.31 Before imaging, the samples were coated with a gold/palladium layer for 

2 min at 12 mA under an argon atmosphere. The sample was visualized using a Hitachi S-3200N 

variable pressure scanning electron microscope (Hitachi High-Technologies, Japan) with an 

accelerating voltage of 5 kV and a working distance of 23 mm.  

To analyze the microbial community composition and diversity, samples from the anodic 

biofilm and the suspension were obtained. Anodic biofilm was scraped using a sterile blade. For 

the suspension samples, 10 ml of reactor effluent was collected in 15 ml centrifuge tubes, then 

centrifuged at 4000 rpm for 20 min. DNA from the biofilm and suspension pellets was extracted 

using a PowerSoil® DNA isolation kit (MO BIO Laboratories, Carlsbad, CA) following the 

manufacturer’s instructions. The V3 and V4 regions of the 16S rRNA gene were amplified using 

the forward primer 5’ TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNG-

GCWGCAG 3’ and the reverse primer 5’ GTCTCGTGGGCTCGGAGATGTGTATAAGAGA-

CAGGACTACHVGGGTATCTAATCC 3’ for Illumina sequencing, using the protocol provided 

by the company.32 The samples were sequenced using the Illumina MiSeq platform (Illumina Inc., 

San Diego, CA), with a paired-end sequencing of 300 base pairs (bp) length. The sequencing data 

was deposited into the GenBank database of the National Center of Biotechnology Information 

(NCBI), under the BioProject accession number PRJNA559682. 

To establish the composition and compare microbial communities, the software QIIME 

was utilized.33 After alignment, the samples were clustered into operational taxonomic units 

(OTU) by performing open-reference picking with the UCLUST algorithm, using 97% sequence 

similarity as the threshold and following the default commands available at the developers’ 

website.34 After OTU classification at the genus level, the generated data was further processed in 
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the R platform. Shannon (H) diversity indexes were calculated to assess the diversity of the studied 

samples, while Principal Component Analysis (PCA) plots were constructed to visualize the 

relationship between community composition and bioanode performance. Both were generated in 

R with the help of the vegan35 and phyloseq packages.36 

 

3.3 Results and discussion 

3.3.1 Current generation during bioanode initiation 

We first examined current densities (IA) over time during the startup period. Despite 

identical inoculum, reactor design, and operating conditions, IA was highly variable across the 

eight replicates for each EAN (Fig. 3.1). To quantify variability, we defined startup time as the point 

when the bioanodes reached 0.1 A/m2 [dashed line in Fig. 3.1A and B; selected based on similar 

thresholds used in other MET startup studies 23,37]. Bioanodes that did not reach this value after 

five (+0.15 V) or 5.5 days (−0.15 V) were defined as inactive. Based on this definition, three 

bioanodes were inactive at −0.15 V and one was inactive at +0.15 V. The remaining bioanodes 

clustered into two levels: 1) high-activity, which reached the 0.1 A/m2 threshold the fastest, and 2) 

low-activity, which were the slowest to reach the threshold (Fig. 3.1B).  

Considering only the high- and low-activity bioanodes, there were appreciable differences 

during the startup period within and across each EAN. At +0.15 V, the high-activity bioanodes 

required 3.91 ± 0.06 days and the low-activity bioanodes required 4.28 ± 0.10 days to reach the 

startup threshold. At −0.15 V, the high- and low-activity reactors took significantly longer to reach 

the threshold than those at +0.15 V (t-test, p < 0.05), requiring 4.60 ± 0.03 and 5.32 ± 0.16 days, 

respectively. Maximum IA followed a similar trend as the startup time, wherein bioanodes at +0.15 

V reached higher maximum IA than those at −0.15 V for all activity levels. Bioanode startup 
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activity level largely agreed with the maximum current behavior. The exception was one bioanode 

at +0.15 V, which classified as high-activity with respect to startup time but did not reach the same 

IA as the other high-activity bioanodes. This bioanode ended the cycle at the same level of current 

as the +0.15 V low-activity bioanodes. 

The startup behavior of METs varies widely across the literature, and our results are 

consistent with some, but not all, prior reports. The high degree of startup variability that we 

observed is often not discussed (or reported) in other studies that use triplicate or duplicate reactors, 

even though there is a clear need to operate enough replicates to characterize possible outcomes.7 

Zhou et al.,13 which is one of the only studies to use more than triplicate reactors, reported a wide 

range of startup times (~1–12 days) across 14 replicates, which is consistent with our findings. The 

effect of EAN on startup varies across studies. Using a microbial fuel cell (MFC) with a cloth 

separator between the electrodes,  Zhang et al.14 showed that wastewater-inoculated reactors at 

+0.2 V started up more quickly than those at −0.2 V. Faster startup at less negative potentials has 

been reported in other studies as well, in both single-chamber17 and double-chamber systems.37,38 

While one explanation for this behavior is the higher energy harvested due to higher EET rates,20 

a selection of exoelectrogens with more efficient EET mechanisms at higher potential has also 

been proposed.37 Conversely, Torres et al.,18 using a double-chamber system with multiple anodes 

in one chamber, observed a faster startup and higher maximum current density at more negative 

anode potentials. They attributed this behavior to the selection of microorganisms (e.g., Geobacter 

sulfurreducens) that could harvest energy and transfer electrons efficiently at such negative 

potentials. However, it is unclear if their unique multi-anode configuration played a role in their 

findings. Kumar et al.,39 comparing single- and double-chamber MECs with the same inoculum, 

medium, and under continuous operation, observed that the single-chamber MEC displayed a 
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higher level of electrochemical activity at less negative potentials (0 V vs. SHE). Both 

configurations have inherent differences, such as cathodically-generated H2 that can serve as an 

electron donor in single-chamber systems40,41 and pH gradients in double-chamber reactors42 that 

may influence bioanode enrichment and startup time. Reactor configurations thus play an 

additional factor that needs to be considered during research on startup behavior. 

 

3.3.2 Cyclic voltammetry 

To investigate the electrochemical properties of the bioanodes, we used cyclic voltammetry 

at the end of the startup cycle. Cyclic voltammetry reveals electron transfer kinetics between 

microorganisms and the electrode across a range of bioanode potentials, as well as possible 

electron transfer mechanisms.43 The CVs clustered according to the activity levels defined above 

and had limiting currents (il,a) that were generally proportional to the maximum current densities 

recorded during startup (Fig. 3.2). The CVs of bioanodes that did not reach the startup threshold 

closely followed the OCV control. All other bioanodes generated a sigmoidal shaped CV 

regardless of EAN, which is indicative of a self-regenerating electron transfer process that is typical 

in mediatorless, exoelectrogenic biofilms.9,14,44 These same bioanodes showed a similar midpoint 

potential (E1/2) at −0.18 ± 0.01 V (dashed vertical line in Fig. 3.2) and potential (Ep; ca. ‒0.1 V) 

where maximum oxidative current (ip) was reached, which further confirms the presence of a 

primary electron transfer pathway utilized by the biofilm across EAN and levels of activity. This 

behavior is frequently associated with bioanodes dominated by Geobacter spp., which normally 

show sigmoidal-shaped voltammograms and midpoint potentials between −0.16 V and −0.22 V 

due to the outer membrane cytochromes expressed by these organisms.8,45,46 This suggests that 
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Geobacter spp. were primarily involved in extracellular electron transfer on our bioanodes during 

startup. 

The most notable effect of EAN was observed in the CV behavior of the high-activity 

bioanodes. Although bioanodes at both EAN showed similar sigmoidal curves and ip values, after 

the sweeping potential increased beyond Ep, the current produced by the two high-activity 

bioanodes enriched at ‒0.15 V dropped sharply by ~25% (Fig. 3.2A). Current slightly increased 

with potential, but did not exceed ip. In contrast, the bioanodes enriched at +0.15 V did not show 

the same drop in current; current remained similar to ip after passing Ep (Fig. 3.2B). Both behaviors 

at similar EAN in other studies have been consistently observed in full grown biofilms.8,9,37,47 One 

explanation for this difference is that at +0.15 V, electron transfer rates operated near their 

maximum because this potential provided a larger driving force for electron flow through the cell.20 

This is consistent with previous reports that at potentials beyond which ip occurs, electron transfer 

rates do not increase substantially because they are kinetically limited by intracellular electron 

carriers (e.g., NAD+/NADH).9,20,48 At ‒0.15 V, the bioanodes were subject to a lower driving force, 

and in turn lower electron turnover rates.  

It is known that biofilms dominated by Geobacter spp. express different pathways, 

regulated by inner membrane cytochromes, to allow growth using electron acceptors at different 

potentials. This has been demonstrated by the presence of different oxidation peaks as a function 

of EAN.47,49 One electron transfer pathway, the CbcL-dependent pathway, operates at redox 

potentials below ‒0.10 V,50 whereas at EAN above this value, the ImcH-dependent pathway is 

expressed to harvest additional energy.51 The CbcL pathway has been reported to contribute 

significantly (at least 60%) to electron transfer, even in bioanodes formed at higher EAN and its 

deletion shifts the midpoint potential to values around ‒0.1 V.50 It is thus possible that the 
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bioanodes at ‒0.15 V expressed a pathway that was not adapted to EET at more positive EAN, 

which is consistent with the current drop after ip. Differences in the expression and activity of these 

two pathways are therefore the likely reasons for the different CV profiles at ‒0.15 V and +0.15 

V. 

 

3.3.3 Electrochemical impedance spectroscopy 

Bioanode impedance profiles, which characterize the biofilm-electrode interface in terms 

of resistance and capacitance elements, were dependent on activity level for the bioanodes 

enriched at −0.15 V, but not +0.15 V (Fig. 3.3). The majority of the bioanode profiles (all except 

the high-activity −0.15 V bioanodes) reflected a single characteristic impedance semi-circle. Those 

profiles could be fitted to an equivalent circuit that considers the solution resistance (Rs) and a 

single charge transfer resistance (Rct) circuit.30 For all bioanodes (both −0.15 V and +0.15 V), Rs 

was 13 ± 4 Ω, which is low relative to the majority of the Rct values. Other observable phenomena 

in the high frequency region of the semi-circle were perceived as too small (Appendix A) because 

including them during model fitting did not change the values of the other calculated resistances 

by more than 5%.  

The impedance of the −0.15 V bioanodes decreased as the current recorded at the end of 

the startup period increased (Fig. 3.3A). The corresponding Rct ranged from 24 Ω to 3.4 ×104 Ω 

between the bioanodes with the highest and the lowest current density, respectively. The high-

activity bioanodes at −0.15 V had impedances that were up to 90% lower than the low-activity 

bioanodes (Fig. 3.3A). They generated Nyquist plots with double semicircles (Appendix A)  that 

can be attributed to two charge transfer processes.52 Such processes can be better distinguished in 

the phase angle Bode plot as two local minimums that become one as activity decreases and 
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impedance increases (Appendix A). Relative to the abiotic controls (i.e., prior to introducing the 

microorganisms), impedance of the low-activity bioanodes was lower and the inactive bioanodes 

was higher. The latter result suggests that electron transfer to the anode was slowed or inhibited. 

This may have been caused by growth of non-conductive biofilms53 or presence of substances such 

as polysaccharides54 that changed the anode surface conductivity. The similar impedance profile 

of these bioanodes and the OCV control (where microorganisms are present but not respiring on 

the anode) lends support for this hypothesis.  

Bioanodes enriched at +0.15 V produced similar impedance profiles of single semi-circles, 

regardless of the startup current or the electrochemical activity reflected in the CVs (Fig. 3.3B). 

Total impedance did not increase dramatically in the low frequency region as was observed for the 

bioanodes at ‒0.15 V (Appendix A), and the phase angle only increased slightly relative to the 

initial response of the graphite anode (Appendix A). The average charge transfer resistances (Rct), 

calculated by the aforementioned model fitting, were 3,140 ± 330 Ω and 2,140 ± 580 Ω for the 

high- and low-activity bioanodes, respectively. The differences in resistance cannot be explained 

by differences in the bioanode design, materials, connections, etc., because the impedance of each 

anode prior to inoculation was not related to the final activity obtained at both EAN (Appendix A). 

Thus, higher current production at +0.15 V did not correlate with lower total resistance.  

To better visualize the relationship between Rct and bioanode activity level, Rct of each 

bioanode was divided by the respective initial Rct (calculated before inoculation). Plotting IA 

against normalized charge transfer resistance (Rct
*) yielded a linear relationship for the high- and 

low-activity (R2 = 97%) bioanodes at −0.15 V (Fig. 3.4). Bioanodes at +0.15 V did not show a 

clear trend in terms of decrease in Rct, and high-activity bioanodes had similar Rct
* values as most 

of the low-activity bioanodes, but they had a much larger IA (Fig. 3.4). Their larger maximum 
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current output in CVs indicates that despite appreciable resistance, these communities were highly 

efficient at transferring electrons to the anode. 

 

3.3.4 Microbial colonization of the anodes 

We visualized the bioanode surfaces to qualitatively assess relationships between the 

electrochemical characteristics described above and biofilm coverage. To do this, we captured 

SEM images of the bioanodes at the end of the startup cycle. At −0.15 V, the high-activity 

bioanodes were fully covered with a homogenous layer of microorganisms (Fig. 3.5A), and the 

low-activity bioanodes had little to no coverage (data not shown). At +0.15 V, biofilm coverage 

was patchy and heterogenous (Fig. 3.5B), with no clear difference between high- and low-activity 

bioanodes. Inactive bioanodes at both potentials showed a less defined colonization pattern (Fig. 

3.5C), which was similar to the OCV controls (Fig. 3.5D).  

Bioanode surface coverage was consistent with the EIS results. A more complete coverage 

of the anode minimizes charge transfer resistance.46 This was observed in the high-activity 

bioanode impedance spectra at −0.15 V (Fig. 3.3). Thin biofilms and limited surface coverage are 

associated with larger charge transfer resistance, which was observed in the high- and low-activity 

bioanodes at +0.15 V. This implies that even though bioanode resistance was larger at +0.15 V, 

the per-cell EET rates at that potential were greater than at −0.15 V. Improved kinetics and 

optimization of energy-harvesting pathways at more positive anode potentials support this 

observation.52,55 Overall, these results show that bioanode growth and activity occurs differently 

depending on EAN. 

 

 



   

43 

 

3.3.5 Microbial community composition 

Across low- and high-activity levels at both EAN, sequences matching to Geobacter had the 

highest relative abundance in the biofilms (Fig. 3.6). The relative abundance of this genus was 

generally higher in bioanodes that produced the highest IA, which is more noticeable at −0.15 V 

(Fig. 3.6A) than +0.15 V (Fig. 3.6B). A similar trend was found in suspension samples obtained 

from the bioreactors, where Geobacter abundance was generally related to the maximum IA 

(Appendix A). Geobacter species are frequently enriched in METs supplied acetate as the electron 

donor, regardless of EAN, and consist of several known exoelectrogens.8 The use of single chamber 

MECs in this study may have contributed to the enrichment of this genus, as some species are able 

to utilize hydrogen gas (H2) produced at the cathode as an additional electron donor.40,41 Several 

other genera were present in the bioanodes, some of which may have participated in current 

generation. Genera, including Sedimentibacter, Fusibacter, Pseudomonas, and an unknown genus 

of the family Comamonadaceae, were detected. While the latter were found in the OCV controls, 

both Sedimentibacter and Fusibacter were not highly abundant (Appendix A). Comamonadaceae 

were present in the inoculum, although at a low abundance of around 2.5% (Apendix A). In the 

high-activity bioanodes, there was a greater abundance of Pseudomonas species at +0.15 V than 

−0.15 V. Some Pseudomonas species are exoelectrogenic, producing current through the use of 

electron shuttles.56 A greater abundance of these bacteria at +0.15 V than −0.15 V is consistent 

with prior reports regarding the influence of EAN on the thermodynamic favorability of electron 

transport mechanisms.17,48  

To better visualize the relationship between community composition and bioanode 

performance, a principal component analysis (PCA) biplot was constructed (Fig. 3.7). In this plot, 

genera are represented as vectors, and the points depict each bioanode and its corresponding 
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current output at the end of the startup cycle. Points located along the axis of a vector contain a 

higher relative abundance of those respective genera, and the length of the vector indicates possible 

influence of the corresponding microorganism on the distribution of samples.57 The genus 

Geobacter was the primary influence affecting bioanode activity level at both EAN. Its vector aligns 

well with the horizontal axis that explains more than 90% of the observed variation. Bioanodes 

with the highest activity levels are closest to this vector. In contrast, samples corresponding to 

inactive bioanodes are located in the opposite direction of this vector, indicating a lower presence 

of Geobacter spp. The other enriched microorganisms, Sedimentibacter and Fusibacter spp., had 

a stronger influence on the low- and high-activity bioanodes at +0.15 V than −0.15 V. These 

microorganisms have been detected in METs exhibiting stable electrochemical performance.58 

Although their function in an electrically conductive biofilm is unclear, their presence in early 

biofilm formation suggests a possible role during startup. In contrast, vectors of microorganisms 

such as Comamonadaceae and Pseudomonas spp. are directed towards inactive reactors and the 

OCV controls.  

In all bioanodes, a higher abundance of Geobacter resulted in lower community diversity. 

By plotting the Shannon index (H), an indicator of microbial diversity, against the current density 

recorded at the end of the startup cycle, we found that diversity at both EAN decreased as IA 

increased (Fig. 3.8); however, the rate of decrease was much faster at −0.15 V than +0.15 V. This 

result can be explained by the greater selection pressure at −0.15 V. The thermodynamic driving 

force for EET is lower at ‒0.15 V than +0.15 V; thus it favors microorganisms that can regulate 

electron transfer pathways to capture energy under challenging thermodynamic conditions.20 

Microorganisms that use electron transport mechanisms, such as electron shuttles, that have more 

positive midpoint potentials than −0.15 V are limited by thermodynamic constraints.18 
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Comparatively, at +0.15 V, the thermodynamics are favorable for a wider range of microorganisms 

and/or electron transfer mechanisms.18  

The more selective nature of ‒0.15 V is one possible reason why there was a higher number 

of inactive bioanodes at ‒0.15 V. Since the driving force for energy harvesting is lower at ‒0.15 V 

than +0.15 V, external forces that influence bioanode colonization and respiration, such as 

alternative electron acceptors, may have a stronger impact on biofilm development than at +0.15 

V. We hypothesize that under those conditions, competition of Geobacter spp. with other 

microorganisms that are able to use the same electron donor and breathe on traces of other electron 

acceptors such as oxygen becomes more pronounced.59,60 The relatively low abundance of 

Geobacter in inactive reactor bioanodes and suspension supports this hypothesis. 

