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The role of complex and undefined microbiomes in contemporary environment, 

health, and energy applications is increasingly found to be important. 

Bioelectrochemical systems (BESs) possess the ability to play a critical role in these 

applications by interacting with microbiology electrochemically. While most efforts 

have been aimed at environmental, energy, and chemical production aspects, BESs 

have demonstrated value as tools for the study of complex microbiomes. Here, I 

performed work with the goal of developing a BES reactor that could be employed to 

study hydrogen-gas producing syntrophs to understand their role in critical 

environments, and further to enrich and isolate syntrophs in pure culture from their 

microbiome. I first studied poly(3,4-ethylenedioxythiophene) (PEDOT) as a coating 



 

for electrodes to increased BES performance in both large-scale systems and BESs 

aimed for sensing applications. I then modeled and performed experiments to support 

the model to understand the complex synergistic interactions of microbes using redox-

active mediators to interact with BES electrodes. Finally, I modeled and developed a 

novel BES architecture to enrich and isolate syntrophs from their microbiome so that 

they can be studied in pure-culture to understand their role in the environment. My 

results indicate that the BES architecture, which I built and tested based on modeling, 

was successful at enriching syntrophs, and indicated further steps that can lead to 

syntroph isolation.  
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CHAPTER 1 

INTRODUCTION: CENTRAL AIM AND SUMMARY OF THE EXPERIMENTS 

1.1 Central aim 

The role of complex microbiomes in environment, health, and energy applications 

today is increasingly found to be important. Analysis of the impact of soil and wetland 

microbiomes on greenhouse gas emissions has unlocked our understanding of the 

critical role microbiomes play in global carbon cycles. Studies of gut microbiota have 

increasingly indicated its connection to body weight, diseases, and even the mentality 

of a person. Energy applications in the bioenergy sector largely employ open 

microbiomes to perform fermentation to produce biogas or bioproducts. Tools used 

today for sequencing and metagenomics are making analysis of these environments 

easier, but understanding the role microbes play in these environments is becoming 

increasingly necessary. While analyzing the composition of these microbiomes 

throughout time to different system parameters may provide insight into the roles of 

general groups of microbes, fundamental understanding of activity at the level of 

individual microbe species has been limited due to the inability to duplicate 

environmental conditions in the laboratory. 

Syntrophic microbial partnerships seem to be found wherever substrates are degraded, 

particularly in anaerobic environments, including settings as varied as soil, swamps, 

oil tanks, hot springs, and in the intestine of various mammals (Dolfing, Larter et al. 

2007, Morris, Henneberger et al. 2013). However, unlike some bacteria which are well 

studied through cultured experiments, a considerable portion of syntrophic primary 

degraders (referred further as syntrophs) remain unisolated (Morris, Henneberger et al. 
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2013). Syntrophs are increasingly found to play important roles in global carbon, 

nitrogen, and sulfur cycles, yet their exact activity in these environments has not been 

fully quantified because of this culturing issue. Through studying syntrophic 

metabolism in partnerships and through modeling, we have learned that syntrophs are 

extremely sensitive to the presence of hydrogen gas (H2) in their environments. Many 

attempts have been made to improve methods to successfully culture and isolate these 

organisms, particularly with novel reactor design and specialized media. To truly 

understand how syntrophs operate, these bacteria must be analyzed in the environment 

closest to that which they would exist – to date, an engineered solution has not been 

developed, implying that no reliable system has been devised to promote such growth. 

Details of efforts to separate syntrophic partners are given in Chapter 2. 

Bioelectrochemical systems (BESs) have been touted as a platform technology which 

can treat wastewaters (Fornero, Rosenbaum et al. 2010, Gavazza, Guzman et al. 

2015); produce electrical energy, biogas, and value-chemicals (Cheng, Xing et al. 

2009, Angenent and Rosenbaum 2013); and perform denitrification, desalination, 

biocomputing, and biosensing (Clauwaert, Rabaey et al. 2007, TerAvest, Li et al. 

2011, Kim and Logan 2013, Webster, TerAvest et al. 2014); among many other 

applications. Through modeling efforts, I designed, developed, and tested a BES tool 

to actively remove H2 to the necessary thresholds to support the growth of H2-

prducing syntrophs, and made efforts to enrich the syntroph from its original 

microbiome. To remove hydrogen from the system, the well-studied (and simple) 

hydrogen oxidation reaction (Equation 1.1) was employed. By controlling the BES 

anode electrode above 0 V vs. the standard hydrogen electrode (SHE), hydrogen can 
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be oxidized at the anode and removed from solution, allowing H2-sensitive syntrophic 

growth to occur (Figure 1.1). As an added benefit, H2 that is oxidized at the anode will 

translate to electrical current, providing a signal of the rate at which the microbial 

community is producing hydrogen. 

 

Equation 1.1 

The goal of this Dissertation is to develop a BES-based culturing tool to begin 

understanding the true importance of syntrophic bacteria in environments by isolating 

these bacteria from their microbiome. I present findings on two environmental 

samples for which the syntroph has never been isolated. First, Syntrophomonas 

zenderii and Methanobacterium formicicum were discovered in an oil-degrading 

anaerobic fermenter. S. zehnderii was found to be a syntroph, but numerous culturing 

attempts have been unsuccessful in obtaining a pure culture. Second, recently 

discovered Melainabacteria, which is a proposed phylum that is closely related to 

Cyanobacteria, has shown similar properties to syntrophs such as the ability to 

produce H2 with a Fe-hydrogenase (Di Rienzi, Sharon et al. 2013). It has been 

identified in the environment through gene sequence analysis, but it has not yet been 

cultured.  
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Figure 1.1 Proposed bioelectrochemical system (BES) to select for syntrophs and Melainabacteria 

through hydrogen oxidation at the anode. The syntrophic degrader (syntroph) in the syntrophic 

partnership will be gradually selected over time by the removal of hydrogen at the anode. 

Syntrophic bacteria have been treated as a black box problem since their successful 

isolation within the last 20 years. Researchers have predicted that syntrophs play 

critical roles in their environments, but this role has not been quantified. Development 

of a BES as a tool to study such a mysterious group of critical microbes presents the 

opportunity to learn about their role in environmental and host microbiomes.  

1.2 Introduction 

An interdisciplinary approach was taken to build the proposed BES to isolate H2-

producing syntrophs. Initial design of the electrochemical system came from a 

theoretical understanding that the bioreactor would have to have a high surface to 

volume ratio. I studied a novel electrode coating to improve the electrode architecture 

of a potential BES, which is a published manuscript (Chapter 3). I then studied the 
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interaction of a synergistic co-culture performing mediated electron transfer in a BES 

by modeling their relationship and understanding bottlenecks in their synergism 

(Chapter 4). I then applied newly developed modeling skills to model growth of 

syntrophs in a BES, and developed and tested a novel BES with the goal of isolating 

syntrophs from their methanogen partner or from their microbiome (Chapter 5).  

1.3 Summary of experiments 

Aim 1: Study the ability to improve BES electrode performance with a novel 

conductive polymer, poly(3,4-ethylenedioxythiophene) (PEDOT). 

• Evaluate physicochemical, electrochemical, and bioelectrochemical 

performance of (PEDOT) as a coating on an electrode. (Chapter 3)  

• Demonstrate the ability to apply PEDOT to a microfluidic electrode (Chapter 

3) 

Aim 2: Understand modeling principles to design a BES to study synergistic microbial 

partnerships. 

• Model synergistic interaction of a co-culture performing mediated electron 

transfer (MET) in a bioelectrochemical system (BES). (Chapter 4) 

• Perform experiments determining kinetic coefficients to support model 

assumptions and results. (Chapter 4) 

Aim 3: Develop and demonstrate a BES to separate and culture syntrophic microbes. 

• Model and design a BES which shows promise to oxidize H2 to provide 

syntrophs a growth advantage (Chapter 5). 