Coupling the microbial community data with the electrochemical properties described 

above, several interesting observations can be made. First, the relative abundance of Geobacter 

was closely linked with bioanode electrochemical behavior at −0.15 V, but not +0.15 V. From the 

low- to high-activity bioanodes at +0.15 V, the relative abundance of Geobacter deviated by only 

12% and ranged from 44.5% to 62.3%. This trend matches well with the impedance data, wherein 

the total resistance across these same bioanodes varied by 10%. In contrast, at −0.15 V the relative 

abundance of Geobacter increased from 25.1% to 90.0% across these same activity levels, 

resulting in a total deviation of at least 53% compared to the average of all activity levels. Total 

bioanode resistance followed this pattern, with a 91% decrease in resistance between the low- to 

high-activity bioanodes. One possible explanation for why impedance did not vary with activity 

level for the +0.15 V bioanodes is that that potential selected for an EET pathway (i.e., from the 

terminal cytochrome to electrode) that was highly optimized for electron transfer to the anode. In 

that case, the rate of electron flow would depend on internal electron transfer processes (i.e., 
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electron transport prior to EET) which would be a function of the “maturity”, or activity level, of 

those internal pathways during startup. 

 

3.4. Conclusions 

Our overall objective was to determine the impact of two anode potentials on the 

electrochemical and microbial characteristics of bioanodes during the first cycle of current 

generation. Within this objective, we also assessed the variability in these characteristics across a 

large (n = 8) set of replicates for each potential. We found that the anode potential [EAN; ‒0.15 V, 

+0.15 V vs. standard hydrogen electrode (SHE)] had a strong impact on the amount of time 

required to initiate current, the electrochemical properties [measured by cyclic voltammograms 

(CVs) and electrochemical impedance spectroscopy (EIS)], and the resulting microbial community 

composition. Even though variability across replicates was large, three distinct bioanode activity 

levels (defined based on the time required to reach a current density threshold) emerged within 

each EAN. Bioanodes fixed at −0.15 V required more time to initiate current, and total resistance 

was closely related to the startup current and abundance of Geobacter species in the biofilm. 

Bioanodes at +0.15 V initiated current faster and had less variability in total resistance and 

Geobacter abundance across bioanode activity levels. SEM images of the bioanodes were 

consistent with the electrochemical profiles. Highly active bioanodes at −0.15 V had homogeneous 

biofilm coverage whereas sparse colonization at +0.15 V was consistent with the higher total 

resistance at that potential. A larger decrease in community diversity with current production at 

−0.15 V indicated that this potential was more selective for Geobacter spp., whereas the more 

favorable exploitation of energy at +0.15 V allowed for a greater diversity of other 

microorganisms. Further studies are needed in order to gain a deeper insight of microbial dynamics 
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within the community that forms during the startup phase as a function of EAN. Filling this 

knowledge gap may allow the design of more robust and predictable METs for practical 

applications. 
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Figures 
 

 

 
 

Figure 3.1. A) Current densities (IA; normalized to anode surface area) over time during the startup 

phase of the bioanodes. Eight replicates (red lines) were started with an applied anode potential 

[EAN; reported vs the standard hydrogen electrode (SHE)] of +0.15 V and another eight (blue, 

segmented lines) were started at −0.15 V. The dark, medium, and light shading of the lines 

corresponds to high-, low-activity, and inactive bioanodes, respectively. The horizontal dotted line 

denotes the current density threshold (0.1 A/m2) selected to define the bioanode activity level. B) 

A closer view of the bioanode startup current densities with respect to the activity threshold. 
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Figure 3.2. Cyclic voltammograms (CVs) taken at the end of the startup period for bioanodes fixed 

at A) EAN = ‒0.15 V and B) EAN = +0.15 V. All curves in the same plot are replicates. High-, low-

activity, and inactive bioanode levels are defined based on the time required to reach the startup 

current threshold (Fig. 3.1). Numbers next to each curve represent the current density recorded at 

the end of the startup cycle. E1/2 – Midpoint potential (vertical black dashed line); ip – peak current 

obtained during the potential sweep; OCV – open circuit voltage (dotted black line).   
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Figure 3.3. Nyquist plots of bioanodes fixed at a) EAN = ‒0.15 V and b) EAN = +0.15 V taken at 

the end of the startup cycle. All curves in the same plot are replicates. The magnitude of impedance 

is lower when the ratio of the shown curve is lower, which translates into lower total resistance. 

High-, low-activity, and inactive bioanode levels are defined based on the time required to reach 

the startup current threshold (Fig. 3.1). The numbers next to each curve are the current density 

recorded at the end of the startup period. OCV – open circuit voltage (gray double line with 

squares); Initial – prior to inoculation (dotted line).  
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Figure 3.4. Relationship between bioanode charge transfer resistance (Rct
*; normalized to each 

bioanode’s resistance prior to introducing microorganisms) and current density (IA). Both metrics 

were recorded at the end of the startup cycle. Points with the same shape represent replicate 

bioanodes fixed at ‒0.15 V (circles) and +0.15 V (triangles). The points are shaded to reflect 

bioanode activity level (dark – high-activity; medium – low-activity; light – inactive). OCV – open 

circuit voltage bioanodes (squares). The linear regression of high- and low-activity bioanode points 

at -0.15 V is shown as a dotted line.  
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Figure 3.5. Scanning electron microscopy (SEM) images of bioanodes at the end of the startup 

cycle. A) High-activity bioanode at ‒0.15 V showing uniform and complete surface coverage of 

microorganisms, B) high-activity bioanode at +0.15 V with similar cell morphology as A), but less 

surface coverage, C) low-activity bioanode at ‒0.15 V, with mixed cell morphology and lower 

coverage relative to A), and D) bioanode at open circuit voltage (OCV). White bar at the bottom 

of each figure represents a distance of 10 µm. 
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Figure 3.6. Community composition of the bioanode biofilms fixed at A) ‒0.15 V and B) +0.15 

V. The replicates for each anode potential are ordered from lowest to highest current density (IA) 

recorded at the end of the startup cycle and are categorized according to their activity level during 

the startup cycle [Inactive (N), low-activity (L), high-activity (H)]. Genera with a relative 

abundance less than 5% are grouped into “Other”. 
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Figure 3.7. Principal Component Analysis (PCA) biplot of anode biofilm microbial communities. 

Points with the same shape represent replicate bioanodes fixed at ‒0.15 V (circles) and +0.15 V 

(triangles). The points are shaded to reflect bioanode activity level (dark – high-activity; medium 

– low-activity; light – inactive). The numbers next to each curve are the current density recorded 

at the end of the startup period. Green vectors symbolize the eigenvector of the corresponding 

genus. Samples that are located in the direction of an eigenvector contain that particular genus, 

with an increased relative abundance the farther they are located from the center. OCV – open 

circuit voltage bioanodes (squares). 
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Figure 3.8. Relationship between microbial diversity [estimated by the Shannon Diversity index 

(H)] and bioanode current density (IA) recorded at the end of the startup cycle. A higher H index 

represents a more diverse microbial community. Linear regression of replicates from each fixed 

potential are represented by dashed lines (blue: ‒0.15 V, red: +0.15 V), along with regression 

equation and coefficient of determination (R2). Points with the same shape represent replicate 

bioanodes fixed at ‒0.15 V (circles) and +0.15 V (triangles). The points are shaded to reflect 

bioanode activity level (dark – high-activity; medium – low activity; light – inactive). 

Communities from wastewater inoculum are shown as yellow rhombi and the open circuit (OCV) 

controls are represented as gray squares. 
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CHAPTER 4 

NITROGEN GAS FIXATION AND CONVERSION TO AMMONIUM USING 

MICROBIAL ELECTROLYSIS CELLS 

Abstract 

Ammonia (NH3) is an important industrial chemical that is produced using the energy- and carbon-

intensive Haber-Bosch process. Recovering NH3 from microorganisms that fix nitrogen gas (N2) 

may provide a sustainable alternative because their specialized nitrogenase enzymes can reduce 

N2 to ammonium (NH4
+) without the need for high temperature and pressure. This study explored 

the possibility of converting N2 into NH4
+ using anaerobic, single-chamber microbial electrolysis 

cells (MECs). N2 fixation rates [based on an acetylene gas (C2H2) to ethylene gas (C2H4) 

conversion assay] of a microbial consortium increased significantly when the applied voltage 

between the anode and cathode increased from 0.7 V to 1.0 V and reached a maximum of ~40 

nmol C2H4/(min-mg protein), which is comparable to model aerobic N2-fixing bacteria. The 

presence of NH4
+, which can inhibit the activity of the nitrogenase enzyme, did not significantly 

reduce N2 fixation rates. Upon addition of methionine sulfoximine, an NH4
+ uptake inhibitor, NH4

+ 

was recovered at rates approaching 5.2×10-12 mol NH4
+/(s-cm2), normalized to the anode surface 

area. Relative to the electrical energy consumed, the normalized energy demand (in MJ/mol NH4
+) 

was negative because of the energy-rich methane gas recovered in the MEC. Including the 

substrate energy resulted in total energy demands as low as 24 MJ/mol. Community analysis 

results of the anode biofilms revealed that Geobacter species predominated in both the presence 

and absence of NH4
+, suggesting that they played a key role in current generation and N2 fixation. 

This study shows that MECs may provide a new route for generating NH4
+. 
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This chapter has been published as  

Ortiz-Medina, J.F., Grunden, A.M., Hyman, M.R., Call, D.F. Nitrogen Gas Fixation and 

Conversion to Ammonium Using Microbial Electrolysis Cells. ACS Sustainable Chem. Eng. 2019, 

7,3, 3511-3519. 

 

4.1 Introduction 

Ammonia (NH3) is a widely used chemical in the industrial, commercial, and agricultural 

sectors. Increasing from roughly 100 million ton NH3 per year in 2008 to 150 million ton NH3 per 

year in 2017, NH3 is the second most produced chemical in the world.1 Demand for NH3 is 

expected to increase as the population grows1. The majority (~80%) of NH3 produced is used in 

fertilizers. It is also an ingredient in other products such as explosives, pharmaceuticals, 

refrigerants, and cleaning products and is receiving growing interest as an alternative 

transportation fuel.  

Most NH3 is produced through the Haber-Bosch process, an energy- and carbon-intensive 

technology. In this process, nitrogen (N2) and hydrogen (H2) gases are converted into NH3 under 

high temperatures (350-550°C) and pressures (150-300 atm).2 It consumes 1.5-2.5% of global 

energy annually and is responsible for roughly 2.5% of global carbon dioxide (CO2) emissions.3 

Alternatives to Haber-Bosch include a growing list of methods involving electrochemistry, 

photocatalysis, plasma-induction, and metallic complex catalysis.2 Many of these technologies 

suffer from low conversion efficiencies, expensive catalysts, and low selectivity.2 Electrochemical 

methods in which N2 is reduced on anode electrodes have been examined for a wide range of 

electrolytes and catalysts.4 Finding resilient and selective catalysts remains a challenge for these 

methods,4 and high temperatures (which impart an energy penalty) are still preferred due to slow 
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kinetics at ambient temperatures.4 Bioelectrochemical approaches in which an enzyme (e.g., 

nitrogenase) is attached to an electrode overcome many of the limitations of abiotic systems. 

However, the irreversible damage of these enzymes upon oxygen (O2) exposure, the requirement 

for soluble electron shuttles such as methyl viologen, and long-term enzyme stability are major 

limitations.5  

 Using whole-cell N2-fixing microorganisms (called diazotrophs), rather than just the 

isolated nitrogenase enzyme, is an alternative route to generate NH3. These naturally occurring 

microorganisms have nitrogenase enzymes that break the strong N≡N bond under ambient 

conditions.6 Many microorganisms in nitrogen-deficient environments rely on these enzymes to 

provide fixed nitrogen for growth (e.g., amino acids) or to support the growth of other organisms. 

Agricultural practices leverage the latter function from symbiotic diazotrophs in the farming of 

legumes.7 Free-living diazotrophs, which do not require a symbiont, have been engineered to 

excrete ammonium (NH4
+; the protonated form of NH3; pKa = 9.3) to concentrations as high as 30 

mM.8 One inherent limitation of aerobic diazotrophs, including model Azotobacter species, is that 

their terminal electron acceptor (i.e., O2) can also inhibit nitrogenase function.9 Increasing growth 

and respiration by using higher O2 concentrations can therefore reduce N2 fixation activity. Driving 

high N2 fixation rates remains a challenge for moving these biological approaches forward. 

One possible route to drive the microbial conversion of N2 into NH4
+ is to combine the 

fields of electrochemistry and microbiology. Research in electromicrobiology has shown that 

electrically active microorganisms, many of which are known diazotrophs, are highly responsive 

to electrical driving forces.10 In anaerobic microbial electrolysis cells (MECs), an applied voltage 

drives the conversion of organic material into electrical current by anode respiring microorganisms 

(exoelectrogens), resulting in the production of energy-rich gases, for example, H2 and CH4.
11 
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Community analyses of anode biofilms have revealed that Geobacter species predominate in these 

systems.12 These bacteria are also prolific N2-fixing microorganisms, which is one explanation for 

their abundance in nitrogen-limited bioremediation sites.13,14 N2 fixation has been previously 

documented in microbial electrochemical technologies (METs),15–17 but the generation and 

recovery of NH4
+ have yet to be shown.  

As MEC anodes are typically highly populated with Geobacter species, operation occurs 

under completely anaerobic conditions (where O2 cannot inhibit nitrogenase function), and applied 

voltages (> 0.2 V) drive anode respiration rates, we hypothesized 1) that we could use voltage to 

drive N2 fixation, and 2) NH4
+ could be recovered from N2-fixing exoelectrogenic communities. 

To test these hypotheses, we measured the current densities of MECs with only N2 gas as the 

nitrogen source at two applied voltages (EAP, 0.7 V and 1.0 V). We estimated N2 fixation rates 

using the acetylene (C2H2) reduction assay, which is a standard method for assessing nitrogenase 

activity.18 To determine the impact of NH4
+, which is known to slow or inhibit N2 fixation, 

identical MECs with NH4
+ and a N2 headspace were operated in parallel. To explore the possibility 

of recovering NH4
+, an NH4

+ uptake inhibitor was added and the resulting NH4
+ generation rates 

recorded. A microbial community analysis was conducted on the anode biofilms in order to 

identify the microorganisms associated with N2 fixation in the MEC. Finally, an assessment of 

energy demands to generate NH4
+ in the MEC was performed. 

 

4.2 Materials and Methods 

4.2.1 MEC design and operation 

Serum-bottle MECs were assembled as previously described.19 Briefly, graphite plate 

anodes (AA = 4.5 cm2) and stainless steel mesh cathodes (AC = 3.9 cm2) spaced 1.5 cm apart, were 
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connected to titanium and stainless steel wire current collectors, respectively, and inserted through 

stoppers. The electrode assembly was installed in glass serum bottles (75 mL), sealed using 

aluminum caps, and sterilized by autoclaving. The MECs were inoculated with effluent from an 

active MEC. The growth medium consisted of phosphate buffered medium (PBM) as previously 

described.19 Ammonium chloride (NH4Cl) was not included unless specified. Sodium acetate (1 

g/L) was supplied as the electron donor and carbon source. The MEC headspace was purged with 

ultra-high- purity N2 gas prior to each cycle. Two treatments (both operated in triplicate) were 

examined: 1) MECs without NH4
+ added, and 2) MECs with NH4

+ (0.31 g NH4Cl/L). The MECs 

were connected to a power supply (3645A DC Power Supply, Circuit Specialists, Inc., Tempe, 

AZ), and a voltage (EAP) of 0.7 V was applied between the anode and cathode. After 16 cycles, 

EAP was increased to 1.0 V. Current was determined by recording the voltage over a 10 Ω resistor. 

The MECs were operated in fed-batch mode, wherein the medium was emptied when the current 

density (IA; normalized to AA) dropped below 0.2 A m-2 and then replaced with new medium. All 

MECs were operated at 30 oC. 

 

4.2.2 Nitrogenase activity assay 

Nitrogenase activity was measured by subjecting the MECs to an acetylene gas (C2H2) 

reduction assay (ARA). This method serves as a proxy for N2 fixation because 1) the nitrogenase 

enzyme converts C2H2 to ethylene gas (C2H4), 2) this conversion does not occur abiotically, 3) 

neither C2H2 nor C2H4 inhibits nitrogenase activity, and 4) C2H4 can be readily quantified by gas 

chromatography (GC).18 The ARA was used when current stabilized for both EAP = 0.7 V and 1.0 

V. After replacing the medium of the MECs and purging with N2 gas, C2H2 (obtained from calcium 

carbide) was injected in the headspace, giving a final concentration of 10% (v/v gas phase). After 
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applying a voltage, headspace samples (100 µL) were taken at regular intervals using a gas-tight 

syringe (Hamilton, Reno, NV). Samples were injected into a GC (Shimadzu GC-14A, Kyoto, 

Japan) equipped with a flame ionization detector and a stainless steel column [PoraPak N (80/100 

mesh); 6 ft x 1/8 in]. Headspace pressure was measured using a pressure gauge and then converted 

to moles of C2H4 using the ideal gas law. The total moles of C2H4 were determined from the 

headspace and dissolved aqueous compositions.  

 

4.2.3 Ammonium quantification and inhibition 

To determine NH4
+ concentrations, MEC medium (0.5 mL) was extracted at several points 

during a batch cycle and filtered (0.22 µm). Dissolved NH4
+ concentrations were determined using 

the Low Range AmVerTM Salicylate Test N’TubeTM method (Hach Company, Loveland, CO), 

with a working range of 0.01-2.50 mg NH3-N L-1. Accuracy of the method was verified using 

NH4
+ standards, which deviated by no more than 0.01 mg NH3-N L-1.  