• Test the BES for the enrichment of a separable syntrophic co-culture: 

Syntrophus aciditrophicus with Methanospirillum hungatei (Chapter 5) 
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• Test the BES for the enrichment of a never-before-separated oil-degrading 

syntrophic co-culture: Syntrophomonas zehnderi with Methanobacterium 

formicicum. 

• Test the BES for the enrichment of a never-before-separated or studied bacteria 

from a human fecal sample: Melainabacteria. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Syntrophic partnerships – low energy, high effect 

Undefined microbial communities (microbiomes) are used in a number of natural and 

man-made environments to break down complex compounds. For example, the 

anaerobic and aerobic steps of wastewater treatment have been often reported to 

contain hundreds to thousands of different species of microbes (Juretschko, Loy et al. 

2002, Wagner, Loy et al. 2002, Witzig, Manz et al. 2002). Unfortunately, the 

interactions between these microbes are difficult to quantify because of their 

difficultly to culture in environment and laboratory settings, with many still 

unsuccessfully isolated (Rappé and Giovannoni 2003, McInerney, Sieber et al. 2009, 

Orphan 2009, Morris, Henneberger et al. 2013). Successful isolation of these bacteria 

will lead to a stronger understanding of their role in biological processes. 

Understanding of these relationships can lead to the manipulation of their metabolisms 

to increase their role, for instance, to increase the breakdown of complex organic 

material in anaerobic digestion. Recently, as metagenomic analysis has become more 

available and informative, a deeper understanding of the sheer quantity of bacterial 

strains has increased interest in understanding the role of each community in the 

treatment of waste components. Metegenomics has also increased our awareness about 

the amount of organisms that are observed through 16S rRNA gene identification but 

unaccounted through culturing and sampling. One example of a subset of bacteria that 

is being studied in greater frequency is syntrophic partnerships, whose importance in 
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environmental geochemistry and complex substrate breakdown is becoming 

increasingly found in mixed communities (Werner, Knights et al. 2011). 

2.1.1 Phylogeny and physiology of syntrophs 

Syntrophic partnership metabolism has been shown to be widely varying throughout 

environments, but by far, the most common interaction is of a primary degrader 

(syntroph) and an archaeal consumer. In these typical binary interactions, the syntroph 

is responsible for breaking down a larger organic molecule (fatty acids, alcohols, 

sugars, and amino acids) into smaller metabolic byproducts (hydrogen, formate, 

acetate), which the consumer efficiently removes to use for its metabolism. 

The most common type of syntrophs degrade carbon molecules, such as propionate 

and n-butyrate, anaerobically. They have also been shown to break down aromatic 

compounds, crude oil reserves, petroleum-contaminated sediments, hexose, proteins, 

amino acids, lipids, and methane (McInerney, Sieber et al. 2009, Morris, Henneberger 

et al. 2013). In these cases, degrading microbes are typically Deltaproteobacteria and 

Firmicutes. Syntrophy-capable Deltaproteobacteria include Syntrophus, 

Syntrophobacter, Desulfoglaeba, Geobacter, Desulfovibrio, and Pelobacter (generally 

top cluster of Figure 2.1) (McInerney, Struchtemeyer et al. 2008). These 

Deltaproteobacteria are capable of syntrophic growth as fermenters and are strictly 

anaerobic, but have also been found to reduce sulfate in ecological environments 

(Morris, Henneberger et al. 2013). Firmicutes strains, typically members of Clostridia 

or Bacilli, are strictly or facultatively anaerobic, and generally spore forming. Genera 

found with syntrophic metabolisms include Syntrophomonas, Syntrophothermus, 
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Thermosyntropha, Desulfotomaculum, and Pelotomaculum (generally bottom cluster 

of Figure 2.1) (McInerney, Struchtemeyer et al. 2008, Morris, Henneberger et al. 

2013). The definition of syntrophs has been widely used, but with new culturing 

techniques many previously obligate syntrophs are now referred to as being 

facultative. Some species still are found to be obligately syntrophic, such as 

Pelotomaculum schinkii, Syntrophomonas zehnderi, Pelotomaculum isophthalicicum 

(McInerney, Struchtemeyer et al. 2008). One common trait shared by all syntrophs is 

high hydrogenase activity to produce reducing equivalents, particularly when in 

partnership with a hydrogenotroph (Schink and Stams 2006). Likely, one of the 

primary reasons syntrophs have been so difficult to culture is due to the extreme 

sensitivity of the various hydrogenase enzymes to oxygen and hydrogen; hydrogen 

must be maintained below 10-4 µM (1.68∙10-2 Pa) for the reaction to be exergonic 

(Hallenbeck and Benemann 2002, Schink and Stams 2006). 

Syntrophic consumers, typically hydrogenotrophic methanogenic archaea, are much 

more diverse and easily replaceable in partnerships than the syntrophic primary 

degraders. The methanogenic archaea that are most often explored in literature 

(Methanobacteriaceae, Methanomicrobioceae, and Methanosarcinaceae) require 

strictly anoxic conditions for growth, due to their sensitivity to oxygen species (Schink 

and Stams 2006, Worm, Müller et al. 2010). Since many of these methanogens are in 

partnership with hydrogen respiring syntrophs, most literature has reported on the 

study of hydrogenotrophic methanogens for the syntrophic consumer partner. While 

not a necessary description of these syntrophic partners, many of these consumers 

feature flagellar units, which is a trait predicted to allow the microbes to be able to 
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swim to find and maintain close distance to a syntroph (McInerney, Sieber et al. 2009, 

Sieber, McInerney et al. 2012). However, no systematic study has been performed to 

prove this, and there is speculation as to whether the methanogen partner can detect 

the flagella to initiate such a partnership (Sieber, Sims et al. 2010). 

Syntrophs have been found in numerous environments, facilitating the development of 

alternative syntrophic relationships to hydrogen transfer. For example, Pyrococcus 

furiosus and Methanopyrus kandleri were found to produce methane through a 

syntrophic relationship, and are both archaea needing to be maintained at temperatures 

above 95°C to survive (Schopf, Wanner et al. 2008). In addition to the typical methane 

production of the syntrophic consumer, homoacetogens and iron and sulfate reduction 

have also been observed (Morris, Henneberger et al. 2013). The need for synergistic 

interactions in aerobic environments is not widely studied. In these environments, 

where oxygen is freely available, it will be preferentially used as a terminal electron 

acceptor because of its higher energetic yields (Morris, Henneberger et al. 2013). One 

example of aerobic syntrophy is between methylotrophic microbes and 

Hyphomicrobium sp., which is capable of removing methanol and formaldehyde from 

its partner to minimize product inhibition, allowing methane oxidation aerobically 

(Morris, Henneberger et al. 2013). 
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Figure 2.1 Phylogentic tree illustrating syntrophic bacterial species (Sieber, McInerney et al. 2012). 

2.1.2 Mechanisms of syntrophy 

Syntrophy is a term that has been loosely used over the last 50 years to describe any 

relationships where metabolic products between organisms are shared. Deeper 

research into the field has tightened this definition to be an obligately mutualistic 

metabolism that benefits both partners where endergonic reactions can become 
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exergonic through the removal of byproducts (Morris, Henneberger et al. 2013). Even 

today, as syntrophs are being successfully isolated, this definition would imply these 

organisms are no longer syntrophs. One commonality among all syntrophic studies is 

the transfer of reducing agents from the syntroph to the primary consumer. The most 

prevalent of these reduced compound sharing are hydrogen, formate, and acetate. 

However, alternative compounds, such as organic, sulfurous, and nitrogenous 

compounds, in addition to the removal of toxic compounds, have also been reported 

(Fildes 1956, Biebl and Pfennig 1978, Morris, Henneberger et al. 2013). The need for 

syntrophic pairing is driven by the primary degrader (syntroph) producing reducing 

equivalents extracellularly and the ability of the partner to oxidize these compounds 

for energy. Simply, syntrophy is a beneficial co-culture in which microbes transfer 

electrons to a terminal electron sink to gain metabolic energy they that would have 

been impossible without each other. This extracellular electron transfer is not reserved 

only for syntrophy – it is used widely by microbes as a mechanism to expel reducing 

equivalents, and is the basis for the microbial-electrode interaction of 

bioelectrochemical systems (BESs). The primary mechanisms for electron transfer 

have been identified below and shown in Figure 2.2: 

• Syntrophy / indirect electron transfer between microbes – transfer of electrons 

by chemical compounds, such a hydrogen, formate, and acetate, from one 

microbe to another.  

• Mediated/indirect electron transfer from microbe to microbe or to an oxidizing 

surface – transfer of electrons by organic and inorganic mediators, such as 
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riboflavin, quinones, and phenazines, and to inorganic materials, such as Fe3+ 

and electrode surfaces. 

• Direct electron transfer (DET) – direct transfer of electrons by direct contact 

with oxidizing materials and electrode surfaces, such as through pili and 

nanowires. 

 

Figure 2.2 Methods of electron transfer between microbes. Syntrophic electron transfer is the method 

electrons are transferred between syntrophs. Indirect and direct electron transfer are the methods 

employed by electrically active microbes common in bioelectrochemical systems (BESs).  

The mode by which microbes utilize the above methods clearly depends on the genetic 

capabilities of the organism. Mechanisms such as DET with direct pili contact on 

surfaces to transfer electrons and production of mediators, such as riboflavin, are 
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specialized abilities; both of these interactions are key subjects explored in the field of 

bioelectrochemical systems (BESs). Syntrophic partnerships result when neither of the 

last two options are available, typically in anaerobic and thermophilic environments. 

In these environments, syntrophic partnerships share low energetic benefits, but they 

have found ways to lower their operational energy costs by being selective in their 

transcriptional activities and reducing their genome sizes to become more specialized 

(Schink 1997, McInerney, Struchtemeyer et al. 2008). 

Because a considerable amount of syntrophy involves methanogenesis, a considerable 

amount of research into syntrophs has focused on the pairing of hydrogen-producing 

syntrophs with hydrogenotrophs producing methane as the terminal electron-sink; 

discussions of thermodynamics in this review will focus on hydrogen syntrophy as the 

primary example. The second most reported electron transfer compound is formate, 

although it has been theorized to play a larger role than hydrogen for electron transfer 

(Figure 2.3) (Boone, Johnson et al. 1989). In these two modes, hydrogen or formate 

are produced as a reduced product from the primary degrader and removed by the 

consumer. Syntrophic growth is inherently limited by the production of these reduced 

compounds; it has even been theorized that based on this limited amount of energy, 

syntrophs could not grow in the human intestine (McInerney, Struchtemeyer et al. 

2008); however, numerous studies have proven that syntrophic relationships do occur 

in the intestine (Bäckhed, Ley et al. 2005). When calculating the thermodynamic 

Gibbs free energy of these hydrogen and formate reduction reactions at standard 

conditions, the reactions are endergonic. The role of the syntrophic primary degraders 

is to oxidize these reduced compounds to low enough concentrations such that the 
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reactions are exergonic (McInerney, Sieber et al. 2009). Thus, syntrophic partners are 

tied very closely together by the production and consumption of these reduced 

compounds. 

Hydrogen electron transfer within syntrophic relationships is the most reported in 

literature. Hydrogen production 

has been reported to be 

produced from syntrophic 

primary degraders by degrading 

a number of organic 

compounds. The most prevalent 

breakdown is reported for 

acetate, n-butyrate, formate, and 

hexose. Critical to the feature of 

syntrophy, many of these 

bacteria are incapable of 

reducing inorganics and 

building proton gradients, so 

they must reduce protons to 

hydrogen as a reducing equivalent in a costly reaction. As can be seen in Table 2.1, at 

thermodynamic standard conditions, all of these reactions are endergonic (consuming 

energy). Much effort has been spent to understand exactly how syntrophs are able to 

Figure 2.3 Modeled concentrations of reduced electron 

carriers hydrogen and formate by syntrophs (Boone, Johnson 

et al. 1989). Values indicated by the arrows implies the 

maximum hydrogen concentration possible at the cell surface; 

values on y-axis indicate bulk liquid hydrogen concentration. 
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produce energy with this undesirable reaction at physiological conditions rather than 

standard conditions. 

Today, most research has assumed that hydrogen is the primary electron transfer 

compound in syntrophy. However, Boone et al. showed that kinetically, formate was 

likely the primary compound, with almost 100 times the mass transfer of protons as 

hydrogen could possibly provide (Boone, Johnson et al. 1989). By building a model 

based on bacterial spacing, mass transfer, and reaction kinetics, they showed that even 

if hydrogen was removed from the medium entirely, the maximum production of 

hydrogen thermodynamically could not match the amount of methane produced in 

experiments. However, formate, even in realistic concentrations, could surely be used 

as the electron transfer compound, with transfer 96 times greater than hydrogen. 

Boone also calculated possible distances between syntrophic partners, and determined 

that the maximum theoretical distance to be able to transfer hydrogen at a potentially 

desirable hydrogen concentration of 62 nM (10.5·10-2 Pa) was less than 10 µm. Proof 

of this theory is limited as diffusion coefficients would change the outcomes 

drastically, and no empirical verification of the models were performed. In 

contradiction to the theory proposed by Boone, Lee et al. (Lee and Zinder 1988) 

demonstrated high partial pressures of H2 present in the headspace of a growing 

thermophilic syntrophic coculture, reaching high concentrations of 120-300 nM (20-

50 Pa), which indicated that H2 could very likely still be the primary electron transfer 

compound in syntrophic partnerships. 
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One additional mechanism that has been explored for electron transfer in syntrophic 

partnerships is direct electron transfer, where electrons are transferred from one 

microbe to another. One particularly relevant study demonstrated that the electrically-

active Geobacter sulfurreducens was able to directly transfer electrons from its 

syntrophic partner, Geobacter metallireducens, while degrading ethanol (Summers, 

Fogarty et al. 2010). This study ruled out H2 transfer by deleting a gene from G. 

sulfurreducens which would have allowed it to oxidize H2, which was the predicted 

electron transfer route. Even with this knockout, the coculture was able to thrive 

together, demonstrating that this coculture was able to perform direct electron transfer. 

Calculation of the theoretical net energy from the primary degrader and consumer 

reactions can provide an idea of whether their metabolisms are thermodynamically 

possible. Additional metabolic maintenance costs must also be consumed for growth, 

and is typically quantified through ATP synthesis. Metabolism studies have found that 

ATP hydrolysis is linked to proton transfer out of cells, regardless of bacterial or 

mitochondrial membranes (Schink 1997, Schink and Stams 2006). Tying this 

assumption to hydrogen production by the primary degrader, 15-20 kJ/mol of 

hydrogen is required for cell upkeep (Schink 1997). Some studied have found that 

using the proton motive force to promote hydrogen production, which would 

translocate two protons across the membrane, would consume 36 kJ/mol; this further 

implies how energetically costly hydrogen production is, unless the concentration is 

kept extremely low (Sieber, Sims et al. 2010). Theoretically, when degrading acetate 

to methane in a syntrophic partnership, only 21.1 kJ/mol is available for both 

organisms; while 40 kJ/mol is available when oxidizing propionate (Table 2.1). Since 
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these Gibbs values are evaluated at thermodynamic standards, the values for the 

primary degrader reactions are expected to decrease to negative values as the 

hydrogen concentration is lowered. To verify these calculations, however, detailed 

empirical studies into syntrophic bacteria metabolisms in pure culture need to be 

performed to obtain reliable comparisons. For example, the cell upkeep rate is based 

on a well-growing Escherichia coli culture, and not syntrophic bacteria with 

minimized genomes and optimized transcription. In fact, analysis of genes in 

syntrophic partners has shown that cell upkeep requirements may be less than 

expected, as fewer than one-third of genes in one bacteria are critically related to those 

of the other, indicating lower unnecessary gene transcription through specialization 

(McInerney, Struchtemeyer et al. 2008). 
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Table 2.1. Theoretical values for energy production by syntrophs (Schink 1997). Parenthesized values 

are estimates of the energy available in environmental conditions (McInerney, Sieber et al. 2009). 