To encourage NH4
+ excretion from the microorganisms, the NH4

+ uptake inhibitor 

methionine sulfoximine (MSX) was added. This inhibitor acts on the enzyme glutamine 

synthetase, which catalyzes the assimilation of NH4
+ into amino acids. It is commonly used to 

recover NH4
+ from free-living diazotrophs.20 An MSX concentration of 5 mM was selected, which 

falls within the range used in other studies.21–23 Once the MEC was filled with fresh, MSX-

containing medium, samples (0.5 mL) were taken over the course of a batch cycle at both EAP. In 

initial tests, MSX generated a previously undocumented false positive for NH4
+ (~7 mg NH3-N/L) 

with the quantification method stated above. A two-stage trap was therefore used to separate the 

NH4
+ from the MSX (full details available in the Supporting Information; Appendix B).  
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4.2.4 Microbial community analysis 

To identify the anode microbial community, the anode biofilm was scraped using a sterile 

razor blade (~200 µg per electrode). Genomic DNA was extracted using a PowerSoil® DNA 

isolation kit (MO BIO Laboratories, Carlsbad, CA) following the manufacturer instructions. The 

prokaryotic V3 and V4 regions of the 16S rRNA gene were amplified using polymerase chain 

reaction (PCR), with the forward primer 5’ TCGTCGGCAGCGTCAGATGTGTATAAGAGAC-

AGCCTAYGGGRBGCASCAG 3’ and the reverse primer 5’ GTCTCGTGGGCTCGGAGATGT-

GTATAAGAGACAGGGACTACNNGGGTATCTAAT 3’. These primers are based on the 

sequences used by Yu et al.24 and included the required Illumina adapters for sequencing. After 

purification and barcoding, the final amplicons were sequenced using Illumina MiSeq equipment 

(Illumina Inc., San Diego, CA) with a paired-end sequencing of 300 base pairs (bp) in length. The 

sequencing results were further processed and the operational taxonomic units (OTU) assigned 

using the QIIME software.25 

 

4.2.5 Coulombic efficiency 

The Coulombic efficiency (CE, %) was calculated as  

0

bt

E

M Idt
C

FnV S
=




  (1) 

where the current, I (A) is integrated over the duration of the batch cycle (tb), M represents the 

molar mass of sodium acetate (82 g/mol), F is Faraday’s constant (96,500 C per mol e-), n is the 

number of electrons per mol of acetate oxidized (8 mol e-/mol acetate), V (mL) is the medium 

volume in the MEC (20 mL), and ΔS  (g/L) is the amount of acetate consumed during a batch 

cycle. Previous studies using this MEC design have shown that nearly all acetate (1 g/L) is 
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consumed once the current falls below 0.10 mA (or 0.22 A/m2).12 All acetate was therefore 

assumed to be completely consumed by the end of each cycle (ΔS = 1 g/L).  

 

4.2.6 Energy demand 

 To determine the energy demand of NH4
+ production, the electrical energy consumed, 

substrate energy consumed, and energy produced as gas (i.e., CH4) were calculated. The amount 

of energy added to the circuit by the power source, adjusted for losses across the resistor, WE, is 

given by eq 2, 

2

E AP EX

1

)t(
n

W I E t I R −=  (2) 

where 𝐼 is measured at n points over the course of a batch cycle, Δt (s) is the time interval between 

each measurement, and REX = 10 Ω is the external resistor. The amount of energy added by the 

substrate is, 

S S SW G n=    (3) 

where S 844.1G = kJ/mol is the Gibbs energy of combustion of the substrate (acetate in this case)26 

and Sn  is the number of moles of substrate consumed during a batch cycle. The amount of energy 

available in the produced gas depends on the gas composition. This was determined using a GC 

(details available in Appendix B). At the end of the experiments, the MECs in this study produced 

only CH4. Hydrogen gas, a side product of the nitrogenase, was not detected, and was likely 

consumed by hydrogenotrophic methanogens.27 The theoretical energy content of the recovered 

CH4 was calculated as 

4 4 4CH CH CHW G n=   (4) 
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where  
4CHG =817.97 kJ/mol and 𝑛𝐶𝐻4

the number of CH4 moles produced during a batch cycle.28 

The specific energy demand of NH4
+ production,

+
4NH

E , is the ratio of the energy inputs (electricity 

and substrate) and outputs (CH4) to the moles of NH4
+ generated, or   

+
4

+

4

4

E

NH

NH

S CHW
E

n

W W+ −
=  (5) 

where 
4NH

n +
is the moles of NH4

+ recovered in a batch cycle. To determine the electrical energy 

demand, WS is removed from eq 5, and for the substrate energy demand, WE is removed. The 

amount of usable energy associated with the recovered CH4 will depend on the conversion 

efficiency of the technology used to generate electrical energy (i.e., fuel cell versus a combustion 

engine). In some cases, we adjusted the 
4CHW values using a conversion efficiency of 32.9% (an 

average efficiency of typical biogas converting technologies).29 Energy demand values that include 

this conversion efficiency are shown in parentheses next to the non-adjusted values. 

 

4.3 Results and discussion 

4.3.1 Electrical current generation during N2 fixation 

We first determined current density (IA) and coulombic efficiency (CE) when only N2 was 

provided as a nitrogen source. After inoculating the serum-bottle MECs containing medium 

without fixed nitrogen, purging the headspace with N2 gas and applying a constant whole-cell 

voltage (EAP = 0.7 V), current generation began within five days. Four cycles later (15 days), IA 

reached a reproducible maximum of 3.0 ± 0.15 A/m2 (Fig. 4.1A). Current densities were stable for 

more than 10 cycles operated at this EAP, with no significant difference (ANOVA, p > 0.05) relative 

to the average of 3.1 ± 0.27 A/m2 over that time period (Fig. 4.1B). This result is consistent with 

prior reports of METs operating with little to no fixed nitrogen from 15 to 200 days.15,30 To 
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determine if the lack of a fixed nitrogen source impacted IA, we operated identical MECs, but with 

NH4Cl (5.8 mM NH4
+) added to the medium. Current generation in those reactors began within 

five days and reached 3.1 ± 0.31 A/m2 after stabilizing. Over the course of 12 cycles, IA in the 

presence versus absence of NH4
+ deviated 9.3% on average, but the difference between treatments 

was not significant (t-test, p > 0.05). When EAP was increased to 1.0 V, IA increased in the absence 

and presence of NH4
+ to 4.8 ± 0.27 A/m2 and 5.2 ± 0.27 A/m2, respectively. The lack of a fixed 

nitrogen source did not negatively impact CE. With only N2 present, CE averaged 89 ± 1%, and 

was slightly lower (83 ± 1%) with NH4
+ present at EAP = 0.7 V. At EAP = 1.0 V, CE decreased 

relative to EAP = 0.7 V, but remained similar in the absence (71 ± 3%) versus presence (67 ± 2%) 

of NH4
+. The near identical IA and CE values of the MECs with and without NH4

+ and similarities 

to prior reports of MECs (2.1 – 4.2 A/m2 for EAP  = 0.7 V)19,31 highlight that the absence of 

dissolved NH4
+ (a condition that encourages N2 fixation32) does not negatively impact current 

production over time.  

 

4.3.2 N2 fixation rates 

In order to quantify N2 fixation rates, we conducted the acetylene gas (C2H2) reduction 

assay (ARAs). When C2H2 was added to the MECs at the start of a cycle, ethylene (C2H4) 

accumulated at a constant rate for the first 50 hours at both EAP (Fig. 4.2). At EAP = 0.7 V, the 

MECs generated C2H4 at a rate of 7.7 ± 1.1 nmol C2H4/min in the absence of NH4
+ and 3.0 ± 0.8 

nmol C2H4/min when NH4
+ was added (based on linear regression of C2H4 generation over time). 

These two rates were significantly different (t-test, p < 0.05). Increasing EAP to 1.0 V increased 

C2H4 production rates in both treatments to 26 ± 2.4 nmol C2H4/min (without NH4
+) and 20 ± 3.7 

nmol C2H4/min (with NH4
+). These rates were not significantly different (t-test, p > 0.05), 
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indicating that NH4
+ did not have an impact on N2 fixation. The increase in C2H4 production rates 

between applied voltages was significant (t-test, p < 0.05) regardless of NH4
+ presence. The more 

than threefold increase in C2H4 generation rates between EAP = 0.7 V and EAP = 1.0 V was notable 

considering that IA increased by less than two-fold.  

The minimal reduction in C2H4 generation rates when NH4
+ was added was an interesting 

result because NH4
+ is known to repress nitrogenase gene expression.32 Depending on the 

microorganism and the growth conditions, this threshold can vary. Values as low as 0.2 mM have 

been reported to completely repress nitrogenase activity in the model microorganism Azotobacter 

vinelandii.32 For several Azospirillum species, concentrations as low as 0.05 mM NH4
+ reduced 

nitrogenase activity.33 In a community with Geobacter spp., 0.5 mM NH4
+ repressed the 

expression of nifD, one of the genes encoding nitrogenase.34 Since the N2 fixation activity in the 

presence of NH4
+ was not fully shutdown in our MECs, it is possible that the bulk NH4

+ 

concentrations could not completely repress the nitrogenase genes. The concentration may have 

been too low or diffusion limitations may have prevented nitrogenase inhibition by NH4
+ 

throughout the entire biofilm. Partial nitrogenase repression has been observed in free-living 

diazotrophs at varying NH4
+ concentrations.33,35 The fact that N2 fixation occurred in the presence 

of NH4
+ may have important implications for wastewater-treating METs. Typical domestic 

wastewater NH4
+ concentrations (0.8 – 3.6 mM NH4

+)36 are lower than what was used here. N2 

fixation may therefore be occurring in wastewater-fed METs. 

To confirm that anode respiration was linked with N2 fixation, we also conducted the ARA 

on the MECs during open circuit voltage (OCV; no current flow) (Fig. 4.2). No C2H4 was detected 

during the same period as the MECs in closed circuit mode (60 h). Further evidence that anode 

respiration was required is that, after approximately 50 h in the closed-circuit MECs (when current 
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generation approached zero), the C2H4 generation rate dropped sharply. At that point, acetate was 

depleted and anode respiration ceased. Outside the electromicrobiology field, some studies have 

noted correlations between microbial N2 fixation rates and respiration rates,37–39 while others have 

not.40–42 An inherent challenge when using aerobic N2-fixing microorganisms is that increasing O2 

concentrations has the dual effect of increasing respiration rates but also potentially inhibiting O2-

sensitive nitrogenases.38,40–42 Our work here, where O2 is not present, lends support for the 

hypothesis that respiration rates (as measured by IA) are linked to N2 fixation rates. We also 

conducted additional tests in which acetate was replaced with H2 (45% headspace concentration) 

as the sole electron donor to determine N2 fixation rates associated with H2 consuming 

microorganisms (EAP = 0.7 V; Appendix B). C2H4 generation dropped significantly from 

approximately 20 µmol C2H4 recovered at 45 h with acetate (Fig. 4.2) to below detection with H2 

at the same time point. Current densities also decreased to below 0.1 A/m2. These results suggest 

that acetate oxidation was the primary source of reducing power for N2 fixation.  

To allow comparison with free-living diazotrophs, we normalized our C2H4 generation 

rates to the total anode protein density (150 ± 3 µg/cm2, protein assay details available in the 

Supporting Methods). At EAP = 1.0 V, the normalized rate was 39 ± 3.7 nmol C2H4/(min-mg 

protein). Free-living, aerobic diazotrophs such as Azotobacter species have reached N2 fixation 

rates of 35 to 100 nmol C2H4/(min-mg protein). Obtaining normalized rates comparable to 

Azotobacter species is an important finding because they are some of the best studied free-living 

diazotrophs. The rates of other microorganisms such as cyanobacteria (e.g., Anabaena spp.) and 

anaerobic free-living bacteria (e.g., Azospirillum spp.) range from 0.11 to 6.5 nmol C2H4/(min-mg 

protein).18,43 Regarding species that are similar to exoelectrogenic bacteria, suspended cultures of 

the anaerobic, metal-reducing bacteria G. metallireducens and Magnetospirillum magnetotacticum 
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obtained rates of 12 and 22 nmol C2H4/(min-mg protein), respectively.44 Therefore, the increase 

in EAP proved to be an effective way to stimulate N2 fixation rates that are comparable with many 

other free-living diazotrophs. 

In METs, there are limited reports of N2 fixation measurements. Wong et al.15 enriched an 

exoelectrogenic community on a high-surface area granular graphite anode poised at +0.2 V vs. 

Ag/AgCl. By making some assumptions about the electrode surface area used in their study 

(calculation available in the Supporting Information), we estimate an anode normalized rate of 

0.40 nmol C2H4/(min-cm2) compared to 5.9 nmol C2H4/(min-cm2) in our MECs at EAP = 1.0 V. 

One possible explanation for the higher rates reported here is that acetate, rather than glucose, was 

provided as an electron donor. Acetate-fed METs typically generate higher current than glucose 

and favor the growth of known diazotrophic exoelectrogens, such as Geobacter species.45 Zhou et 

al.16 isolated an exoelectrogenic bacterium belonging to the genus Azospirillum, which reached 

rates of 1.75 nmol C2H4/(min-108 cells);16 however, N2 fixation during anode respiration was not 

examined. 

 

4.3.3 Ammonium production 

To test the hypothesis that NH4
+ can be recovered in the MEC, we first measured NH4

+ 

concentrations over time while current was generated. In the standard growth medium without 

NH4
+ added, little (< 10 µM) to no NH4

+ was detected over the course of a batch cycle (limit of 

detection = 3 µM) (Fig. 4.3). To eliminate the possibility that NH4
+ was generated through an 

abiotic reaction of H2 and N2 at the cathode, abiotic reactors were operated at EAP = 1.0 V with a 

H2/N2 [50/50 (v/v)] headspace composition. No NH4
+ was detected over the same period as the 

biotic experiments (Appendix B). Abiotic NH4
+ production was therefore ruled out. 
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To encourage NH4
+ release from the microorganisms during N2 fixation, we added the 

NH4
+ uptake inhibitor methionine sulfoximine (MSX). In the presence of MSX (5 mM), NH4

+ 

concentrations increased steadily over time at both EAP and reached final concentrations of 70 µM 

(EAP = 0.7 V) and 260 µM (EAP = 1.0 V). Theoretically, we estimate that 10% of the NH4
+ that 

was generated during N2 fixation was recovered, regardless of EAP. We determined this based on 

the assumption that one mole of NH4
+ is produced for every two moles of C2H4 generated during 

the ARA (a commonly used conversion factor).46 This would result in up to 3 mM NH4
+ after 60 

h at EAP = 1.0 V and correspond to a rate of around 40 µM NH4
+/h, which is roughly 10-fold larger 

than the actual rate (4.2 ± 0.7 µM NH4
+/h). One explanation for this difference may be that the 

MSX concentration was too low to fully inhibit the glutamine synthase enzymes. Other studies 

have used MSX concentrations as low as 0.35 µM or as high as 0.11 M, depending on the 

microorganism examined.47,48 Since there are no reports in the literature on the application of MSX 

to exoelectrogenic biofilms, we used a concentration that was consistent with other studies on free 

living diazotrophs such as Azotobacter chrococcum.23 As a reference, using the same chemical 

inhibitor (0.35-200 µM) with the cyanobacterium Anabaena, NH4
+ generation rates from 10 to 150 

µM NH4
+/h were reported.20,47 In comparison, Ahmad and Hellebust21 did not notice a significant 

effect of MSX, suggesting the existence of an alternate NH4
+ assimilation pathway. The lower 

NH4
+ generation rates are therefore likely due to differences in susceptibility to MSX among 

microorganisms and biofilm growth on the anode that would reduce MSX mass transfer to the 

microorganisms compared with suspended growth in those other studies. 

Relative to other bioelectrochemical technologies at ambient conditions, the MEC NH4
+ 

generation rates are quite comparable. Normalized to the anode surface area, the MEC rates 

increased from 1.3×10-12 mol NH4
+/(s-cm2) at EAP = 0.7 V up to 5.2×10-12 mol NH4

+/(s-cm2) at EAP 
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= 1.0 V. Knoche et al.,10 in the only study to date that reports bioelectrochemical NH4
+ excretion, 

immobilized cells of Anabaena variabilis SA-1 onto indium tin oxide electrodes and applied cyclic 

voltammetry, producing up to 4.7 µM NH4
+ at a rate of 2.6×10-12 mol/(s-cm2).10 Milton et al.5 used 

a fuel cell with electrode-immobilized nitrogenase and hydrogenase enzymes instead of whole-

cell microorganisms. Their system generated 2.3×10-11 mol NH4
+/(s-cm2) after applying 60 mC of 

charge over two hours. However, an electron mediator (methyl viologen) was required to shuttle 

electrons to/from both enzymes. Recently, Rago et al.17 enriched a biocathodic microbial 

community to perform N2 fixation at a fixed applied potential of -0.7 V vs SHE . While this is a 

more direct approach for N2 conversion to NH4
+, the maximum current density detected in their 

system was around 0.01 A/m2, at least two orders of magnitude lower than the current generated 

in this study. Since our work shows a link between N2 fixation rates and current density, it is 

unlikely that biocathode-driven N2 fixation was a major contributor to our observed N2 fixation 

rates.  

 

4.3.4 Microbial community analysis 

To identify the microorganisms in the MECs, genomic DNA from the anode biofilms was 

extracted and the 16S rRNA genes were amplified and sequenced. Among the bacteria, Geobacter 

was the most prevalent genus with a relative abundance of 43.7 ± 2.3 % in the absence of NH4
+ 

(Fig. 4.4). This genus is frequently detected in exoelectrogenic biofilms that use acetate as the 

electron donor.12,49 Many Geobacter spp. are also diazotrophs, including G. sulfurreducens, G. 

metallireducens, and G. uraniireducens.13,14,44 In the presence of NH4
+, Geobacter spp. abundance 

was similar (43.5 ± 6.8 %; Fig. 4.4), suggesting that the requirement for N2 fixation did not 

negatively impact their ability to colonize the anode. Except for Methanocorpusculum spp. 
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(discussed below), all genera with an average relative abundance > 5% did not significantly vary 

in abundance in the presence versus absence of NH4
+ (t-test, p > 0.05). This finding is supported 

by the relatively high N2 fixation rates recorded in the presence of NH4
+ (Fig. 4.2) and another 

study that showed Geobacter-rich environments maintained similar transcript levels of key N2 

fixation genes when NH4
+ concentrations increased from 0 to 350 µM.34 

Other Bacteria identified in the anode include species belonging to the genus Aminiphilus, 

as well as the Blvii28 group. The former genus is known to ferment several amino acids, generating 

products such as acetate.50 This function suggests a possible syntrophy with Geobacter spp., as 

Aminiphilus spp. are frequently found in acetate-fed METs with relative abundances as high as 

43%.51 The latter has also been found in wastewater-inoculated systems such as up-flow anaerobic 

sludge beds, anaerobic biofilm membrane bioreactors, and anaerobic digesters, where they likely 

ferment carbohydrates and generate H2.
52–54 Only a single member of this group, Acetobacteroides 

hydrogenigenes, has been successfully isolated.55 For both genera, the diazotrophic and 

exolectrogenic capabilities remain unknown. 