 Gibb’s Energy 

 

Primary degrader reactions (hydrogen-producing) 

 
Ethanol 

+9.6 

 
Acetate 

+94.9 

 
Propionate 

+76.0 (-31.2) 

 
Amino acids 

+2.7 

Bacterial upkeep 

Bacterial upkeep +15 

Consumer (hydrogen-consuming) reactions 

 -131.0 (-38.6) 

 -94.9 

 -151.0 

Theoretical overall energy 

Acetate CH4 
 

Propionate  CH4 
 

 

Syntrophs, as shown previously, have developed this novel interaction to survive in 

challenging environments. With the meager energy production they manage, these 

partnerships must exist at low growth rates. Syntrophs have been studied for over half 

a century, yet difficulties in culturing these bacteria together have limited in-depth 
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metabolic analysis. In one study, syntrophic maintenance energy requirement had been 

found to be an order of magnitude below values used for diverse communities (0.1 to 

7.5 kJ/mol/C) (Scholten and Conrad 2000, Adams, Redmond et al. 2006). In a pure 

culture study with a propionate oxidizing syntroph, the growth rate was between 0.066 

to 0.19 / day, showing that the energy they gain is extremely low, possibly due to low 

diffusion rates for electron transfer (Felchner-Zwirello, Winter et al. 2013). One 

critical caveat for these studies is that a majority of syntrophs in pure culture are 

grown in specialized media, which are not representative of their environmental 

growth conditions with the primary consumer. Therefore, the development of a tool 

that can provide pure culture observation in realistic environments would be extremely 

valuable. 

2.1.3 Syntrophic partnerships drive global carbon cycles 

Syntrophic bacteria are most commonly observed in anaerobic environments, but their 

complex relationship shows how versatile they can be in extreme environments. 

Syntrophic bacteria have been commonly collected in freshwater and marine anoxic 

sediments and terrestrial soil, but they have also been found in extreme environments 

such as acidic and alkaline soils, thermal springs and deep-sea vents, and permafrost 

(McInerney, Struchtemeyer et al. 2008). The syntroph Pyrococcus furiosus was 

observed in a co-culture after harvesting from sulphidic springs and increased its 

growth rate when cultured at 95°C. To stay collocated with its syntrophic partner, P. 

furiosus was shown to produce a “barbed wire structure,” called hami, which allow it 

to form structural supports for building aggregates (Schopf, Wanner et al. 2008). In-

depth studies of syntrophs in their natural environments have shown how critical they 
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are for the global carbon cycles. By transferring hydrogen or formate to the primary 

degrader, syntrophs can drive reductive metabolism such as methanogenesis, sulfate 

reduction, or denitrification in natural environments (Morris, Henneberger et al. 2013). 

One of the main producers for greenhouse gases released into the atmosphere are 

natural environments, such as fens, eutrophic bogs, marshes, and waterlogged 

sediments, which facilitate methanogenesis. In these environments, methane 

production from non-anthropogenic sources have been reported to release 145 Tg/yr, 

which is about 25% of total methane released – 100 mg/m2·day – with increasing gas 

expected as greater effects from global warming come into play (Cao, Gregson et al. 

1998, Whalen 2005). These natural environments include areas where syntrophs have 

been studied, notably wetlands and rice fields, where their role has been found to be 

critical in methane production (Morris, Henneberger et al. 2013). While the role of the 

syntroph in methane production is widely observed, anaerobic methane oxidation has 

also be studied. Using this metabolism, syntrophs oxidize methane to carbon dioxide 

while reducing sulfate, and are estimated to play a critical role in diverting energy 

away from biological methane production (7-25%) (Morris, Henneberger et al. 2013). 

Sulfate reducers have been shown to outcompete methanogenic archaea for hydrogen 

and acetate, simply by lowering the hydrogen partial pressure below that necessary for 

methanogenesis (Lovley, Dwyer et al. 1982). 

In addition to being involved in the natural carbon cycle, syntrophs have been found to 

play a critical role in purposeful anthropogenic activities, such as methanogenesis in 

rice paddy fields and anaerobic treatment of waste. Werner et al. showed that in a 
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year-long sampling across nine brewery anaerobic digesters, syntrophs played a 

critical role in conferring system stability. Following system disturbances, reductions 

in the Deltaproteobacteria orders Syntrophobacterales and Desulfuromonadales were 

observed, with returns to normal population distributions after the perturbations 

(Werner, Knights et al. 2011). Since propionate production would have been limited 

during the system disruptions, it was expected that these Deltaproteobacteria would 

decrease because they specialized in propionate oxidation. Active removal of 

propionate, which is a compound known to cause instability in anaerobic systems, had 

led researchers to value syntrophs for the effects in stabilizing complex degradation 

pathways (Nielsen, Uellendahl et al. 2007). Werner et al. also found that the resilience 

conferred by the syntrophs resulted in the community returning back to its previous 

population distribution, rather than undergoing competitive growth of other syntrophs 

(Werner, Knights et al. 2011). Similar syntrophic partnerships has been observed 

between Smithella propionica, which can degrade propionate (through dismutation to 

acetate and n-butyrate), and Syntrohpomonaceae, which can degrade the n-butyrate 

(Dolfing 2013). The criticality of syntrophs to confer stability in anaerobic digestion 

has also been related to their ability to degrade acetate during accumulations leading to 

system disruptions. When disrupting steady state operation of an anaerobic digester 

with ammonia, acetate-degrading syntrophs increased in population from 5-10% to 15-

23%, helping to shift from aceticlastic to hydrogenotrophic methanogenesis (Werner, 

Garcia et al. 2014). In support of this result, anaerobic digesters fed high amounts of 

ammonia have also shown syntrophic acetate degradation as a primary pathway.  
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Syntrophy has also been observed to play a key role in the degradation of 

tetrachloroethene, which is a chlorinated solvent and common groundwater pollutant 

that is suspected to be carcinogenic. By selecting energetically-costly substrates, 

which would yield low levels of H2 to be produced and actively scavenged away in a 

syntrophic relationship, such as with n-butyrate and propionate, Fennell et al. expected 

that dechlorination rates would be elevated when compared to other substrates that 

yield higher H2 concentrations, such as ethanol or lactate (Fennell, Gossett et al. 

1997). The authors observed, however, that long term dechlorination rates were 

similar between the two substrate types, but that other benefits, such as limited 

methanogenesis or elevated dechlorination rates in short-term experiments occurred. 

These findings demonstrate how complicated the study of syntrophs in their natural 

environments can be, and a further example of the role of syntrophs in niche 

environmental activities. 

2.1.4 Syntrophic partnerships in the human intestinal microbiome 

The gut in animals and insects plays host to an enormous number of microbes: the 

human intestine contains 100 trillion microbes, which is roughly 10 times more cells 

than contained in the rest of the body (Bäckhed, Ley et al. 2005). This collection of 

microbes is present throughout the entire intestinal tract, and are credited with 

degrading food that has not been fully consumed by the host. Most of this research has 

focused on the large intestine, which has the highest cell density (1011 cells/mL) 

(Walter and Ley 2011). With this high cell density, the microbiome in the large 

intestine ferments undegraded compounds, which escaped the small intestine, 

producing considerable amounts of short chain fatty acids (SCFAs) such as acetate, 
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propionate, and n-butyrate (Cummings, Pomare et al. 1987). In particular, n-butyrate 

is a key SCFA used by intestinal wall enterocytes for energy. The intestinal 

microbiome is highly competitive, with environmental filtering and nutritional 

exclusion shaping its diversity. Since influent into the large intestine is an array of 

complex compounds, the intestinal microbiota phylogeny is rooted in deep 

evolutionary lineages with high strain diversity (Walter and Ley 2011). One 

interesting aspect of the intestinal microbiota is that specialist organisms are present in 

addition to other generalists, implying that different species have defined roles. Some 

of these specialized roles tend to confer lower doubling times, some well below the 

typical residence time of flow through the intestine. Thus, it has been theorized that 

these low growth-rate “entrenched” microbes (autochthonous) are able to be retained 

in the intestine better than “flow-through” organisms (allochthonous) by becoming 

embedded into the mucous gel layer attached to the intestinal epithelium (Sonnenburg, 

Angenent et al. 2004).  

Amidst the wide range of microbes present in the intestine, syntrophic partnerships are 

expected to play a large role. One example of syntrophy in the intestine is between 

Bacteroidetes thetaiotaomicron and archaeal methanogens (Bäckhed, Ley et al. 2005). 

Interestingly, B. thetaiotaomicron can grow in pure-culture in the gut, as it has been 

studied in germ-free mice, indicating that it is rather not a strict syntroph but a 

facultative syntroph (Xu and Gordon 2003). B. thetaiotaomicron does not have the 

ability to form adhesions with methanogens to degrade organics and would wash out 

on its own with normal flow. Similarly with allochthonous microbes, B. 

thetaiotaomicron is maintained in the intestine by attaching to mucus and epithelial 
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cells shed by the intestinal epithelium. Situated on this structure, nutrients and 

methanogens will also attach as they flow by, providing localized particulates 

allowing for syntrophy (Bäckhed, Ley et al. 2005). Since methanogens produce 

methane as a terminal electron acceptor, mostly through hydrogen, it is expected that 

syntrophic partnerships are widely present, and play a similar stabilization role in 

response to propionate and acetate accumulation as found in anaerobic digestion 

systems. Interestingly, aceticlastic methanogenesis is another route to methane 

production, but is acknowledged to occur at a lesser extent than through hydrogen, and 

has not been observed in the human intestine (Gaci, Borrel et al. 2014). 

Currently, since culturing of these syntrophs is so difficult, the only reliable method 

for determining their presence is through comprehensive 16S rRNA gene sequencing. 

Such research has provided insights on uncultured organisms present in the intestine 

which play unknown roles, such as Melainabacteria (presented in “Melainabacteria – 

Culturing the uncultured”). While many of these sequencing results can be used to 

draw conclusions about the microbiome inside the intestine, most analysis is 

performed on fecal samples; studies have shown that fecal samples showed different 

communities from samples obtained from other parts of the GI tract (Zoetendal, 

Vaughan et al. 2006). To fully understand the role of more than a thousand expected 

microbial species in the human intestinal microbiome, in addition to their effects on 

the body, new techniques to measure metabolites generated by single and defined 

collections of organisms under defined nutrient conditions in chemostats need to be 

performed (Bäckhed, Ley et al. 2005), in addition to studies in gnotobiotic mice 

(Faith, Ahern et al. 2014). One study cultured the full community present in fecal 



 

39 

 

samples with the goal of observing the discrepancy between culturable and present 

communities. Through sequencing, Goodman et al. found that 44% of the species were 

lost during culturing efforts through in-vitro studies (Goodman, Kallstrom et al. 2011). 

While syntrophic species have been found to be highly diverse, they could not fully 

explain the disparity between cultured and present communities through poor syntroph 

culturing ability, implying other communities are also lost during culturing with wide-

spectrum medium.  

2.1.5 Efforts to culture syntrophs 

With relatively recent advances in genome analysis, stable isotope probing, and 

advanced engineering, successful culturing of syntrophic primary degraders 

(syntrophs) have been widely reported. This research has approached syntrophic 

partners as a black box, analyzing the compounds that are degraded and produced 

through the partnership. Understanding of the role of the syntrophic primary degrader 

and hydrogenotrophic consumer has been very difficult to quantify (Orphan 2009) due 

to their minimal growth rates and yields, and stringent medium and thermodynamic 

requirements (Schink and Stams 2006, McInerney, Struchtemeyer et al. 2008). In 

addition, quantifying the rate of hydrogen transfer between partners has been difficult 

due to water buffering and hydrogen equilibrium chemistry, extremely low 

concentrations (<60 nM) and likelihood of samples changing before analysis can be 

performed (Boone, Johnson et al. 1989). Isolated syntrophs cover a wide range of 

phenotypes, but generally either lie in the Firmicutes or δ-Proteobacteria phyla (Table 

2.2). Metabolic specialization is relatively clustered for the two groups; with the 

former more likely responsible for ethanol, propionate, and benzoate oxidation, and 
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the latter able to degrade fatty acids and acetate (Schink and Stams 2006). Still, with 

these successful isolations, speculation still exists as to whether this data is 

representative of syntrophic behavior when the consuming partner is present in natural 

environments. 

 

 

 

 

 

Table 2.2 Select successfully isolated (pure- or co-culture) syntrophic bacteria. Combined literature 

search with (Schink and Stams 2006). 

Isolate Substrate range Phylogeny Method Ref. 

Smithella 

propionica 

Propionate, 

crotonate 

δ-

Proteobacteria 

Pure culture through 

axenic medium; co-

culture with M. hungatei 

(Liu, 

Balkwill et 

al. 1999) 

Thermoacetogenium 

phaeum 

Acetate, 

pyruvate, 

glycine, 

cysteine, 

formate, and 

H2/CO2 

Firmicutes Co-culture with 

hydrogenotrophic 

methanogens, 55°C 

(Hattori, 

Kamagata et 

al. 2000) 

Syntrophothermus 

lipocalidus 

C4-C10, 

isobutyrate, 

crotonate 

Firmicutes Pure culture through 

axenic medium; co-

culture with M. 

thermoautotrophicum, 

55°C  

(Sekiguchi, 

Kamagata et 

al. 2000) 

Syntrophobacter 

fumaroxidans 

Propionate + 

fumarate, sulfate 

δ-

Proteobacteria 

Pure culture with sulfate 

or fumarate; co-culture 

with M. hungatei 

(M., Van 

Kuuk et al. 

1998) 

Clostridium 

ultunense 

Acetate, 

formate, 

cysteine 

Firmicutes Pure culture; tri-culture  (Schnurer, 

Schink et al. 

1996) 

Syntrophus 

aciditrophicus 

C4-C8, 

crotonate, 

benzoate 

δ-

Proteobacteria 

Pure culture through 

axenic medium; co-

culture with M. hungatei 

(Jackson, 

Bhupathiraju 

et al. 1999) 

Syntrophomonas C4-C8 + sulfate Firmicutes Pure culture through (Sieber, 
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wolfei axenic medium; co-

culture with 

hydrogenotrophic 

methanogens 

Sims et al. 

2010) 

 

Since syntrophic partnerships are so tightly involved, syntrophy was initially studied 

through co-culture system (Table 2.2); most syntrophs existing in pure culture today 

were initially studied through a co-culture. In this method, pure cultures of known 

methanogenic partner bacteria are provided in excess, providing a lawn for the 

cultivation and isolation of the syntroph (Schink 1997). Typically, if a syntroph is 

desired to be isolated from a mixed sample, selective medium in agar roll tubes is used 

(Hattori, Kamagata et al. 2000). Subsequently, serial inoculations to new roll tubes are 

performed; further-oxidized substrate alternatives for n-butyrate, propionate, and 

ethanol have been used such as crotonate, pyruvate, and acetoin, respectively; use of 

sulfate and fumarate as a terminal electron acceptor; and bromoethanesulfonic acid 

(BES) is added to inhibit methanogenesis (Schnurer, Schink et al. 1996, Sekiguchi, 

Kamagata et al. 2000, Schink and Stams 2006). 