Within the archaea, methanogenic microorganisms including Methanocorpusculum spp. 

(6.2 ± 3.4 %) and an unknown genus belonging to the family Methanobacteriaceae were detected 

(8.3 ± 2.8 %) in the absence of NH4
+. These genera contain hydrogenotrophic methanogens that 

require H2 and CO2 to generate CH4.
56,57 Their presence explains why CH4 was recovered instead 

of H2, which commonly occurs in single-chamber MECs.
27 Some members of the 

Methanobacteriaceae have been reported to fix N2.
58 It is plausible that they contributed to the 

observed N2 fixation rates and NH4
+ production in the MEC. Methanogen N2 fixation rate 

estimates reported in the literature, which range between 0.7 to 15 nmol C2H4/(min-mg protein),59 

would only account for about 1.8 – 38% of our normalized rates. Coupling this estimate with the 
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significantly lower C2H4 generation rates when we supplied the MECs with H2 (Appendix B) 

suggests that methanogens were not the primary N2 fixers in the MECs. For Methanocorpusculum 

spp., nitrogenase-like gene sequences, but with no experimentally established diazotrophic 

behavior, have been reported.60 The significant decrease (t-test, p < 0.05) in abundance of this 

genus when NH4
+ was absent supports that these microorganisms may not grow as well when 

required to fix N2. Elucidating the contribution of Geobacter spp. and methanogens to N2 fixation 

in METs is warranted. 

 

4.3.5 Energy demand 

The energy needed to drive NH4
+ production in the MECs consists of electrical and 

substrate (i.e., acetate in this study) inputs. It is important to note that these inputs also produce 

energy-rich gases (H2 and CH4) in the MEC.26,27 This is recoverable energy that can be used to 

offset some of the energy demands. The MECs in this study generated CH4 (no H2 detected), which 

is due to methanogenic consumption of cathodic electrons and/or H2.
27 The MECs generated 0.27 

± 0.02 mmol CH4 per cycle, regardless of EAP. The energy recovered was 136-162 MJ/(mol NH4
+) 

at EAP = 0.7 V (45-53 MJ/mol when adjusted for CH4 conversion to electricity) and 37-47 MJ/mol 

(12-15 MJ/mol) at EAP = 1.0 V. Considering only the electrical energy input, the energy demand 

ranged from -92 to -65 MJ/mol (EAP = 0.7 V) and from -14 to -7.1 MJ/mol (EAP = 1.0 V) because 

the recovered energy was greater than the consumed electrical energy. These values become 

positive if adjusted to account for CH4 conversion into electricity (16-25 MJ/mol for EAP = 0.7 V 

and 14-17 MJ/mol for EAP = 1.0 V).  Conventional and emerging N2 fixation technologies do not 

generate energy. Recovering energy-rich gas in MECs may therefore impart an energy advantage 

over other approaches. Relative to only the substrate energy, the energy demands ranged from -
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0.041 to 0.051 MJ/mol, indicating that the majority of the substrate energy was converted to CH4. 

The substrate energy is an important factor that increases the net energy demand (around 150 

MJ/mol at EAP = 0.7 V and 37 MJ/mol at EAP = 1.0 V). This energy expenditure can be reduced or 

eliminated by utilizing waste sources low in nitrogen such as industrial wastewater (e.g., pulp and 

paper wastewater).15 Taking into account both the electrical and substrate energy inputs, the energy 

demands were 51-84 MJ/mol (166-175 MJ/mol) at EAP = 0.7 V and 24-34 MJ/mol (55-58 MJ/mol) 

at EAP = 1.0 V. The decrease in demand when EAP increased can be explained by a larger increase 

in NH4
+ production rates relative to the increase in energy input. It may be possible to obtain higher 

generation rates at higher voltages, but voltages above 1.2 V should be avoided to minimize 

unwanted abiotic water electrolysis. A further consideration is the requirement to separate and 

recover NH4
+ from the MEC. While the evaluation of NH4

+ extraction technologies is outside the 

scope of the present study, there are several methods that could be used. For example, driving 

NH4
+ transport across a cation-exchange membrane has already been shown in METs. 

Alternatively, NH4
+ conversion to NH3 gas in a separate alkaline cathode chamber conditions may 

also be a possibility.61,62 

Relative to other NH3 generation technologies, the MEC energy demand was large because 

only small amounts of NH4
+ were recovered when the inhibitor was used.  Based on the N2 fixation 

rate estimates reported here, if 100% recovery was achieved (assuming NH4
+ is the main product), 

the energy demand could be lowered by an order of magnitude to about 3.2 MJ/mol at EAP = 1.0 

V (~5.6 MJ/mol if CH4 conversion to electricity is considered). Engineering high NH4
+-producing 

exoelectrogenic strains similar to the approach used by Barney et al.8 to develop an aerobic 

Azotobacter spp. that accumulated up to 30 mM NH4
+ at a rate of 200 µM h-1 may be an approach 

to further reduce energy requirements.8,63,64 Additionally, optimizing the MEC design and 
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materials could also help reduce the energy demand through, for example, using large surface area 

electrodes, minimizing electrode spacing, and optimizing N2 gas transfer to the biofilm. 

 

4.3.6 Implications 

Based on the obtained results, the use of an MET offers an alternative to NH4
+ using 

diazotrophic, exoelectrogenic bacteria. Compared with other methods that require expensive 

materials (e.g., platinum, gold, ruthenium), high temperatures and/or pressures, sunlight, or rely 

on non-renewable catalysts, the MEC used here generates NH4
+ under ambient conditions, with 

inexpensive electrode materials (e.g., graphite, stainless steel), and self-renewing microbial 

catalysts.11,26,45. Our findings suggest that multiple N2 fixation pathways may occur in the MEC 

(Fig. 4.5). Diazotrophic exoelectrogenic bacteria fix N2 while consuming organic matter and 

respiring on the anode. The electrons transferred to the anode result in the cathodic generation of 

H2 that can be further converted to CH4 via methanogenesis. Methanogens may also fix N2, 

although likely to a lesser degree than the exoelectrogens. To further optimize the technology, 

identifying and engineering promising N2-fixing exoelectrogens will be needed, rather than relying 

on chemical inhibitors. We justify the use of an NH4
+ uptake inhibitor here to explore the potential 

for NH4
+ generation from the MEC, but it is not a long-term, sustainable approach. There are 

promising diazotrophic exoelectrogens (e.g., G. sulfurreducens) that may yield new NH4
+-

excreting, engineered strains13,14,44. On the basis of the high relative abundance of Geobacter spp. 

in our MEC anode biofilms, we hypothesize that these microorganisms were the primary 

contributors to the high current and N2 fixation rates in the MECs15,30. Further studies must assess 

the capability of N2 fixation and NH4
+ production by pure cultures of Geobacter species, as well 

as determine the N2 fixation capabilities of other microorganisms such as methanogens.  
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4.4 Conclusions 

This study explored the possibility of converting N2 gas into NH4
+ using single-chamber 

microbial electrolysis cells (MECs). We showed that MEC N2 fixation rates can approach those 

reported for model aerobic diazotrophs such as Azotobacter species. Increasing the electrical input 

from an applied voltage of 0.7 V to 1.0 V resulted in a significant increase in N2 fixation rates. The 

addition of an NH4
+ uptake inhibitor resulted in generation rates up to 5.2×10-12 mol NH4

+/(s-cm2), 

normalized to the anode surface area. While the energy demands of this proof-of-concept study 

were larger than commercially available processes (i.e., Haber-Bosch), the possibility of 

recovering multiple products, including H2, CH4, and NH4
+ may provide a unique niche for this 

technology.   

 

 

  



   

82 

 

Chapter 4 References 

(1)  Erisman, J. W.; Sutton, M. A.; Galloway, J.; Klimont, Z.; Winiwarter, W. How a Century 

of Ammonia Synthesis Changed the World. Nat. Geosci. 2008, 1 (10), 636–639. 

https://doi.org/10.1038/ngeo325. 

 

(2)  Cherkasov, N.; Ibhadon, A. O.; Fitzpatrick, P. A Review of the Existing and Alternative 

Methods for Greener Nitrogen Fixation. Chem. Eng. Process. Process Intensif. 2015, 90, 

24–33. https://doi.org/10.1016/j.cep.2015.02.004. 

 

(3)  Zhou, F.; Azofra, L. M.; Ali, M.; Kar, M.; Simonov, A. N.; McDonnell-Worth, C.; Sun, 

C.; Zhang, X.; MacFarlane, D. R. Electro-Synthesis of Ammonia from Nitrogen at 

Ambient Temperature and Pressure in Ionic Liquids. Energy Environ. Sci. 2017, 10 (12), 

2516–2520. https://doi.org/10.1039/C7EE02716H. 

 

(4)  Giddey, S.; Badwal, S. P. S.; Kulkarni, A. Review of Electrochemical Ammonia 

Production Technologies and Materials. Int. J. Hydrogen Energy 2013, 38 (34), 14576–

14594. https://doi.org/10.1016/j.ijhydene.2013.09.054. 

 

(5)  Milton, R. D.; Cai, R.; Abdellaoui, S.; Leech, D.; De Lacey, A. L.; Pita, M.; Minteer, S. D. 

Bioelectrochemical Haber-Bosch Process: An Ammonia-Producing H2/N2 Fuel Cell. 

Angew. Chemie Int. Ed. 2017, 56 (10), 2680–2683. 

https://doi.org/10.1002/anie.201612500. 

 

(6)  Saikia, S. P.; Jain, V. Biological Nitrogen Fixation with Non-Legumes: An Achievable 

Target or a Dogma? Curr. Sci. 2007, 92 (3), 317–322. 

 

(7)  Van Kessel, C.; Hartley, C. Agricultural Management of Grain Legumes: Has It Led to an 

Increase in Nitrogen Fixation? F. Crop. Res. 2000, 65 (2–3), 165–181. 

https://doi.org/10.1016/S0378-4290(99)00085-4. 

 

(8)  Barney, B. M.; Plunkett, M. H.; Natarajan, V.; Mus, F.; Knutson, C. M.; Peters, J. W. 

Transcriptional Analysis of an Ammonium-Excreting Strain of Azotobacter vinelandii 

Deregulated for Nitrogen Fixation. Appl. Environ. Microbiol. 2017, 83 (20), 1–22. 

https://doi.org/10.1128/AEM.01534-17. 

 

(9)  Gallon, J. R. The Oxygen Sensitivity of Nitrogenase: A Problem for Biochemists and 

Micro-Organisms. Trends Biochem. Sci. 1981, 6 (C), 19–23. https://doi.org/10.1016/0968-

0004(81)90008-6. 

 

(10)  Knoche, K. L.; Aoyama, E.; Hasan, K.; Minteer, S. D. Role of Nitrogenase and Ferredoxin 

in the Mechanism of Bioelectrocatalytic Nitrogen Fixation by the Cyanobacteria 

Anabaena variabilis SA-1 Mutant Immobilized on Indium Tin Oxide (ITO) Electrodes. 

Electrochim. Acta 2017, 232, 396–403. https://doi.org/10.1016/j.electacta.2017.02.148. 

 

 



   

83 

 

(11)  Logan, B. E.; Rabaey, K. Conversion of Wastes into Bioelectricity and Chemicals by 

Using Microbial Electrochemical Technologies. Science. 2012, 337 (6095), 686–690. 

https://doi.org/10.1126/science.1217412. 

 

(12)  Zhu, X.; Yates, M. D.; Hatzell, M. C.; Ananda Rao, H.; Saikaly, P. E.; Logan, B. E. 

Microbial Community Composition Is Unaffected by Anode Potential. Environ. Sci. 

Technol. 2014, 48 (2), 1352–1358. https://doi.org/10.1021/es404690q. 

 

(13)  Methe, B. A.; Webster, J.; Nevin, K.; Butler, J.; Lovley, D. R. DNA Microarray Analysis 

of Nitrogen Fixation and Fe(III) Reduction in Geobacter sulfurreducens. Appl. Environ. 

Microbiol. 2005, 71 (5), 2530–2538. https://doi.org/10.1128/AEM.71.5.2530-2538.2005. 

 

(14)  Holmes, D. E.; O’Neil, R. A.; Chavan, M. A.; N’Guessan, L. A.; Vrionis, H. A.; Perpetua, 

L. A.; Larrahondo, M. J.; DiDonato, R.; Liu, A.; Lovley, D. R. Transcriptome of 

Geobacter uraniireducens Growing in Uranium-Contaminated Subsurface Sediments. 

ISME J. 2009, 3 (2), 216–230. https://doi.org/10.1038/ismej.2008.89. 

 

(15)  Wong, P. Y.; Cheng, K. Y.; Kaksonen, A. H.; Sutton, D. C.; Ginige, M. P. Enrichment of 

Anodophilic Nitrogen Fixing Bacteria in a Bioelectrochemical System. Water Res. 2014, 

64 (1), 73–81. https://doi.org/10.1016/j.watres.2014.06.046. 

 

(16)  Zhou, S.; Han, L.; Wang, Y.; Yang, G.; Zhuang, L.; Hu, P. Azospirillum humicireducens 

Sp. Nov., a Nitrogen-Fixing Bacterium Isolated from a Microbial Fuel Cell. Int. J. Syst. 

Evol. Microbiol. 2013, 63 (Pt 7), 2618–2624. https://doi.org/10.1099/ijs.0.046813-0. 

 

(17)  Rago, L.; Zecchin, S.; Villa, F.; Goglio, A.; Corsini, A.; Cavalca, L.; Schievano, A. 

Bioelectrochemical Nitrogen Fixation (e-BNF): Electro-Stimulation of Enriched Biofilm 

Communities Drives Autotrophic Nitrogen and Carbon Fixation. Bioelectrochemistry 

2018, 125, 105–115. https://doi.org/10.1016/J.BIOELECHEM.2018.10.002. 

 

(18)  Hardy, R. W. F.; Burns, R. C.; Holsten, R. D. Applications of the Acetylene-Ethylene 

Assay for Measurement of Nitrogen Fixation. Soil Biol. Biochem. 1973, 5 (1), 47–81. 

https://doi.org/10.1016/0038-0717(73)90093-X. 

 

(19)  Call, D. F.; Logan, B. E. A Method for High Throughput Bioelectrochemical Research 

Based on Small Scale Microbial Electrolysis Cells. Biosens. Bioelectron. 2011, 26 (11), 

4526–4531. https://doi.org/10.1016/j.bios.2011.05.014. 

 

(20)  Colnaghi, R.; Green, A.; He, L.; Rudnick, P.; Kennedy, C. Strategies for Increased 

Ammonium Production in Free-Living or Plant Associated Nitrogen Fixing Bacteria. 

Plant Soil 1997, 145–154. https://doi.org/10.1023/A:1004268526162. 

 

(21)  Ahmad, I.; Hellebust, J. A. Effects of Methionine Sulfoximine on Growth and Nitrogen 

Assimilation of the Marine Microalga Chlorella autotrophica. Mar. Biol. 1985, 86 (1), 

85–91. https://doi.org/10.1007/BF00392582. 

 



   

84 

 

(22)  Ronzio, R. A.; Rowe, W. B.; Meister, A. Studies on the Mechanism of Inhibition of 

Glutamine Synthetase By Methionine Sulfoximine. Biochemistry 1969, 8 (3), 1066–1075. 

https://doi.org/10.1021/bi00831a038. 

 

(23)  Cejudo, F. J.; de la Torre, A.; Paneque, A. Short-Term Ammonium Inhibition of Nitrogen 

Fixation in Azotobacter. Biochem. Biophys. Res. Commun. 1984, 123 (2), 431–437. 

https://doi.org/10.1016/0006-291X(84)90248-1. 

 

(24)  Yu, Y.; Lee, C.; Kim, J.; Hwang, S. Group-Specific Primer and Probe Sets to Detect 

Methanogenic Communities Using Quantitative Real-Time Polymerase Chain Reaction. 

Biotechnol. Bioeng. 2005, 89 (6), 670–679. https://doi.org/10.1002/bit.20347. 

 

(25)  Caporaso, J. G.; Kuczynski, J.; Stombaugh, J.; Bittinger, K.; Bushman, F. D.; Costello, E. 

K.; Fierer, N.; Peña, A. G.; Goodrich, J. K.; Gordon, J. I.; et al. QIIME Allows Analysis of 

High-Throughput Community Sequencing Data. Nat. Methods 2010, 7 (5), 335–336. 

https://doi.org/10.1038/nmeth.f.303. 

 

(26)  Logan, B. E.; Call, D.; Cheng, S.; Hamelers, H. V. M.; Sleutels, T. H. J. A.; Jeremiasse, 

A. W.; Rozendal, R. A. Microbial Electrolysis Cells for High Yield Hydrogen Gas 

Production from Organic Matter. Environ. Sci. Technol. 2008, 42 (23), 8630–8640. 

https://doi.org/10.1021/es801553z. 

 

(27)  Call, D.; Logan, B. E. Hydrogen Production in a Single Chamber Microbial Electrolysis 

Cell Lacking a Membrane. Environ. Sci. Technol. 2008, 42 (9), 3401–3406. 

https://doi.org/10.1021/es8001822. 

 

(28)  Villano, M.; Monaco, G.; Aulenta, F.; Majone, M. Electrochemically Assisted Methane 

Production in a Biofilm Reactor. J. Power Sources 2011, 196 (22), 9467–9472. 

https://doi.org/10.1016/j.jpowsour.2011.07.016. 

 

(29)  U.S. Environmental Protection Agency; Combined Heat and Power Partnership. 

Opportunities for Combined Heat and Power at Wastewater Treatment Facilities : Market 

Analysis and Lessons from the Field. 2011. 

 

(30)  Belleville, P.; Strong, P. J.; Dare, P. H.; Gapes, D. J. Influence of Nitrogen Limitation on 

Performance of a Microbial Fuel Cell. Water Sci. Technol. 2011, 63 (8), 1752–1757. 

https://doi.org/10.2166/wst.2011.111. 