Isolation has been primary performed through the customization of growth medium, as 

explained above, but the difficulty is that these conditions do not confer the same 

properties as syntrophs will experience in real-world scenarios, making any growth 

and organics degradation rates unrepresentative of real environments (Schink and 

Stams 2006). Novel reactor architectures have led to successful isolation of syntrophs. 

Chemostats are commonly used in other biological applications where substrate is 

constantly required. For syntrophs, chemostats provide the value of removing 
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poisoning compounds from slowing down their metabolisms. Chemostats have been 

applied to the study of syntrophs, but only to grow them in syntrophic partnerships, 

thus far. In a mixed-culture chemostat system containing a syntrophic acetate oxidizer, 

the rate of liquid replacement (dilution rate), was found to have a strong impact on the 

microbiological community. At low dilution rates (0.025/day; 40 day hydraulic 

retention time, HRT), syntrophic methanogenesis dominated; at higher dilution rates 

(0.6/day; 1.66 day HRT), direct aceticlastic methanogenesis dominated (Shigematsu, 

Tang et al. 2004). This outcome shows that syntrophs gained a growth advantage over 

aceticlastic methanogens during long residence-time scenarios. Alternatively, another 

chemostat study using a co-culture of Syntrophobacter fumaroxidans and M. hungatei 

found steady-state growth rates of 0.04 to 0.07/day. The Gibbs free energy available to 

the methanogen was estimated to be less than -20 kJ/molmethane and greater than -10 

kJ/molpropionate for the syntroph, providing evidence of the exergonic status of 

syntrophs in co-cultures (Scholten and Conrad 2000).  

Palladium has been tested as a catalyst to remove hydrogen from both the liquid and 

gas phase of growing anaerobic bacteria (Mountfort and Kaspar 1986). By adding 

palladium, reduction of unsaturated hydrocarbons occurred when the syntroph 

produced volatile fatty acids and when compounds were added to the medium. The 

goal of this work was to increase the value of anaerobic systems by driving 

methanogenesis toward more valuable hydrocarbon products. This work is highly 

related to the isolation of syntrophic primary degraders as hydrogen removal could be 

facilitated by introduction of such catalysts, but interestingly, was never followed up 

with further research. In a much simpler approach, a stirred glass bioreactor was 
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aggressively sparged while growing a syntrophic isolate (Valentine, Reeburgh et al. 

2000). The gas was introduced through a ceramic fine-pore frit to distribute the gas 

evenly and into as small bubbles as possible. In this setup, Valentine et al. were able to 

truly analyze a pure culture syntroph with the actual substrate it would consume in real 

anaerobic environments. From their analysis, they determined the energy acquired by 

ethanol oxidation to be between 26 and 33 kJ/molethanol, which is very similar to that 

estimated in previous literature (Valentine, Reeburgh et al. 2000). Strangely, no 

studies were performed with this system on other syntrophs, likely because ethanol 

oxidation requires a partial pressure of <10-1, whereas fatty acids such as n-butyric and 

propionic acid require much lower partial pressures of <10-4 (McInerney, 

Struchtemeyer et al. 2008). Further, reproducibility is limited by the omission of the 

gas sparging flowrate. 

2.1.6 Methods to analyze syntrophic relationships 

Stable isotope probing has provided extremely valuable data about syntrophic 

breakdown reactions. In a chemostat study testing different dilution rates, 13C-labeled 

sodium acetate was fed to a mixed consortium containing nonaceticlastic syntrophic 

acetate oxidizers along with hydrogenotrophic methanogens and aceticlastic 

methanogens, and analyzed with gas chromatography-mass spectrometry (Shigematsu, 

Tang et al. 2004). At high dilution rates (0.6 day-1), the non-aceticlastic syntrophic 

acetate oxidizers and hydrogenotrophic methanogens dominated; 13C was traced in 

78% of the methane and 63% of the carbon dioxide produced. At higher dilution rates 

(0.025 day-1), 13C was only measured in 2% and 6% of the methane and carbon 

dioxide, respectively. These results indicated that varying the dilution rate for a 
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chemostat could shift syntrophic methane production pathways. This experiment tied 

isotope probing with 16S rRNA gene sequencing to degradation pathways to different 

communities. In addition to understanding which compounds and pathways are 

followed, isotope probing with 13C -NMR spectroscopy was used to prove a novel 

pathway. Smithella propionica and M. hungatei displayed an unexplained pathway to 

degrade propionate to acetate and n-butyrate and produce methane. By using isotope 

labeling in propionate, particularly by labeling specific carbons, the novel mechanism 

of propionate dismutation was proven (de Bok, Stams et al. 2001). 

With the increasing availability of genomic analysis, such analyses are becoming 

increasingly common and necessary in microbiological studies, especially those 

involving mixed undefined communities. This is common for syntroph studies, where 

many inocula are sourced from anaerobic locations that are rich in microbes, such as 

wastewater treatment plants, swamps, and rice paddies. Genome analysis has been 

critical for syntroph studies by identifying whether isolates are being selected in 

particular medium, but it has also been valuable for identifying new syntrophic 

degraders, and for showing that complex communities of syntrophs were important for 

system stability (Morris, Henneberger et al. 2013). 

A recently developed tool, which is referred to as nano secondary ion mass 

spectroscopy (NanoSIMS), has provided incredible insights into the study of microbial 

interactions. NanoSIMS is capable of detecting elements down to the parts per million 

level and able to produce ion intensity maps (Morris, Henneberger et al. 2013). Using 

labeled elements (13C, 15N, 18O), the physiology of individual partners can be 
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determined. In addition, by applying fluorescence in situ hybridization (FISH) with 

NanoSIMS, metabolic function and phylogenetic links can be determined. For 

example, the carbon and nitrogen transfer between filamentous Cyanobacteria and 

heterotrophic Rhizobium was determined through this method (Morris, Henneberger 

et al. 2013). Similarly, Raman spectroscopy, which is a non-invasive technology able 

to identify biomolecules by the chemical bond reflection patterns from laser light 

excitation, has been used to analyze microbial degradation of naphthalene. Finally, 

synchrotron radiation-based Fourier transform infrared (SR-FTIR) microspectroscopy 

has shown promise as being a less-complicated method than FISH and spectroscopy 

methods such as NanoSIMS. SR-FTIR has been shown to be able to discern between 

Bacteria and Archaea, and co-localization of carbon and organic sulfate compounds in 

bacterial cells was found (Morris, Henneberger et al. 2013). SR-FTIR offers a non-

invasive method allowing molecular imaging without tracers, and can be used on 

living cells under anaerobic conditions. 

All of the previous examples of syntrophic study have been performed through in-

vitro methods. The nature of syntrophs to be difficult to culture led to numerous 

efforts to model the systems to target in-vivo approaches. Models have been developed 

to analyze syntrophic partnerships on the thermodynamic level, by simply exploring 

the diffusion of hydrogen and formate. In one study, the maximum concentration 

allowable for hydrogen and formate to allow for an overall exergonic reaction was 10 

nM and 2000 nM, respectively (Boone, Johnson et al. 1989). This study showed that 

theoretically, formate is a more ideal electron-transfer compound due do its 

considerable larger ability for mass transfer. Models have also studied syntroph co-
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cultures in chemostats (Kreikenbohm and Bohl 1986, Weedermann, Seo et al. 2013), 

in addition to models accounting for the thermodynamics of their metabolism (Ozturk, 

Palsson et al. 1989, Batstone, Picioreanu et al. 2006, Stolyar, Dien et al. 2007). 

2.2 Melainabacteria – culturing the uncultured 

The understanding of uncultured microbes has been a gap in our understanding of 

biology in the environment since the beginning of the field. The development of 

metagenomics has radically increased our knowledge of the diverse microbial 

presence in environments, adding information to the minimal presence of uncultured 

organisms; today, more than 60 phyla have been delineated, and most are dominated 

by uncultured organisms (Rinke, Schwientek et al. 2013). Further, more than 80% of 

isolated microbes exist within three of these phyla: the Proteobacteria, Firmicutes, 

and Actinobacteria (Hugenholtz and Kyrpides 2009). When estimating populations in 

the environment, microbiologists generally observe a huge discrepancy between the 

population sizes estimated by microscopy and dilution plating. Aquatic environments 

have been reported to be 4 to 6 orders of magnitude different, and soil has been 

reported to be 0.1 to 1% readily culturable (Handelsman 2004). Another environment 

where this is also the case is the human intestine. With up to 100 trillion cells 

estimated, it contains the highest cell density recorded for any ecosystem. Early 

studies have demonstrated high cell density growth using anaerobic culturing 

techniques from feces, recovering greater than 90% of the viable cells, and reporting 

densities greater than 1011 cells per gram (Eller, Crabill et al. 1971, Moore and 

Holdeman 1974). Even with high cell recovery, division-level diversity is one of the 

lowest; 8 of the 55 known bacterial divisions have been identified, of which 5 are 
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rarely found (Figure 2.4) (Bäckhed, Ley et al. 2005). These limited divisions are 

joined by extremely wide diversity below the division level, indicating a strong 

selection by the host for the overall beneficial behavior. Of the >200,000 rRNA gene 

sequences currently in GenBank, only 1822 are annotated as being derived from the 

human gut; 1689 still represent uncultured bacteria (Bäckhed, Ley et al. 2005). 

 
Figure 2.4 Representation of microbiology present in the human intestine based on 16S rRNA gene 

sequences. Wedges represent divisions; red signifies abundant divisions, green signifies rare, and black 

genes are undetected (Bäckhed, Ley et al. 2005). 

Recently, analysis of genome data from intestinal samples has given rise to reclassify 

a previously improperly binned Cyanobacteria as the phylum Melainabacteria. Di 

Rienzi et al. analyzed Melainabacteria genomes from fecal and sediment samples. 
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Through de-novo assembly of metagenomic data, the authors discussed the possible 

the metabolism of Melainabacteria: they were non-photosynthetic, anaerobic, motile, 

and obligately fermentive (Di Rienzi, Sharon et al. 2013). Critically, the phylogeny of 

Melainabacteria, has proven to be invaluable to the understanding of the evolution of 

microbial oxygenic photosynthesis. Recent metagenomic analysis has indicated that 

since Melainabacteria do not possess machinery for phototrophy or carbon fixation, 

they very likely separated from Cyanobacteria long ago (Soo, Hemp et al. 2017). 

Further, analysis of Melainabacteria, Sericytochromatia, and Oxyphotobacteria 

genomes indicates that photosynthesis was developed after the divergence of 

Melainabacteria and 

Oxyphotobacteria, and that all three 

classes likely acquired aerobic 

respiration independently, leading to a 

minimum divergence around 2.5-2.6 

billion years ago. Interest in 

Melainabacteria lies in their value to 

explain a critical path in the theory of 

microbial evolution, understanding its 

role in environments such as the 

intestine, and to understand new 

syntrophic interactions. 

 

Figure 2.5 Abundance of Melainabacteria relative 

to: A) different environments, B) areas of the body, 

and C) diets. (Di Rienzi, Sharon et al. 2013) 
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2.2.1 Importance in the environment 

De-novo assembly of metagenomic data for Melainabacteria was performed on three 

human fecal and one aquifer sample (Di Rienzi, Sharon et al. 2013). In total, seven 

genomes were recovered from the fecal samples and one was recovered from the 

aquifer sample. Since Melainabacteria had been present in genomic analyses 

previously, but improperly binned with Cyanobacteria, Melainabacteria were also re-

searched for within existing genome databases. In natural environments, 

Melainabacteria were widely found, but most abundant in soil; unusually, they were 

found in highest abundance in restroom tapwater (Figure 2.5) (Di Rienzi, Sharon et al. 

2013). In the human body, Melainabacteria were abundant in fecal samples, but also 

found on the skin, airway, and mouth communities. Upon analyzing Melainabacteria 

presence across mammalian diets, they were highly present in herbivores and 

omnivores, but undetected in carnivores. In these herbivores, the Melainabacteria were 

found in higher abundance in the foregut than hindgut. Across world populations, 

Melainabacteria were slightly higher in Malawian and Venezuelan, where diets 

contain more vegetables, than in the United States (Di Rienzi, Sharon et al. 2013). 

Microbial communities were also significantly driven by their diet – herbivores 

contained the most Melainabacteria, carnivores contained the fewest, and omnivores 

were in the middle. Taken together, the increased presence of Melainabacteria in 

humans and other mammals with plant-based diets, and higher incidence in the 

foregut, implies that they thrive in the presence of plant polysaccharides and likely are 

critical in the digestion of plant fibers. 
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2.2.2 Common ancestry to Cyanobacteria 

Cyanobacteria are widely acknowledged for their role in oxygenating the atmosphere 

of early Earth, by evolving the production of oxygen through photosynthesis about 2.5 

Gy ago (Slonczewski and Foster 2011). The current distribution of photosystems 

imply an ancestor that conducted anaerobic photosynthesis with a photosystem 1-like 

reactor center, and that the genes for photosynthesis propagated through lateral gene 

transfer (Mulkidjanian, Koonin et al. 2006). Through metagenomic analysis and 

evidence from fossils, Cyanobacteria are expected to be one of the deepest-branching 

bacterial lineages of these early photosynthetic ancestors (Altermann and Kazmierczak 

2003). Recently, however, a study featuring Melainabacteria, Sericytochromatia, and 

Oxyphotobacteria genomes indicated that photosynthesis was developed after the 

divergence of Melainabacteria and Oxyphotobacteria (Soo, Hemp et al. 2017). 

Further, it found that all three of these classes acquired aerobic respiration 

independently of each other, implying that oxygenic photosynthesis was not a 

capability of the earliest ancestor for Cyanobacteria. This work still supports the 

hypothesis that oxygenic photosynthesis caused oxygen buildup in the atmosphere, as 

molecular-clock studies still suggest this ability was developed around 2.3 billion 

years ago. 

 Such conclusions are extremely informative about evolution on Earth – all microbes, 

and even plants, present today with photosystems are related to this Cyanobacterial 

ancestor.  
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Melainabacteria, as a new proposed candidate phylum sibling to Cyanobacteria also 

display similar deep-branching to Cyanobacteria, implying that they may have evolved 

from the Cyanobacterial ancestor at near the same time Cyanobacteria did (Figure 

2.6A) (Di Rienzi, Sharon et al. 2013). Melainabacteria went unnoticed through 

genomic analysis in numerous other studies due to its similarity in 16S rRNA gene 

sequence to other Cyanobacteria. For having such a similar 16S rRNA gene sequence 

to Cyanobacteria, Melainabacteria are missing the tell-tale photosynthetic capabilities. 

In addition, they are found in unexpected environments for photosynths, such as the 

gut and soil, and have yet to be isolated from mixed-community samples for further 

study.  

 
Figure 2.6 A) Overall representation of the phylogeny of Cyanobacteria and Melainabacteria. B) 

Close-up of relationship of Cyanobacteria and Melainabacteria to show deep-branching relationship 

(Di Rienzi, Sharon et al. 2013). 