 

(31)  Ren, L.; Siegert, M.; Ivanov, I.; Pisciotta, J. M.; Logan, B. E. Treatability Studies on 

Different Refinery Wastewater Samples Using High-Throughput Microbial Electrolysis 

Cells (MECs). Bioresour. Technol. 2013, 136, 322–328. 

https://doi.org/10.1016/j.biortech.2013.03.060. 

 

 

 

 



   

85 

 

(32)  Laane, C.; Krone, W.; Konings, W.; Haaker, H.; Veeger, C. Short-Term Effect of 

Ammonium Chloride on Nitrogen Fixation by Azotobacter vinelandii and by Bacteroids 

of Rhizobium leguminosarum. Eur. J. Biochem. 1980, 103 (1), 39–46. 

https://doi.org/10.1111/j.1432-1033.1980.tb04286.x. 

 

(33)  Hartmann, A.; Fu, H.; Burris, R. H. Regulation of Nitrogenase Activity by Ammonium 

Chloride in Azospirillum spp. J. Bacteriol. 1986, 165 (3), 864–870. 

https://doi.org/10.1128/jb.165.3.864-870.1986. 

 

(34)  Mouser, P. J.; N’Guessan, A. L.; Elifantz, H.; Holmes, D. E.; Williams, K. H.; Wilkins, 

M. J.; Long, P. E.; Lovley, D. R. Influence of Heterogeneous Ammonium Availability on 

Bacterial Community Structure and the Expression of Nitrogen Fixation and Ammonium 

Transporter Genes during in Situ Bioremediation of Uranium-Contaminated Groundwater. 

Environ. Sci. Technol. 2009, 43 (12), 4386–4392. https://doi.org/10.1021/es8031055. 

 

(35)  Bottomley, P. J.; Grillo, J. F.; Van Baalen, C.; Tabita, F. R. Synthesis of Nitrogenase and 

Heterocysts by Anabaena sp. CA in the Presence of High Levels of Ammonia. J. 

Bacteriol. 1979, 140 (3), 938–943. 

 

(36)  Tchobanoglous, G. Wastewater Engineering. Treatment, Disposal and Reuse, 3rd Editio.; 

McGraw-Hill, 1991. 

 

(37)  Hurek, T.; Reinhold-Hurek, B.; Turner, G. L.; Bergersen, F. J. Augmented Rates of 

Respiration and Efficient Nitrogen Fixation at Nanomolar Concentrations of Dissolved O2 

in Hyperinduced Azoarcus sp. Strain BH72. J. Bacteriol. 1994, 176 (15), 4726–4733. 

https://doi.org/10.1128/jb.176.15.4726-4733.1994. 

 

(38)  Linkerhägner, K.; Oelze, J. Cellular ATP Levels and Nitrogenase Switchoff upon Oxygen 

Stress in Chemostat Cultures of Azotobacter vinelandii. J. Bacteriol. 1995, 177 (18), 

5289–5293. https://doi.org/10.1128/jb.177.18.5289-5293.1995. 

 

(39)  Linkerhägner, K.; Oelze, J. Nitrogenase Activity and Regeneration of the Cellular ATP 

Pool in Azotobacter vinelandii Adapted to Different Oxygen Concentrations. J. Bacteriol. 

1997, 179 (4), 1362–1367. https://doi.org/10.1128/jb.179.4.1362-1367.1997. 

 

(40)  Zhang, Y.; Pohlmann, E. L.; Roberts, G. P. Effect of Perturbation of ATP Level on the 

Activity and Regulation of Nitrogenase in Rhodospirillum rubrum. J. Bacteriol. 2009, 191 

(17), 5526–5537. https://doi.org/10.1128/JB.00585-09. 

 

(41)  Kuhla, J.; Oelze, J. Dependence of Nitrogenase Switch-off upon Oxygen Stress on the 

Nitrogenase Activity in Azotobacter vinelandii. J. Bacteriol. 1988, 170 (11), 5325–5329. 

https://doi.org/10.1128/jb.170.11.5325-5329.1988. 

 

(42)  Post, E.; Kleiner, D.; Oelze, J. Whole Cell Respiration and Nitrogenase Activities in 

Azotobacter vinelandii Growing in Oxygen Controlled Continuous Culture. Arch. 

Microbiol. 1983, 134 (1), 68–72. https://doi.org/10.1007/BF00429410. 



   

86 

 

(43)  Fay, P. Oxygen Relations of Nitrogen Fixation in Cyanobacteria. Microbiol. Rev. Rev. 

1992, 56 (2), 340–373. 

 

(44)  Bazylinski, D. A.; Dean, A. J.; Schuler, D.; Phillips, E. J. P.; Lovley, D. R. N2-Dependent 

Growth and Nitrogenase Activity in the Metal-Metabolizing Bacteria, Geobacter and 

Magnetospirillum Species. Environ. Microbiol. 2000, 2 (3), 266–273. 

https://doi.org/10.1046/j.1462-2920.2000.00096.x. 

 

(45)  Logan, B. E.; Regan, J. M. Electricity-Producing Bacterial Communities in Microbial Fuel 

Cells. Trends Microbiol. 2006, 14 (12), 512–518. 

https://doi.org/10.1016/j.tim.2006.10.003. 

 

(46)  Staal, M.; Lintel-Hekkert, S. te; Harren, F.; Stal, L. Nitrogenase Activity in Cyanobacteria 

Measured by the Acetylene Reduction Assay: A Comparison between Batch Incubation 

and on-Line Monitoring. Environ. Microbiol. 2001, 3 (5), 343–351. 

https://doi.org/10.1046/j.1462-2920.2001.00201.x. 

 

(47)  Ramos, J. L.; Guerrero, M. G.; Losada, M. Sustained Photoproduction of Ammonia from 

Dinitrogen and Water by the Nitrogen-Fixing Cyanobacterium Anabaena sp. Strain 

ATCC. Appl. Environ. Microbiol. 1984, 48 (1), 114–118. 

 

(48)  Gordon, J. K.; Brill, W. J. Derepression of Nitrogenase Synthesis in the Presence of 

Excess NH4+. Biochem. Biophys. Res. Commun. 1974, 59 (3), 967–971. 

https://doi.org/10.1016/S0006-291X(74)80074-4. 

 

(49)  Torres, C. I.; Krajmalnik-Brown, R.; Parameswaran, P.; Marcus, A. K.; Wanger, G.; 

Gorby, Y. A.; Rittmann, B. E. Selecting Anode-Respiring Bacteria Based on Anode 

Potential: Phylogenetic, Electrochemical, and Microscopic Characterization. Environ. Sci. 

Technol. 2009, 43 (24), 9519–9524. https://doi.org/10.1021/es902165y. 

 

(50)  Diaz, C.; Baena, S.; Fardeau, M.-L.; Patel, B. K. C. Aminiphilus circumscriptus Gen. 

Nov., Sp. Nov., an Anaerobic Amino-Acid-Degrading Bacterium from an Upflow 

Anaerobic Sludge Reactor. Int. J. Syst. Evol. Microbiol. 2007, 57 (8), 1914–1918. 

https://doi.org/10.1099/ijs.0.63614-0. 

 

(51)  Lesnik, K. L.; Liu, H. Establishing a Core Microbiome in Acetate-Fed Microbial Fuel 

Cells. Appl. Microbiol. Biotechnol. 2014, 98 (9), 4187–4196. 

https://doi.org/10.1007/s00253-013-5502-9. 

 

(52)  Wang, Y.; Wang, Q.; Li, M.; Yang, Y.; He, W.; Yan, G.; Guo, S. An Alternative 

Anaerobic Treatment Process for Treatment of Heavy Oil Refinery Wastewater 

Containing Polar Organics. Biochem. Eng. J. 2016, 105, 44–51. 

https://doi.org/10.1016/j.bej.2015.08.012. 

 

 

 



   

87 

 

(53)  Li, N.; He, L.; Lu, Y.-Z.; Zeng, R. J.; Sheng, G.-P. Robust Performance of a Novel 

Anaerobic Biofilm Membrane Bioreactor with Mesh Filter and Carbon Fiber (ABMBR) 

for Low to High Strength Wastewater Treatment. Chem. Eng. J. 2017, 313, 56–64. 

https://doi.org/10.1016/j.cej.2016.12.073. 

 

(54)  Latif, M. A.; Mehta, C. M.; Batstone, D. J. Enhancing Soluble Phosphate Concentration in 

Sludge Liquor by Pressurised Anaerobic Digestion. Water Res. 2018, 145 (60), 660–666. 

https://doi.org/10.1016/j.watres.2018.08.069. 

 

(55)  Su, X.-L.; Tian, Q.; Zhang, J.; Yuan, X.-Z.; Shi, X.-S.; Guo, R.-B.; Qiu, Y.-L. 

Acetobacteroides hydrogenigenes Gen. Nov., Sp. Nov., an Anaerobic Hydrogen-

Producing Bacterium in the Family Rikenellaceae Isolated from a Reed Swamp. Int. J. 

Syst. Evol. Microbiol. 2014, 64 (Pt 9), 2986–2991. https://doi.org/10.1099/ijs.0.063917-0. 

 

(56)  Oren, A. The Family Methanocorpusculaceae. In The Prokaryotes: Other Major Lineages 

of Bacteria and The Archaea; Rosenberg, E., DeLong, E. F., Lory, S., Stackebrandt, E., 

Thompson, F., Eds.; Springer Berlin Heidelberg: Berlin, Heidelberg, 2014; pp 225–230. 

https://doi.org/10.1007/978-3-642-38954-2_314. 

 

(57)  Oren, A. The Family Methanobacteriaceae. In The Prokaryotes; Rosenberg, E., DeLong, 

E. F., Lory, S., Stackebrandt, E., Thompson, F., Eds.; Springer Berlin Heidelberg: Berlin, 

Heidelberg, 2014; pp 165–193. https://doi.org/10.1007/978-3-642-38954-2_411. 

 

(58)  Leigh, J. Nitrogen Fixation In Methanogens: The Archaeal Perspective. Curr. Issues Mol. 

Biol. 2000, 2 (4), 125–131. https://doi.org/10.21775/cimb.002.125. 

 

(59)  Lobo, A. L.; Zinder, S. H. Nitrogen Fixation by Methanogenic Bacteria. In Biological 

Nitrogen Fixation; 1992; pp 191–211. 

 

(60)  Dos Santos, P. C.; Fang, Z.; Mason, S. W.; Setubal, J. C.; Dixon, R. Distribution of 

Nitrogen Fixation and Nitrogenase-like Sequences amongst Microbial Genomes. BMC 

Genomics 2012, 13 (1), 162. https://doi.org/10.1186/1471-2164-13-162. 

 

(61)  Zhang, C.; Ma, J.; He, D.; Waite, T. D. Capacitive Membrane Stripping for Ammonia 

Recovery (CapAmm) from Dilute Wastewaters. Environ. Sci. Technol. Lett. 2018, 5 (1), 

43–49. https://doi.org/10.1021/acs.estlett.7b00534. 

 

(62)  Tarpeh, W. A.; Barazesh, J. M.; Cath, T. Y.; Nelson, K. L. Electrochemical Stripping to 

Recover Nitrogen from Source-Separated Urine. Environ. Sci. Technol. 2018, 52 (3), 

1453–1460. https://doi.org/10.1021/acs.est.7b05488. 

 

(63)  Bageshwar, U. K.; Srivastava, M.; Pardha-Saradhi, P.; Paul, S.; Gothandapani, S.; Jaat, R. 

S.; Shankar, P.; Yadav, R.; Biswas, D. R.; Kumar, P. A.; et al. An Environmentally 

Friendly Engineered Azotobacter Strain That Replaces a Substantial Amount of Urea 

Fertilizer While Sustaining the Same Wheat Yield. Appl. Environ. Microbiol. 2017, 83 

(15), 1–14. https://doi.org/10.1128/AEM.00590-17. 



   

88 

 

(64)  Bali, A.; Blanco, G.; Hill, S.; Kennedy, C. Excretion of Ammonium by a NifL Mutant of 

Azotobacter Vinelandii Fixing Nitrogen. Appl. Environ. Microbiol. 1992, 58 (5), 1711–

1718. 

 

  



   

89 

 

Figures 

  

Figure 4.1. A) Current densities (IA; normalized to anode surface area) of the microbial electrolysis 

cells (MECs) at EAP = 0.7 V and 1.0 V under an atmosphere of 100% N2 with and without NH4
+ 

added (5.8 mM) to the medium. A representative cycle (cycle 16; 40 days after inoculation) is 

shown. Each line represents the average current of triplicate MECs. The error bars are omitted to 

improve clarity. Abiotic MECs (not shown) did not generate current. B) Current densities over 

several cycles at EAP = 0. 7 V. Error bars show the deviation of maximum current density per cycle 

among triplicates.  
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Figure 4.2. N2 fixation rates during current generation in the microbial electrolysis cells (MECs) 

at EAP = 0.7 V and EAP =1.0 V. To estimate N2 fixation rates, the acetylene gas reduction assay 

was performed, wherein the nitrogenase enzyme within the microorganisms reduces acetylene to 

ethylene gas (C2H4; y-axis). MECs were purged with 100% N2 and operated without fixed nitrogen 

(N2) or with NH4
+ added (N2 + NH4

+). Results are shown for cycle 17 (EAP = 0.7 V) and 18 (EAP 

= 1.0 V). Abiotic controls are identical MECs but lack microorganisms, and open circuit voltage 

(OCV) controls are biotic MECs without current flow. Error bars represent the standard deviation 

of triplicate MECs.   
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Figure 4.3. NH4

+ generation in the microbial electrolysis cells (MECs) at an applied voltage (EAP) 

of 0.7 V and 1.0 V with and without an NH4
+ uptake inhibitor [methionine sulfoximine (MSX)] 

added to the medium. All MECs were operated with a 100% N2 atmosphere and no NH4
+ added. 

One complete MEC cycle is shown (~60 h). Error bars show the standard deviation of triplicate 

MECs.  
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Figure 4.4. Microbial community composition of anode biofilms in the presence and absence of 

NH4
+. Percentages show the average relative abundance of genera from triplicate anode biofilms. 

Dominant biofilm genera (relative abundance > 5%) are shown individually, while the rest are 

grouped as “Other”. 
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Figure 4.5. Graphical representation of N2 fixation in the microbial electrolysis cell (MEC). 

Oxidation (consumption) of acetate provides the required electrons (e-) for N2 fixation by the 

exoelectrogenic bacteria (pink circles). The exoelectrogens transfer the electrons to the anode 

during respiration. An external voltage (V) drives electrons to the cathode where they produce H2 

gas. H2 can be consumed by the exoelectrogens to provide electrons for further N2 fixation and/or 

converted to CH4 by methanogens (green circles). 
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CHAPTER 5 

ANALYSIS OF THE TRANSCRIPTOME OF ANODE-RESPIRING GEOBACTER 

SULFURREDUCENS TO REVEAL GENE EXPRESSION CHANGES DURING 

NITROGEN FIXATION 

Abstract 

Nitrogen gas (N2) fixation in anode respiring bacteria such as Geobacter sulfurreducens is 

a complex, multi-step process whose regulation and expression at the genetic level need to be 

better understood to optimize ammonium (NH4
+) production in microbial electrolysis cells 

(MECs). In this chapter, I hypothesized that expression of genes associated with N2 fixation and 

NH4
+ assimilation in G. sulfurreducens during anode respiration would be dependent on the anode 

potential and presence of dissolved NH4
+. To test this hypothesis, I obtained gene expression levels 

(via RNA sequencing) from a pure culture of G. sulfurreducens growing on anodes fixed at 

different potentials (EAN) and in the presence of different concentrations of NH4
+. I found that the 

presence of NH4
+ decreased the expression of genes associated with N2 fixation, such as nifH, and 

nifD and nifK, which encode the structural subunits of the nitrogenase complex. This result was 

expected due to the known sensitivity of nitrogenases to NH4
+. The anode potential had a dramatic 

and unexpected impact on the expression levels of N2 fixation genes. At the low EAN [−0.15 V vs. 

standard hydrogen electrode (SHE)], nitrogenase genes were significantly up-regulated, as were 

genes associated with NH4
+ uptake and transport, such as glutamine and glutamate synthetases. 

Considering that −0.15 V provides less energy to the cells relative to +0.15 V (based on 

thermodynamic predictions), my results suggest that the cells responded to this highly energy-

constrained environment by increasing expression of N2 fixation pathways. These findings have 
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important implications for understanding regulatory pathways of N2 fixation and will allow 

identification of target genes or operational strategies to enhance NH4
+ production in MECs. 

 

Significance 

A key knowledge gap towards the development of an NH4
+-generating microbial 

electrochemical technology (MET) is the mechanism of microbial N2 fixation in response to 

electrochemical process control. The results of this chapter are significant because they provide 

fundamental insight into N2 fixation pathways in the exoelectrogen G. sulfurreducens. Most 

notably, my findings suggest that targeting NH4
+ assimilation and transport genes may permit 

excretion of this compound during anode respiration. Additionally, controlling the anode potential 

to enable increased expression of N2 fixation genes may provide an operational approach to 

enhance N2 fixation rates.  

 

5.1 Introduction 

Biological nitrogen gas (N2) fixation is considered a promising alternative to generate 

ammonium (NH4
+) due to the capacity of microorganisms to perform this process under 

atmospheric conditions. Many bacteria belonging to the family Geobacteraceae possess N2 fixation 

genes, which allow them to survive in conditions when fixed nitrogen is limited.1 Several species 

in this family are classified as electrochemically active bacteria (EAB), or exoelectrogens, due to 

their ability to transfer electrons extracellularly to insoluble electron acceptors during respiration. 

Among those microorganisms, extensively studied EAB such as Geobacter metallireducens and 

G. sulfurreducens are capable of performing N2 fixation, either through nitrogenase activity in the 

wild type strains or by the manipulation of genes, such as nifD, that encode nitrogenase subunits.1,2  
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As discussed in Chapter 4, one advantage of using EAB for N2 fixation and NH4
+ 

production is that their respiration rates can be increased through the application of an external 

applied voltage. However, in that chapter NH4
+ recovery was only possible with the addition of a 

chemical inhibitor, which may pose an economic and environmental challenge for sustainable 

production of NH4
+. Developing a bacterial strain capable of excreting NH4

+ may provide a 

sustainable approach to recovering NH4
+. This approach has been performed previously on model 

aerobic diazotrophs, such as Azotobacter species, through genetic manipulation and mutation of 

NH4
+ uptake genes.3,4 The resulting mutant strains are able to excrete NH4

+ at concentrations close 

to 30 mM.5 However, due to the O2 sensitivity of nitrogenase enzymes, it is challenging to increase 

and sustain NH4
+ production in microorganisms such as Azotoacter that require O2 as a terminal 

electron acceptor. Generating an efficient strain of a diazotrophic, exoelectrogenic bacteria that 

operates under the anaerobic conditions of an MET is thus an attractive strategy for sustainably 

producing NH4
+.  

There are several N2 fixation pathways and regulatory controls that are common across 

diazotrophs. Due to the high energetic and metabolic requirements, N2 fixation is tightly regulated 

by several regulatory motifs that activate hierarchically (a “regulatory cascade”) only when 

nitrogen limiting conditions are present and the process can proceed under favorable conditions 

(e.g., absence of O2).
6 Expression of N2 fixation and NH4

+ assimilation genes are dependent on 

sigma factor 54 of the RNA polymerase (σ54) encoded by RpoN7 which is normally present in 

diazotrophic microorganisms.8 In well characterized, free-living diazotrophs, regulation of 

transcription is normally performed by the general nitrogen regulation system (Ntr), which 

comprises the proteins GlnB (or its homolog GlnK), GlnD, NtrB and NtrC, with the latter two 

acting as a two-component His-Asp phosphorelay sensory system in which NtrB, a histidine 
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kinase, phosphorylates NtrC after the other proteins sense low levels of bioavailable nitrogen.9  

Through this system, Ntr controls the expression of the nifLA promoter, which encodes the 

transcriptional activator NifA and the anti-activator protein NifL. NifA acts as the master regulator 

of N2 fixation that ultimately allows transcription initiation by the RNA polymerase-σ54 complex. 

NifL forms a complex with NifA when enough fixed nitrogen is present or inhibitory oxygen levels 

are sensed, preventing transcription of N2 fixation genes and adding an extra component to the 

regulatory cascade (Fig. 5.1A).6  

While this regulatory process is well conserved and characterized in diazotrophic Alpha, 

Beta and Gamma-Proteobacteria, N2 fixation and its regulatory controls are different and less 

understood for Delta-proteobacteria, particularly within the genus Geobacter. Nitrogenase genes 

such as nifD are generally similar to other diazotrophic bacteria and are well-conserved among 

species within Geobacteraceae.10 N2 fixation and NH4
+ assimilation genes are also dependent on 

the regulon RpoN; however, the expression of these genes appears to be controlled by two two-

component His-Asp phosphorelay systems instead of one.11 The first regulator, the GnfL/GnfM 

system, acts similarly to the NtrB/NtrC system in other organisms by initially sensing fixed 

nitrogen (NH4
+) concentrations, where GnfL (also a histidine kinase) phosphorylates GnfM when 

NH4
+ levels are low. GnfM also acts as the master regulator to initiate transcription, a theory 

supported by the absence of NifA homologues in Geobacter.11 The second phosphorelay system, 

GnfK/GnfR, supports the expression of N2 fixation genes by means of an anti-termination 

mechanism (Fig. 5.1B). A deeper understanding is thus needed to know which genes can be 

targeted to overcome regulatory limitations and optimize N2 conversion into NH4
+ in these 

organisms. 
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Microbial electrolysis cells (MECs) offer a controlled, anaerobic environment where 

diazotrophic EAB grow. The anode, acting as electron acceptor for EAB, can be adjusted by 

external electrochemical factors such as external voltage (EAP) or a fixed anodic potential 

(EAN),12,13 leading to different respiration rates and electron transfer responses that are attributed 

to the expression of different electron transferring proteins and pathways. While the CbcL-

dependent pathway has been reported to be the main contributor (at least 60%) to electron transfer 

in Geobacter-enriched anodes,14 at EAN above −0.10 V vs. standard hydrogen electrode (SHE), the 

ImcH-dependent pathway is expressed to harvest additional energy.15 For this reason, biocatalytic 

activity of organisms such as G. sulfurreducens largely remains unchanged, although biomass and 

current generation increase with a more positive EAN due to the higher electron transfer rates and 

the expression of additional pathways for electron transfer.16,17 Subsequently, it is important to 

know which processes and metabolic pathways are favored due to the changes in available energy 

and electron transfer mechanisms. Additionally, both N2 fixation and extracellular electron transfer 

are vulnerable to O2 exposure, therefore, cells must develop mechanisms to protect cells from 

oxidative stress caused by this gas. Diazotrophic EAB such as G. sulfurreducens contain genes 

that encode enzymes to scavenge oxygen radicals and provide protection from oxidative stress,18 

while also being able to respire on O2 under low concentrations (~5%).19 Although performing N2 

fixation in MECs offers the advantage that this system is maintained under anaerobic conditions, 

the presence of trace amounts of O2 needs to be accounted for in case it is present in larger scale 

iterations of this technology.20  

The aforementioned processes involve the transfer of electrons that are obtained from the 

electron donor. After reducing equivalents are generated through respiration, some electrons are 

redirected to biomass production, while others are utilized in the reduction of N2.
21 Energy may 
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also be spent in the production of stress response mechanisms, such as the presence of O2, which 

inhibits nitrogenase and acts as a repressor of nitrogen fixation even in aerobic microorganisms.22 

Therefore, besides the required regulation of each process (e.g., the double phosphorelay system 

for N2 fixation control), strong regulatory pathways that serve as links between processes must 

ensure that distribution of energy and electrons is optimized.  

Unlike other diazotrophic microorganisms, RpoN in Geobacter species appears to control 

a handful of constitutive genes, regardless of nitrogen availability. Genome analysis suggests that 

RpoN is involved in conductive pili (nanowire) biosynthesis,7 while also being the primary sigma 

factor to regulate energy metabolism and maintain redox homeostasis.23  It is therefore, the factor 

responsible for shifting respiratory pathways in G. sulfurreducens when an insoluble electron 

acceptor, such as an electrode, is utilized instead of fumarate (the most common soluble electron 

acceptor for this bacterium).23 The role of RpoN-directed regulation thus suggests metabolic 

interactions within Geobacter sp. occur between N2 fixation, biomass generation through NH4
+ 

uptake and extracellular electron transfer. The interactions of these pathways can be better 

understood by comparing the expression levels of genes involved in diverse microbial functions. 

To achieve this, the bacterial transcriptome [all transcribed messenger RNA (mRNA)] can be 

extracted, sequenced, and analyzed to detect differences in expression levels depending on the 

growth conditions. For exoelectrogenic bacteria, transcriptome analysis has been performed 

previously to study changes in metabolic pathways due to anode respiration. In pure cultures of G. 

sulfurreducens respiring on anodes, anode respiration lead to higher expression levels 

(upregulation) of several genes found to be involved in extracellular electron transfer.24,25 While 

similar studies have been performed to find processes that are involved in regulation of N2 fixation, 

information about gene expression under simultaneous N2 fixation and anode respiration is scarce. 
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Therefore, the overarching objective of this chapter was to analyze the transcriptome of G. 

sulfurreducens growing under different electrochemical and environmental conditions. Doing so 

would permit assessment of changes in gene expression during different conditions of anode 

respiration and N2 fixation, and lead to a better understanding of the regulation of diazotrophic 

pathways that occurs in G. sulfurreducens. 

 

5.2 Materials and methods 

5.2.1 Reactor assembly and operation 

Gas-tight microbial electrolysis cells (MECs) were utilized to grow electrochemically 

active bacteria (Fig. 5.2). They consisted of 100 ml glass bottles, with gas-tight rubber stoppers 

(DWK Life Sciences, Germany). A graphite plate (AA = 4.5 cm2) was utilized as anode, whereas 

stainless steel mesh (AC = 3.9 cm2) was utilized as a cathode. Both electrodes were connected to 

current collectors (titanium and stainless-steel wires, respectively) and inserted through the rubber 

stopper. To guarantee reproducibility of replicates, a plastic screw was used to join the electrodes 

and ensure a similar distance between them (2 cm). A silver-silver chloride (Ag/AgCl) reference 

electrode (~+200 mV vs. SHE) was inserted through the rubber stopper and placed between the 

anode and cathode.  

After assembly, MECs were inoculated with a pure culture of G. sulfurreducens strain 

PCA. This organism was chosen because it is a model exoelectrogenic microorganism that can fix 

N2, its genome is sequenced,18 and it has been proven amenable for bacterial transformation, 

offering the possibility of eventual NH4
+ production and optimization through gene editing.2 G. 

sulfurreducens cultures were grown in a phosphate buffered medium as previously described,26 

with sodium acetate as electron donor (1 g/L), sodium fumarate as electron acceptor (8 g/L), and 
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without ammonium chloride (NH4Cl) added to the medium. Once cells achieved early stationary 

phase (OD600 ~ 0.5), 10 ml of culture per reactor were harvested by centrifugation (4,000 rpm for 

20 min), and the pellet was resuspended in 100 ml of PBM, with 2 g/L of sodium acetate (to ensure 

a longer and stable maximum current period during MEC operation) but with no fumarate added. 

Unless specified, NH4Cl was omitted from the medium. After addition of media and inocula to the 

MECs, they were operated in batch mode at 30 ⁰C and were connected to a potentiostat (Bio-Logic 

Science Instruments, Knoxville, TN) under the treatments shown in Table 5.1. These treatments 

were chosen to study the effects of applied potential (EAN), NH4
+ concentration in the medium, 

and O2 addition on gene expression and metabolic pathways of G. sulfurreducens. Current density 

(IA) was measured to track metabolic activity of the cultures and estimate electron transfer rates, 

and media was replaced once IA was stable for at least three days (or when IA started to decrease) 

to avoid stress responses due to the lack of substrate. MECs were operated for three batches to 

allow biofilm formation in the anode. For the third batch, reactors operated for two days after 

refeeding before harvesting the anode and extracting RNA to ensure constant current generation 

and stable respiration rates. 

 

5.2.2 RNA extraction and sequencing 

Once MECs demonstrated stable respiration rates, anode biofilms were harvested for RNA 

extraction. Two days after the beginning of the third batch, anodes were removed and placed 

directly in RNAprotect Bacteria Reagent (QIAGEN) to preserve total RNA. The anode was 

vigorously scraped using a sterile razor sharp to remove the biofilm cells, which were deposited 

in the aforementioned solution and incubated for 5 min. After centrifuging the samples (5,000 g 

for 10 min at 4 oC), the supernatant was removed, and the pellets were stored at −80 oC until RNA 
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was extracted. RNA extraction was performed using the RNAeasy Mini Kit (QIAGEN) following 

the manufacturer’s instructions to lyse cells using lysozyme and proteinase K, as well as adding 

DNAse I to remove DNA contamination. At least 3 µg of total RNA per sample, all with an 

A260/A280 purity of 2 or higher, were sent to the Genomic Sciences Laboratory (GSL) at North 

Carolina State University. The RNA samples were subjected to ribodepletion, where ribosomal 

RNA (rRNA) was removed from the samples using the RiboMinus Transcriptome Isolation kit for 

bacteria followed by the RiboMinus Concentration Module (Thermo Fisher Scientific, Waltham, 

MA). Although only a fractional depletion of ribosomal RNA (rRNA) was achieved (~60% 

removal), RNA libraries were successfully prepared using the NEBNext Ultra RNA library prep 

kit for Illumina (New England BioLabs Inc., Ipswich, MA). The average library size was 430 base 

pairs (bp) with an average insert size of 305 bp. The pooled libraries were sequenced using the 

Illumina NovaSeq 6000 SP platform, with a read length of 150 paired end (PE). Around 20-25 

million sequencing reads per sample were obtained in order to account for the remaining rRNA 

and increase the resolution of the mRNA profiles.  

After the sequencing data were obtained, sequencing results were filtered using the 

Trimmomatic tool to remove adapters and low-quality reads.27 They were subsequently aligned to 

existing genes using the Bowtie2 software tool, using the genome of G. sulfurreducens PCA from 

Ensembl Genome platform as a reference.28 Counts of successful alignments and generation of 

gene tables were performed using the HTSeq software tool.29 Gene tables were analyzed on the R 

platform, utilizing the DESeq2 package to perform statistical and differential expression analysis.30 

Genes of the tested treatments were considered to be differentially expressed against the reference 

treatment (“NP”; No NH4
+ added, +0.15 V EAN) when log2-fold expression levels were higher 

than 2.0, and when the adjusted p-value was less than 0.05 to minimize false discovery rates (FDR). 
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5.3 Results and discussion 

5.3.1 Current density profiles of MECs 

The purpose of utilizing gas-tight microbial electrolysis cells (MECs) with a bigger volume 

than in the previous studies described in this dissertation was to obtain robust and reproducible 

gene expression profiles as a function of two key variables: (1) applied potential (EAN) and (2) 

concentration of fixed nitrogen (NH4
+). After inoculation with pure cultures of G. sulfurreducens, 

all reactors displayed similar current density (IA) profiles (Fig. 5.3), where bacterial colonization 

of the anode was reflected in a steady increase in IA (defined as the startup or enrichment phase) 

due to extracellular electron transfer and consumption of electron donor (i.e., acetate) until 

maximum IA was reached. Subsequent replenishment of growth medium caused IA to reach similar 

densities that were maintained for at least seven days, implying successful biofilm formation on 

the anode. Even though IA profiles were similar among all treatments, especially in regards to EAN 

(Figs. 5.3A and 5.3B), it is worth noting that the presence of NH4
+ (Figs. 5.3C and 5.3D) was 

associated with a decrease in current over time, which is also reflected in the maximum current 

achieved in treatments amended with NH4
+ (Table 5.2). While this decrease in current may be 

associated with microbial stress, the concentration of NH4
+ (5.8 mM) that we used is frequently 

used in growth media for MEC studies involving Geobacter species,31 and both concentrations 

that we used are below values (> 15 mM NH4
+) that are reported to cause a significant decrease in 

current and biomass in MECs.32 It has been reported that large current densities can occur when 

low to no fixed nitrogen is present,33 which agrees with our results.  

The presence of O2 in the MECs caused unpredictable (5% O2, “OP”) and undetectable 

(21% O2, “AP”) current generation. As such, start-up times and maximum current in reactors with 

5% O2 generally were longer and displayed more variability (Table 5.2), with IA profiles 



   

104 

 

appreciably different from the other treatments (Appendix C). Regarding MECs with atmospheric 

levels of O2, current generation was very low and reactors never achieved 0.1 A/m2, which was 

expected given the vulnerability of G. sulfurreducens to aerobic conditions.  

 

5.3.2 Transcriptome data summary 

Gene expression profiles of G. sulfurreducens under N2 fixation conditions in MECs were 

compared across five treatments (Table 5.1). When discussing changes in gene expression, we 

defined the transcriptome of reactors operating at EAN = +0.15 V and no NH4
+ added (“NP”) as the 

reference. From the approximately 3,430 genes that were identified during analysis, a total of 290, 

193 and 304 genes were differentially expressed under the conditions of low EAN (“NN”), the 

addition of 5.8 mM NH4
+ (“LP”), and the addition of 11.6 mM NH4

+ (“HP”), respectively (Table 

5.3). We defined differential expression as a 2-fold change > 2.00 and a p-value < 0.05. Based on 

this definition, differentially expressed genes are those that are responsive to either the change in 

EAN or the presence of NH4
+ (classified as up-regulated or down-regulated with respect to “NP”), 

while non-differentially expressed genes are constitutively-expressed genes and/or are unaffected 

by anode potential or NH4
+. We grouped differentially expressed genes by metabolic function (e.g., 

N2 fixation, electron transfer activity, etc.) based on gene ontology and assigned annotations for 

G. sulfurreducens PCA from the Gene Ontology (GO) and Ensembl databases.34,35 Several genes 

had a significant difference in expression with respect to the reference treatment (p < 0.05), but 

the change did not reach the log2-fold threshold, which is shown in the respective volcano plots 

for expression distribution (Appendix C). Many of those genes displayed high normalized gene 

counts [expressed in reads per kilobase per million mapped reads (RPKM)], which implies that 

those genes possessed high levels of expression under a specific treatment. As such, we decided 
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to include those genes in the discussion below in order to better understand the impact of our 

treatments on exoelectrogenic N2 fixation.  

For the 5% O2 (“OP”, Table 5.2) treatment, current generation and transcriptome profiles 

were erratic and unreproducible. No genes for that treatment were differentially expressed. 

Possible reasons for this result include: (1) difficulty maintaining a uniform gas composition within 

the MECs, as O2 was directly injected to the headspace instead of employing a standardized 

mixture, and (2) differences in O2 exposure throughout the anode biofilm. Since we did not have 

a high degree of confidence in this treatment and the resulting transcriptome profile, we omit 

discussion of this treatment in the following section. 

 

5.3.3 Gene expression under N2 fixation conditions 

The expression of several genes related to N2 fixation increased when the cells were 

operated at the negative potential (EAN = −0.15 V; Fig. 5.4) in the absence of NH4
+. Although only 

two genes that are critical to N2 fixation (nifEN and nifV; involved in nitrogenase assembly) were 

upregulated by more than two log2-fold, other genes showed a high number of counts when EAN 

was negative, including genes encoding the nitrogenase enzyme (nifD, nifH and nifK).  Genes such 

as gnfK and gnfR, which are involved in regulating and expressing the required genes for N2 

fixation under low fixed nitrogen conditions,11 were upregulated at −0.15 V, supporting the 

hypothesis that N2 fixation increased at the negative anode potential. Although moderately 

expressed, the counts of amtB were also higher at −0.15 V. This gene encodes an NH4
+ transporter 

that is expressed when low or limiting concentrations of NH4
+ are present to better help the cell 

scavenge this nutrient from the environment.36 Gene counts for the molybdenum (Mo) transport 

system genes at −0.15 V were also higher (Appendix C).  It has been shown that Geobacter sp. 
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increase expression of this system under N2 fixing conditions to acquire Mo from the 

environment,37 which is consistent with the increased demand of this element, as it is an essential 

component of the Mo-Fe nitrogenase in G. sulfurreducens.11 It is worth noting that other regulatory 

genes involved in N2 fixation did not display a difference with respect to EAN, such as draG and 

draT, which are responsible for biochemically modulating nitrogenase reductase activity in 

response to high fixed nitrogen in diazotrophic microorganisms.38 Although these regulatory genes 

are adjacent in G. sulfurreducens to other N2 fixation genes which were differentially expressed 

(such as NifEN), there is little information on their function and importance in regulating N2 

fixation.  

Regarding NH4
+ assimilation, relevant genes such as glnA, nfnA, and gltS possessed both 

high numbers of counts and were upregulated at EAN = −0.15 V (Fig. 5.4). The gene glnA, which 

encodes the enzyme glutamine synthetase, is crucial for enabling NH4
+ (either generated through 

N2 fixation or that is present in the medium) to react with the amino acid glutamate (one amino 

group) and form glutamine (two amino groups). The genes nfnA and gltS encode an electron 

carrier-dependent glutamate synthase that utilizes glutamine as a substrate to recycle glutamate 

(via removal an amino group), effectively acting as an NH4
+ assimilation and transport mechanism 

as well as an additional nitrogen sensing system.39,40 Glutamate is sometimes produced by bacteria 

when osmotic regulation is required in response to a change in solute concentrations in the cell’s 

environment,41 as well as a decrease in pH. Due to higher nitrogenase activity at −0.15 V (based 

on gene expression profiles), higher intracellular NH4
+ concentrations would be expected.42 

Therefore, a counter-ion such as glutamate may be needed to balance charges and to provide a 

reactant to convert NH4
+ into glutamine to avoid osmotic stress.43 Glutamate formation may also 

alleviate H+ buildup from oxidation of H2 (consumed via uptake hydrogenases) generated as a 
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byproduct of the nitrogenase.42 Another function of glutamate, which could be related to the high 

expression of nfnA and gltS, is to act as an electron sink under low availability of electron 

acceptors. It has been reported that other organisms, such as the fungi Aspergillus nidulans and 

the bacterium Clostridium thermocellum, produce amino acids (among them glutamate) under low 

oxygen levels (i.e., fermentative conditions) to reduce the accumulation of reduced electron 

carriers such as NADH and NADPH.44–46 As gltS encodes a NADPH-dependent glutamate 

synthase, it is possible that a similar process is taking place in G. sulfurreducens, as a low EAN 

offers lower electron transfer rates that may lead to accumulation of electron carriers.  

We also examined the expression of genes related to extracellular electron transfer in G. 

sulfurreducens as a function of anode potential since those genes are involved in current generation 

in MECs. Genes related to electron transfer shared a major portion of the overall expression profile, 

where 14 genes were up-regulated and 11 down-regulated when EAN became negative (Fig. 5.5). 

This change in expression was expected because electron transfer kinetics and activity depend on 

EAN in METs,17 and exoelectrogenic bacteria can adapt electron transfer pathways to changes in 

EAN.17 When normalized counts were calculated for genes that are known to possess electron 

transfer activity, we found that the expression of several genes was significantly higher at EAN  = 

−0.15 V, including flavoproteins, periplasmic proteins and some outer-membrane cytochromes 

(OMCs) (Fig. 5.6A). Flavoproteins such as etfB (and presumably, adjacent genes GSU2795 and 

GSU2799) are likely involved in anode respiration, as they become upregulated in G. 

sulfurreducens growing on electrodes.47 OMCs are usually required by Geobacter species to 

transfer electrons to insoluble electron acceptors, such as iron, manganese, uranium, or anodes in 

microbial electrochemical technologies (METs).21,24,48 Among them, omcE was heavily expressed 

at the negative EAN. This cytochrome is required for iron (III) oxide reduction49 and has also been 
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shown to be involved in anode respiration,47,50 although its structure, properties, and exact function 

during electron transfer remain to be elucidated.51 Interestingly, the genes of other well-

characterized OMCs that are commonly expressed during anode respiration, such as omcB and 

omcS,48,50 were not found to be differentially expressed in response to EAN. Although it has been 

previously discussed that different OMCs are expressed depending on EAN, a more positive 

potential favors the expression of a higher variety of OMCs.52 Therefore, it is surprising that only 

omcE showed high expression levels and was upregulated at EAN = −0.15 V, suggesting that this 

OMC may have a connection with N2 fixation. It is important to note that other genes associated 

with electron transfer in G. sulfurreducens and are responsive to EAN, such as cbcL and imcH,15,52,53 

were not differentially expressed in our experiments. cbcL expression was 1.09 Log2-fold lower 

at EAN = −0.15 V, which agrees with another study52 but contradicts others that established that 

the cbcL-associated electron transfer pathway had higher activity at potentials below −0.1 V.15,53 

Even though pilA is not classified within the “electron transfer activity” category, it encodes a 

critical component for electron transfer to anodes in G. sulfurreducens.54 The expression of pilA 

during EAN = −0.15 V was up-regulated (log2-fold change = 2.48), which suggests a higher 

electron transfer activity, even though IA was similar between EAN (Table 5.3).  

Other genes of interest with high expression counts at −0.15 V included the H2-dependent 

growth transcriptional repressor gene hgtR (upregulated at −0.15 V) and genes belonging to the 

hyb gene cluster (Fig. 5.6B). HgtR represses genes that are involved in biosynthesis and energy 

generation when Geobacter species use H2 as an electron donor.55 The high expression of this gene 

can be attributed to two possible reasons: (1) the MEC chosen for this study is a single-chamber 

reactor where H2 generated at the cathode is available for uptake by the anode biofilm, and (2) 

nitrogenase produces H2 as a by-product of N2 fixation, which can serve as an electron donor.56 
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As nitrogenase-related genes had higher expression levels at −0.15 V (implying that N2 fixation 

was greater at that potential), it is likely that hgtR was highly expressed due to H2 produced by the 

nitrogenase. Expression of hgtR may have diverted electrons from central carbon metabolism and 

biosynthesis towards N2 fixation at that potential. The fact that both HgtR and N2 fixation genes 

are mediated by RpoN7,55 lends support to a relationship between these processes.  

Regarding hydrogenase genes, the hyb cluster comprises genes that synthesize a 

periplasmic-oriented, nickel-dependent hydrogenase Hyb, which is essential for G. sulfurreducens 

to use H2 as an electron donor.57,58 Some of the genes in this cluster, such as hybS and hybP, 

showed a slightly higher expression (~1.5-fold higher number of counts) at −0.15 V, which could 

be related to higher nitrogenase activity. The majority of the genes on this cluster did not show 

different expression levels between EAN, which is consistent with the almost identical harvesting 

current density displayed by these reactors. Current density is directly proportional to H2 

generation in an MEC, so the availability of cathodically-generated H2 as an electron donor to the 

anode biofilms was likely similar at both EAN. Interestingly, the cluster mvh, which encodes a 

cytoplasmic hydrogenase related to the hydrogenases found in methanogens58 was downregulated 

at −0.15 V (Fig. 5.6B). Although the expression of these genes was lower than the hyb cluster, this 

hydrogenase is also involved in H2 uptake, and it may be involved in other functions such as 

converting forms of reducing power to or from hydrogen.58 As the expression of mvh genes 

behaves in direct opposition with HgtR and N2 fixation, an antagonistic relationship may be 

occurring, although the exact role and regulation of Mvh remains unclear. Regarding the remaining 

hydrogenases, the gene clusters hox, which may be involved in H2 production,58,59 and hya, likely 

involved in oxidative stress defense rather than hydrogen uptake,60 did not display high counts nor 

differential expression between treatments (data not shown), most likely due to the experimental 
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conditions analyzed (i.e., biofilm anode instead of biofilm cathode, and anaerobic conditions when 

comparing EAN). Additional experiments where cathodically produced H2 is not influencing gene 

expression may offer a deeper insight into the relationship between the aforementioned H2 uptake 

systems and H2 production due to nitrogenase activity. 

 

5.3.4 Effect of NH4
+ on gene expression profiles 

The addition of NH4
+ resulted in differential expression of a wide array of genes related to 

biosynthesis and reduction in the expression of N2 fixation genes. While addition of a high 

concentration of NH4
+ (11.6 mM) resulted in a higher number of differentially expressed genes, 

change in expression was almost identical, which resulted in no genes that were differentially 

expressed between the low and high NH4
+ treatments (Figs. 5.7 and 5.8). Classes of up-regulated 

biosynthesis-related genes included those categorized under translation (e.g., ribosomal proteins), 

protein folding and stabilization (e.g., chaperones), as well as genes encoding NADH 

dehydrogenases. This result was expected because sufficient NH4
+ availability usually suppresses 

N2 fixation and makes available electrons and ATP that would otherwise be used for this 

metabolically demanding process.61 The up-regulation of genes associated with the tricarboxylic 

(TCA) cycle and genes involved in amino acid production when NH4
+ was present (Figs. 5.7 and 

5.8) support this hypothesis. At the physiological level, the lower maximum IA (which is a direct 

measure of respiration) when NH4
+ was present in the medium (Table 5.2, and Figs. 5.3C&D) 

also supports this hypothesis.  

The addition of NH4
+

 (at both concentrations) was associated with down-regulation of the 

majority of genes corresponding to N2 fixation (Fig. 5.9), which is consistent with prior reports of  

free-living diazotrophs suppressing N2 fixation if sufficient NH4
+ is available. The gene encoding 
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the ammonium transporter amtB was also down-regulated, which was expected, as NH4
+ at 

sufficiently high concentrations (more than 1 mM) diffuses through the membrane, and energy is 

not directed towards synthesizing the transporter.36 In contrast, the gene gdhA was upregulated and 

highly expressed, which supports our findings, as this gene encodes glutamate dehydrogenase, the 

enzyme responsible for NH4
+ uptake when sufficient amounts are present, and is known to be 

repressed under N2-fixing conditions.11 Interestingly, many of the electron transfer activity genes 

known to be highly expressed under anode respiration, such as omcS, omcE, omcB and pilA, were 

up-regulated with NH4
+ addition (Fig. 5.10A), most likely in response to the reduced energy 

expenditure resulting from decreased N2 fixation or NH4
+ transporter synthesis.17 Related to that 

are the higher expression levels of hgtR and the hyb genes (Fig. 5.10B), which again suggest that 

H2 is utilized as an electron donor. Based on our current density observations and the repression 

of nitrogenase activity, the addition of NH4
+ should result in lower H2 availability to the anode 

biofilms. Although counterintuitive, the hyb cluster may be expressed to maximize H2 uptake and 

recycle electrons towards biomass production when high concentrations of nutrients (i.e., NH4
+) 

are available, which is understandable given Geobacter spp. frequently faces oligotrophic 

conditions.62 Since mvh genes were also downregulated with the presence of NH4
+, G. 

sulfurreducens should be able to express different mechanisms of H2 uptake (and possible H2 

production) depending on the environmental conditions as it occurs in other microorganisms with 

several hydrogenase systems,63 although the exact regulation and H2 affinity of these systems 

requires further studies.  
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5.3.5 Possible association between N2 fixation with extracellular electron transfer 

Based on the transcriptome profiles described above, here we discuss a hypothetical model 

of N2 fixation pathways and their regulation in G. sulfurreducens as a function of anode potential 

and availability of NH4
+. N2 fixation requires considerable metabolic energy and electrons to 

reduce N2 to NH4
+. When NH4

+ is available, it is readily converted by glutamate dehydrogenase 

into amino acids, bypassing energy expenditures associated with fixing N2 (Fig. 5.11A). It is not 

surprising that electrons used for N2 fixation can instead be directed toward biomass production 

pathways and NH4
+ uptake when NH4

+ is present (Fig. 5.12A). This observation is supported by 

the lower respiration rates (current densities) recorded when NH4
+ was present.64  

From this same energy conservation perspective, we hypothesized that thermodynamic 

conditions that allowed faster electron transfer rates and higher metabolic activity (i.e., more 

positive EAN) would translate into higher expression of genes related to N2 fixation. However, our 

results suggest the opposite. Many key N2 fixation genes were highly expressed during growth at 

EAN = −0.15 V relative to +0.15 V (Fig. 4), including genes that code for the nitrogenase subunits 

such as nifD. One explanation for this result may be related to the required metabolic optimization 

occurring at low EAN, as it has been suggested that some metabolic routes in Geobacter sp. are 

only expressed during growth at certain anode potentials.15,53 At negative EAN values, the energy 

available for harvesting by the cell is limited due to the difference between electron donor and 

acceptor. Under these conditions, many respiratory cytochromes will be in a reduced state, and the 

ratio between electron carriers such as NAD+/NADH will be low due to slow electron transfer 

kinetics, leading to suboptimal growth conditions.17 We observed no change in expression of 

NADH dehydrogenase genes, lending support to the idea that reduced electron carriers at EAN = 

−0.15 V may need to be regenerated through other means. To alleviate electron imbalance, other 
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microorganisms, such as the fungi Aspergillus nidulans and the bacterium Clostridium 

thermocellum, produce amino acids as electron sinks when grown under conditions that limit 

electron acceptor pools (e.g., hypoxia, fermentation), as several enzymes involved in their 

synthesis utilize NADH or NADPH, effectively regenerating the oxidized forms (i.e., NAD+, 

NADP+).44–46 Geobacter species can resort to similar mechanisms, utilizing OMCs as temporal 

electron sinks when no other electron acceptors are available.65 Since the nitrogenase utilizes at 

least eight electrons to produce NH4
+ (and the by-product H2), N2 fixation may be an option to 

mitigate electron imbalances caused at EAN = −0.15 V, which in addition provides an essential 

nutrient in the form of NH4
+. Additionally, our results indicated that the genes glnA, nfnA, and gltS 

were highly expressed and up-regulated at EAN = −0.15 V, suggesting that glutamine and glutamate 

may have also functioned as an electron sink because the nfnA/gltS system utilizes one reduced 

equivalent of NADPH per mole of glutamine (Fig. 5.11B).66 Measuring metabolite profiles of 

these amino acids should provide better insight into their role during simultaneous N2 fixation and 

anode respiration.  

Other observed up-regulated genes related to electron transfer activity, such as omcE and 

pilA (the latter is dependent on the nitrogen regulon RpoN7), are likely involved as response 

mechanisms to maximize electron transfer to the electrode and obtain the required energy for N2 

reduction, although more study of both proteins is needed to properly characterize their function 

under N2 fixation conditions. Overall, N2 fixation may provide the opportunity to generate electron 

sinks that may be needed when growth conditions result in the low availability of electron 

accepting pools required for continued cell viability (Fig. 5.12B). Additional experiments, such as 

studying the effect of NH4
+ on low EAN gene expression profiles, will help elucidate metabolic 
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controls of N2 fixation genes during anode respiration to better understand and optimize conditions 

that lead to higher N2 fixation rates. 

 

5.4 Conclusions 

N2 fixation in free-living diazotrophs such as G. sulfurreducens is tightly controlled by 

several regulatory genes. The use of a microbial electrolysis cell (MEC) to adjust electron acceptor 

(anode) potentials led to differential gene expression profiles for this organism depending on the 

applied potential or the addition of fixed nitrogen (i.e., NH4
+). At a low potential (EAN = -0.15 V 

vs. SHE), nitrogen fixation–related genes showed the highest expression, implying a connection 

between both processes that remains to be elucidated. Using the anode as artificial electron 

acceptor may provide a tool to understand the regulation and connections between N2 fixation and 

anode respiration, while providing new alternatives to optimize the use of these pathways for 

eventual NH4
+ production.  
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Tables 

Table 5.1. The treatments used in this study to compare differences in gene expression in the 

microbial electrolysis cells. The codenames are structured as follows: first N – no NH4
+; second N 

– negative anode potential; P – positive anode potential; L – low NH4
+ concentration; H – high 

NH4
+ concentration; O – 5% O2; A – air (21% O2).  

 

Codename EAN (V 

vs. SHE) 

Gas in 

headspace 

NH4
+ added 

(mM) 

Purpose of treatment 

NP +0.15 100 % N2 - Reference operational condition 

NN -0.15 100 % N2 - Effect of low EAN 

LP +0.15 100 % N2 5.8 Effect of NH4
+ 

HP +0.15 100 % N2 11.6 Effect of high NH4
+ concentration 

OP +0.15 95% N2, 5% O2 - Effect of microaerobic conditions 

AP +0.15 Air - Effect of aerobic conditions 
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Table 5.2. Current density (IA; normalized to anode surface area) values obtained during 

chronoamperometry tests. Treatments are identified using the codenames employed in Table 5.1. 

Max IA is the maximum current obtained during the entire time the MEC was operated. Startup 

time is defined as the time needed for IA to reach a value of 0.1 A/m2. Harvesting IA represents the 

value measured prior to RNA extraction. 

Treatment NP NN LP HP OP 

Max IA 

(A/m2) 

5.93 ± 1.45 4.72 ± 0.35 3.34 ± 0.18 3.35 ± 0.44 5.56 ± 1.13 

Startup 

time (d) 

3.35 ± 0.41 3.39 ± 0.02 3.79 ± 1.65 3.55 ± 0.68 6.35 ± 3.11 

Harvesting 

IA (A/m2) 

3.29 ± 0.38 3.58 ± 0.10 1.59 ± 0.16 1.59 ± 0.10 2.57 ± 0.01 
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Table 5.3. Comparison of gene expression profiles of G. sulfurreducens in the MECs. Reactors 

operating at +0.15 V vs. SHE and no NH4
+ added (“NP”) were used as a reference for comparison 

across treatments. Differentially expressed genes displayed a log2-fold change higher than 2.0 

(“up-regulated”) or lower than -2.0 (“down-regulated”), as well as an adjusted p-value < 0.05. 

 

Treatment 

comparison 

Total observed 

genes 

Differentially 

expressed genes 

Up-

regulated 

Down-

regulated 

NN/NP 3432 290 110 180 

LP/NP 3430 193 153 40 

HP/NP 3435 304 189 115 
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Figures 

 
 

Fig. 5.1. Regulatory controls for nitrogen (N2) fixation in A) Klebsiella pneumoniae (a well-

studied free-living diazotroph) and B) Geobacter sulfurreducens. In the absence of fixed nitrogen, 

the uridylylated form of the protein GlnB facilitates the phosphorylation of either NtrC or GnfM, 

which assist the transcription of genes alongside RpoN, the sigma factor responsible for 

transcription under nitrogen-limiting conditions. In the case of K. pneumoniae, the second 

regulatory control is the system NifL/NifA, which is separated by non-uridylylated GlnK so NifA 

can assist RpoN in the transcription of N2 fixation specific genes such as nitrogenase. For G. 

sulfurreducens, GnfM assists in the transcription of the system GnfK/GnfR alongside the direct 

transcription of N2 fixation genes. The latter system works as an anti-termination mechanism, 

where phosphorylated GnfR (due to GnfK) dissociates the typical hairpin termination factor in 

order to continue transcription of the pertinent genes. Adapted from Dixon and Kahn,6 and Ueki 

and Lovley.11 
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Fig. 5.2. Example of a gas-tight microbial electrolysis cell (MEC) utilized to culture Geobacter 

sulfurreducens and obtain the required amount of RNA for gene expression analysis. G. 

sulfurreducens respires on the anode (graphite plate) as the terminal electron acceptor. A cathode 

(stainless steel mesh) and a reference electrode (silver-silver chloride) are placed alongside the 

anode in growth medium.  

 

Anode Cathode 
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electrode 

Plastic 

spacer 
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Fig. 5.3. Current density (IA) profiles of MECs inoculated with G. sulfurreducens for gene 

expression analysis at A) fixed anode potential (EAN) = +0.15 V vs. standard hydrogen electrode 

(SHE) and no NH4
+ added (“NP”), B) EAN = −0.15 V vs. SHE and no NH4

+ added (“NN”), C) EAN 

= +0.15 V vs. SHE and 5.8 mM NH4
+ added (“LP”), and D) EAN = +0.15 V vs. SHE and 11.6 mM 

NH4
+ added (“HP”). All reactors were operated for three batch cycles, characterized by sudden a 

sharp drop of IA at the beginning of each cycle. RNA was extracted immediately after the beginning 

of the third cycle. Curves represent the average of triplicates operated for each treatment. Error 

bars are omitted for clarity.  
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Fig. 5.4. Normalized gene counts of genes involved in N2 fixation in MECs operating at EAN = 

−0.15 V vs. SHE compared to EAN = +0.15 V. No NH4
+ was added for both conditions. Genes 

indicated in red text are considered “upregulated” at −0.15 V (log2-fold difference > 2.00 and p < 

0.05 when compared to +0.15 V). Adjacent genes are grouped based on their location within the 

genome of G. sulfurreducens, and separated by dashed lines. Genes from glnA to gdhA are included 

because they are involved in NH4
+ assimilation after N2 fixation. Gene counts are expressed in 

reads per kilobase per million (RPKM).  
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Fig. 5.5. Functional class distribution of differentially expressed genes (log2-fold difference > 2.00 

and p < 0.05) of G. sulfurreducens in MECs operating at EAN = −0.15 V vs. SHE (“NN”) compared 

to EAN = +0.15 V (“NP”). No NH4
+ was added for both conditions. Genes were grouped in classes 

based on annotations found in the Gene Ontology (OG) and Ensembl Genome databases.  
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Fig. 5.6. Normalized gene counts of selected genes associated with A) electron transfer activity 

and B) hydrogenase activity in G. sulfurreducens.  Treatments are MECs operating at EAN = −0.15 

V vs. SHE compared to EAN = +0.15 V. No NH4
+ was added in both conditions. Genes shown in 

bold are considered to be differentially expressed (log2-fold difference > 2.00 and p < 0.05; red: 

up-regulated, blue: down-regulated) with respect to +0.15 V. Gene counts are expressed in reads 

per kilobase per million (RPKM).  
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Fig. 5.7. Functional class distribution of differentially expressed genes of G. sulfurreducens in 

MECs operating with 5.8 mM NH4
+ added (“LP”) compared to no NH4

+ added (“NP”). Both 

treatments were operated at EAN = +0.15 V vs. SHE. Genes were grouped based on annotations 

found in the Gene Ontology (OG) and Ensembl Genome databases.  
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Fig. 5.8. Functional class distribution of differentially expressed genes of G. sulfurreducens in 

MECs operating with 11.6 mM NH4
+ added (“HP”), compared to no NH4

+ added (“NP”). Both 

treatments were operated at EAN = +0.15 V vs. SHE. Genes were grouped based on annotations 

found in the Gene Ontology (OG) and Ensembl Genome databases. 
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Fig. 5.9. Normalized gene counts of genes involved in N2 fixation in MECs with 5.8 and 11.6 mM 

NH4
+ compared to 0 mM NH4

+. All MECs were operated at EAN = +0.15 V vs. SHE. Genes in blue 

text have significantly decreased differential expression (log2-fold difference > 2.00 and p < 0.05) 

with respect to 0 mM NH4
+ and the gene shown in red text has significantly increased expression. 

Adjacent genes are grouped based on their location within the genome of G. sulfurreducens and 

separated by dashed lines. Genes from glnA to gdhA are included because they are involved in 

NH4
+ assimilation after N2 fixation. Gene counts are expressed in reads per kilobase per million 

(RPKM).  
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Fig. 5.10. Normalized gene counts of selected genes that are associated with A) electron transfer 

activity and B) hydrogenase activity in G. sulfurreducens with 5.8 and 11.6 mM NH4
+ compared 

to 0 mM NH4
+. Genes in bold are considered to be differentially expressed (log2-fold difference > 

2.00 and p < 0.05; red: up-regulated, blue: down-regulated) with respect to 0 mM NH4
+. All MECs 

were operated at EAN = +0.15 V vs. SHE. Gene counts are expressed in reads per kilobase per 

million (RPKM).  
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Figure 5.11. Gene expression changes in N2 fixation and NH4
+ assimilation pathways: A) when 

NH4
+ was added compared to no NH4

+ added at EAN = +0.15 V, B) when EAN changed from +0.15 

V to −0.15 V, both with no NH4
+ added. Annotations in italics denote the genes that encode 

enzymes involved in the corresponding conversion reactions. Red arrows correspond to genes with 

higher expression levels than the reference (“NP”), while blue arrows are for genes having lower 

expression levels. White arrows indicate genes that did not show significant change in expression 

when compared to the reference treatment. Abbreviations: Gln:glutamine, Glu, glutamate, 2-oxg: 

2-oxoglutarate. 
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Figure 5.12. Proposed distribution of electrons within anode-respiring G. sulfurreducens under A) 

EAN = +0.15 V with NH4
+ added to the medium and B) at EAN = −0.15 V under N2 fixing conditions 

(no NH4
+ added). Green, bold arrows indicate electron sinks that may be favored for each 

treatment, while the red X identifies pathways that may be suppressed. Figures were created using 

BioRender.com.   
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Appendix A 

Supplementary Information for Chapter 3: Electrochemical and Microbiological 

Characterization of Bioanode Communities Exhibiting Variable Levels of Startup Activity 

 

Supporting figures 

 

 

 
 

Fig. S1. Equivalent circuits used for electrochemical impedance spectroscopy (EIS) analysis A) 

for the majority of the bioanodes and B) for high activity bioanodes enriched at EAN = −0.15 V 

[vs. standard hydrogen electrode (SHE)]. The first equivalent circuit (A) consists of solution 

resistance (Rs) and one time-constant circuit. The first time-constant circuit represents the anodic 

charge transfer impedance, composed of a charge transfer resistance (Rct) and a constant phase 

element (CPEct). The second equivalent circuit (B), utilized for high activity bioanodes at −0.15 

V, incorporates a second time-constant circuit to account for the second charge transfer resistance 

(Rct,2) found in those systems. Circuit schematics are based on Srikanth et al.1 and Martin et al.2 
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Fig. S2. Nyquist plots of bioanodes fixed at A) EAN = ‒0.15 V and B) EAN = +0.15 V taken at the 

end of the startup cycle. These plots show a magnification at the high frequency region of Fig. 3. 

Small semicircles and distortions in the curves can be attributed to phenomena such as small 

resistances or capacitances hidden under the larger impedance behaviors. All curves in the same 

plot are replicates. High-, low-activity, and inactive bioanode levels are defined based on the time 

required to reach the startup current threshold (Fig. 1). OCV – open circuit voltage (gray double 

line with squares); Initial – prior to inoculation (dotted line).  
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Fig. S3. Bode plots of the two high-activity bioanodes at EAP = −0.15 V (A and B) and EAP = +0.15 

V (C and D). The plots were obtained through EIS at the end of the startup cycle. High-, low-

activity, and inactive bioanode levels are defined based on the time required to reach the startup 

current threshold. The numbers next to each curve are the current density recorded at the end of 

the startup period. OCV - open circuit voltage (gray double line with squares) Initial -prior to 

inoculation (dotted line). Representative curves for each level of activity are shown.  
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Fig. S4. Nyquist plot of the two high-activity bioanodes at EAN = −0.15 V. The plots were obtained 

through EIS at the end of the startup cycle (maximum current density reached at the end of the 

cycle shown next to the curves). The two semi-circles in both curves are indicative of two charge 

transfer components.3  
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A) 

 
B) 

 
Fig. S5. Initial Nyquist plots of bioanodes (before inoculation) at a) EAN = −0.15 V and b) EAN = 

+0.15 V. The magnitude of impedance is lower when the ratio of the curve is lower, which 

translates into lower total resistance. All curves in the same plot are replicates. The points and 

curves are shaded to reflect bioanode activity level (dark – high-activity; medium – low-activity; 

light – inactive). The numbers next to each curve are the current density recorded at the end of the 

startup period.   
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A) 

 
B) 

 
 

Fig. S6. Microbial community composition of the suspended fraction of the bioreactors at A) −0.15 

V and B) +0.15 V. The replicates for each anode potential are ordered from lowest to highest 

current density (IA) recorded at the end of the startup cycle and are categorized according to their 

activity level during the startup cycle [Inactive (N), low-activity (L), high-activity (H)]. Genera 

with a relative abundance less than 5% are grouped into “Other”.  
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A) 

 
B) 

 
 

Fig. S7. Microbial community composition from A) biofilm and suspension of bioanodes at open 

circuit voltage (OCV) and B) wastewater innoculum. For OCV, genus with a relative abundance 

smaller than 5% in all reactors are grouped into “Other”. For wastewater inocula, due to the high 

microbial diversity of the source, genus with a relative abundance smaller than 2% in all reactors 

(instead of 5% as other figures) are grouped into “Other” to improve clarity. 
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Appendix B 

Supplementary Information for Chapter 4: Nitrogen Gas Fixation and Conversion to 

Ammonium Using Microbial Electrolysis Cells. 

 

Supporting figures 

 

Figure S1. Current density (primary y-axis) and ethylene (C2H4) generation (secondary y-axis) at 

an applied voltage (EAP) of 0.7 V with H2 provided as the sole electron donor. Acetate was not 

provided in these tests. A H2 headspace concentration of 45% was used. To estimate N2 fixation 

rates, the acetylene gas (C2H2) assay was performed, wherein the nitrogenase enzyme within the 

microorganisms reduces acetylene to C2H4. Error bars show the standard deviation of triplicate 

MECs. 
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Figure S2. Ammonium (NH4
+) concentrations in abiotic microbial electrolysis cells (MECs) with 

a H2/N2 [50/50 (v/v)] headspace composition. For reference, the NH4
+ concentrations measured in 

the biological MECs with and without the inhibitor MSX are included.  All reactors were operated 

at EAP = 1.0 V. One complete MEC cycle is shown (~60 hours). Error bars show standard deviation 

of triplicate MECs.  
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Figure S3. Schematic of the acid trap used to recover NH4
+ from medium containing the inhibitor 

MSX. Microbial electrolysis cell (MEC) samples were added to vials containing 3 M NaOH (pH 

> 13) and N2 was purged to promote the conversion and transfer of NH4
+ as NH3 to a second vial 

containing boric acid (pH < 5). The NH3 dissolved as NH4
+ and NH4

+ concentrations were then 

measured. SCCM – standard cubic centimeters per minute.  
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Supporting methods 

Ammonium trap and quantification 

An ammonium (NH4
+) trap was used to separate NH4

+ from the medium containing the 

methionine sulfoximine (MSX) inhibitor (Figure S2). Initial tests showed that MSX interfered 

with the NH4
+ measurement method (Low Range AmVerTM Salicylate Test N’TubeTM method, 

Hach Company, Loveland, CO). For example, a solution of MSX (5 mM, no NH4
+ added) resulted 

in a reading of 7 mg/L NH4
+-N (0.5 mM NH4

+). To separate NH4
+ from MSX, samples (0.5 mL) 

were extracted from the MECs, filtered (0.22 µm syringe filter), injected into screw thread 

autosampler vials (2.0 mL) containing 3 M (0.1 mL) sodium hydroxide to maintain pH > 13 and 

closed tightly. After mixing, the vials were connected to another vial that contained 0.5 mL of a 

boric acid solution (20 g/L) using gas-tight tubing and syringe needles inserted through the tops. 

A N2 flow of (90-100 mL/min) was purged for 30 minutes through both vials to transport the NH3 

gas to the vial containing boric acid. After purging, the vials were disconnected and the acidic vial 

was mixed to ensure proper dissolution of NH3 to NH4
+. The pH was adjusted again to pH 7 and 

the NH4
+ concentration measured. Controls using ammonium chloride (NH4Cl) yielded NH4

+ 

recoveries > 90%, and solutions with only MSX (5 mM; no NH4
+) did not yield detectable NH4

+. 

This procedure is based on the method developed by Kuntke et al.1  

 

Protein determination 

Protein measurements were done on anode biofilms that were not previously exposed to 

MSX and were only operated at EAP = 1.0 V.  After reproducible current was obtained, the anodes 

were removed and rinsed with fresh PBM to remove loosely attached cells. The biofilm was 

scraped using a sterile razor blade and deposited into microcentrifuge tubes with 1 ml of PBM2. 
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The samples were centrifuged at 14,000 x g for 5 min, the pellet resuspended in 0.2 M NaOH, and 

the resulting suspension was incubated at 95°C for 10 minutes to solubilize all protein3.  Protein 

was quantified using the PierceTM bicinchoninic acid (BCA) protein assay kit (Thermo Scientific, 

Waltham, MA) following the instructions provided by the manufacturer. Absorbance was 

converted to mg protein by creating a standard curve with bovine serum albumin (BSA) standard 

solutions provided with the kit.  

 

Gas analysis of headspace 

To determine the headspace gas composition at the end of a batch cycle, a sample (100 µL) 

was taken from the headspace of each MEC. The gas was analyzed using a GC (310C, SRI 

Instruments, Torrance, CA) equipped with thermal conductivity detector (TCD) and a  molecular 

sieve column (MoleSieve 5A (80/100 mesh); 6 ft x 2.1 mm). Argon was used as a carrier gas (20 

mL/min). The temperature of the column oven was 40°C, and the temperature of the detector and 

the TCD cell was 150 °C. Peak areas were determined using the PeakSimple software and 

converted into percentages using standard curves. CH4 was the only gas detected besides N2. The 

total moles of CH4 were determined from the headspace and dissolved aqueous compositions. 

Headspace pressure was measured using a pressure gauge and then converted to moles of CH4 

using the ideal gas law. A Henry’s law constant of 1.4×10-5 mol/ (Pa-m3) was used to calculate the 

moles of CH4 dissolved in the aqueous phase.4  
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Supporting analysis 

Calculation of normalized nitrogen fixation rates from Wong et al.5  

To compare our nitrogen fixation rates with a prior study by Wong et al.5, the following 

assumptions and calculations were made. They reported ethylene (C2H4) production rates in µmol 

of C2H4/(Lheadspace-h) in a microbial electrochemical technology (MET) that used graphite granules 

as the anode. The anode surface area was not specified, so we estimated it based on the information 

available in the paper from Cheng et al.6  

Cheng et al.6 used an anolyte chamber with a volume of 336 mL. When filled with graphite 

granules (size 3-5 mm in diameter), the liquid volume was 220 mL. The graphite granules occupied 

116 mL or about 35% of the chamber. We assumed that the granules occupied the same space in 

the chamber used by Wong et al.5 (400 mL), which yields an electrode volume close to 138 cm2. 

Assuming each granule was a sphere of 4 mm diameter (area = 0.50 cm2), we estimated a total of 

4,120 granules, and a total anode surface area of 2,070 cm2.  

The total moles of C2H4 present both in the headspace and dissolved in solution were 

estimated as well. Given the information provided by Wong et al.5 on the acetylene volume 

injected (35 mL to obtain a final concentration of 20% v/v), the headspace volume was estimated 

to be 175 mL. Their average rate of 237 µmol C2H4 (Lheadspace-h) therefore translated into a rate of 

0.69 µmol C2H4 /min. Regarding the dissolved C2H4, the partial pressure per hour was obtained 

with the ideal gas law (T = 43°C = 316.15 K), converted to dissolved concentration per hour using 

Henry’s law (H = 0.0048 M atm-1)7 and multiplied by the liquid volume in the anolyte (262 mL). 

Under these assumptions, we calculated a rate of 0.13 µmol of dissolved C2H4/min. Adding the 

aforementioned rates, we estimated a total rate of 0.82 µmol C2H4/min, or 0.40 nmol C2H4/(min-

cm2) when normalized to the previously obtained area. 
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Appendix C 

Supplementary Information for Chapter 5: Analysis of the Transcriptome of Anode-

Respiring Geobacter sulfurreducens to Reveal Gene Expression Changes during Nitrogen 

Fixation. 

 

Supporting figures. 

 

Fig. S1. Current density (IA) profile of MECs inoculated with Geobacter sulfurreducens for gene 

expression analysis at applied potential (EAN) = +0.15 V, no NH4
+

 added, under an atmosphere of 

95% N2 and 5% O2. Reactors operated for three batch cycles, characterized by sudden sharp drops 

of IA at the beginning of each. RNA was extracted a short time after the beginning of the third 

cycle. Curves represent averages of triplicates operated on each condition. Error bars are omitted 

for clarity. 
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Fig. S2. Volcano plots of gene expression profiles of G. sulfurreducens grown in MECs, 

comparing A) EAN = -0.15 V (“NN”) vs. EAN = +0.15 V (“NP”), B) 5.8 mM NH4
+ vs. 0 mM NH4

+, 

and C) 11.6 mM NH4
+ vs. 0 mM NH4

+. “Diff expressed” denotes genes that are differentially 

expressed (log2-fold change > 2.0 or <-2.0, and false discovery rate (FDR) < 0.05, while the other 

labels include genes that failed to meet one or both criteria. 
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Fig. S3. Normalized gene counts genes involved in molybdenum transport in MECs operating at 

EAN = -0.15 V vs. SHE compared to EAN = +0.15 V vs. SHE. No NH4
+ was added in both 

conditions. Gene counts are expressed in reads per kilobase per million (RPKM).  

 