 

52 

 

Melainabacteria metagenomes were analyzed from three adult fecal samples, with one 

from a previously analyzed dataset of a subsurface aquifer. The microbial 

communities between the two sources differed greatly. The fecal samples were 

dominated by members of Firmicutes and Bacteroidetes. The aquifer sample had 

wider diversity, with Proteobacteria and candidate phyla OD1 and OP11 being the 

most abundant. In both types of samples, abundance of the Melainabacteria accounted 

for less than 5% (Di Rienzi, Sharon et al. 2013). In total, seven different genomes 

were built from the fecal samples, and one was built from the aquifer sample. When a 

phylogenetic tree was built using a publicly available database, the gut and aquifer 

bacteria were placed into three subgroups, one of which is based on animal gut 

microbes. In addition, using current phylogenetic rules, the fact that Melainabacteria 

share only 84% identity with Cyanobacteria means that it should be considered a new 

candidate phylum. To continue exploring this difference from Cyanobacteria, a 

phylogeny based on the ribosomal protein sequences was formed. This analysis 

showed, with even greater certainty, that all of the analyzed Melainabacteria genomes 

were different from that of Cyanobacteria, and that the two genus shared a common 

ancestor (Figure 2.6B). 

With the differences of Melainabacteria and Cyanobacteria phylogeny shown, it is 

important to note some points to the similarities of their ancestry. Both genera encode 

30S ribosomal protein S1 rpsA, rather than ypfD, which is exclusive to Firmicutes. In 

addition, two of the gut genomes encoded the A-type RnpB, which is found in all 

bacteria except for Firmicutes and Tenericutes. Finally, the Melainbacteria genomes 

had homologs of a S-layer which was found in the conserved orthologous gene (COG) 
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coding for a protein which is only found in Cyanobacteria, further indicating a shared 

ancestry (Di Rienzi, Sharon et al. 2013). 

Differences between the gut and sediment Melainabacteria genomes appear to show 

the effects of evolution by developing in different environments. Firstly, the 

sedimental Melainabacteria genome consists of 3 mbp, whereas the gut strains all 

contained around 2 mbp. The gut types all lack some critical genes present in the 

sediment one, such as for chemotaxis, amino acid production, and nitrogen fixation. 

Further analysis of the Melainabacterial nitrogenase showed that it was not related to 

the primary nitrogenase for Cyanobacteria, providing further evidence for an 

evolutionary split from a common ancestor. 

2.2.3 Metabolic inferences 

Photosynthetic remnants. For bacteria previously binned with Cyanobacteria, 

metagenomic results for Melainabacteria show a striking difference. Firstly, 

Melainabacteria appear to entirely lack genes for photosynthesis (photosystem I, 

photosystem II, thylakoid membranes, succinate dehydrogenase, and the cytochrome 

b6f complex) (Di Rienzi, Sharon et al. 2013). This indicates that Melainabacteria are 

missing all capacity for oxygenic and anoxygenic photosynthesis, strikingly different 

from the common oxygenic photosynthetic trait with Cyanobacteria. Interestingly, 

despite being non-photosynthetic, the Melainabacteria genome did contain the high 

intensity light sensor NblS and homologs of the circadian rhythm regulators RpaA and 

RpaB. The high intensity light sensor NblS typically regulates the expression and 

degradation of the photosynthetic mechanisms under high and blue/UV-A conditions. 
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Circadian rhythm regulators RpA and RpaB regulate the circadian clock KaiABC and 

connect energy transfer between the antennae and the photosystem. These photosensor 

mechanisms are expected to be nonfunctional since SasA, which is a sensor for RpaA 

and RpaB, is missing (Di Rienzi, Sharon et al. 2013).  

Cell structure. Melainabacteria have been predicted to have a Gram-negative cell 

envelope, similar to Cyanobacteria. This is indicated by a large number of genes for 

LPS, LipidA, and O-antigen polymerases and transporters, which are typical 

components present in the outer membranes of Gram-negative cells (Di Rienzi, 

Sharon et al. 2013). This provides another clue to the common ancestry with 

Cyanobacteria. Interestingly, many other genes in Melainabacteria are more similar to 

Gram-positive members of Firmicutes. All of the Melainabacteria genomes studied 

featured some flagellar genes, and all, but one, are expected to have fully operational 

flagella. The flagellar genes contain M, S, P, and L rings, which are present in Gram-

negative flagellar structure, and deeply branch with Firmicutes and Spirochaetes. 

Since no flagellated Cyanobacteria are known, the common ancestor of Cyanobacteria 

and Melainabacteria likely was flagellated. 

Metabolism. Melainabacteria are expected to be obligate anaerobic fermenters due to 

the presence of aerobic and anaerobic respiratory complexes, complete TCA cycle, 

fermentative and degradative enzymes, and lack of a linked electron transport chain 

(Di Rienzi, Sharon et al. 2013). It is not expected to be able to respire to ferredoxin, 

flavins, iron, sulfur, or other reducible species due to the lack of soluble or membrane-

affiliated electron carriers, making indirect or direct electron transfer impossible. 
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Melainabacteria are expected to be able to degrade a wide range of organics: 

polysaccharides, oligosaccharides, simple sugars, organic acids, amino acids, fatty 

acids, and hemicellulosic compounds (soil strain only). In particular, it should be able 

to ferment glucose, fructose, sorbitol, mannose, sorbitol, mannose, trehalose, starch, 

glycogen, hemicellulose, and amylose. All strains are capable of producing hydrogen 

and lactate. The gut strain is also capable of producing formate and ethanol, while the 

soil strain can produce acetate and possibly n-butyrate. Unlike Cyanobacteria, which 

use internal carbon pools for fermentation, Melainabacteria likely acquire these 

compounds from the environment through membrane permeases. Melainabacteria is 

are missing genes for chemotaxis, production of a number of amino acids (aspartic 

acids, asparagine, phenylalanine, arginine, histidine, tyrosine, and alanine), nitrogen 

fixation, and proteins for substrate level phosphorylation. From the metagenomic 

analysis, a potential representation of cellular capabilities of Melainabacteria was 

built, shown in Figure 2.7. 
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Figure 2.7 Proposed cellular functions for Melainabacteria based on metagenomic analysis (Di Rienzi, 

Sharon et al. 2013). 

2.2.4 Similarities to syntrophic primary degraders 

Evidence of the presence of syntrophic primary degraders has been found in a wide 

variety of environments – soil, marine, and also in intestine microbiomes. Syntrophs 

are expected to be in any environments employing complex communities, particularly 

those where methane is produced, as syntrophs are strongly tied to hydrogenotrophic 

methanogens (Bäckhed, Ley et al. 2005). One of the key indicators of syntroph 

activity is the presence of hydrogenases, whose role is to produce hydrogen (Schink 

and Stams 2006). In particular, two types of hydrogenases apply to syntrophs: NiFe- 

and Fe-hydrogenases. NiFe hydrogenases are typically uptake-type, so the hydrogen 

turnover rate is low (98 /s) (Hallenbeck and Benemann 2002). Fe-hydrogenases are 

typically used during fermentations to get rid of excess reducing equivalents, but is 

extremely sensitive to oxygen, requiring strict anaerobic environments. Fe-

hydrogenases have extremely high rates of 6,000-9,000 /s. 
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When Melainabacteria were studied, both NiFe- and Fe-hydrogenases were found, 

implying that it was likely involved in hydrogen production, leading to the hypothesis 

that methods used for growing syntrophic microbes should be attempted first (Di 

Rienzi, Sharon et al. 2013). Homologs of subunits of the Fe-hydrogenase found in 

Melainabacteria have been identified in genomes of syntrophs – particularly those 

known to produce high quantities of hydrogen (Sieber, McInerney et al. 2012). With 

this behavior, Melainabacteria have a high likelihood of operating as a syntrophic 

primary degrader, and it was suggested that culturing efforts should focus on 

imparting low hydrogen partial pressures. Efforts to culture Melainabacteria should 

focus on using an array of sugars and carbohydrates, dicarboxylic acids, and complete 

set of amino acids, in an anaerobic and dark environment, with hydrogen continuously 

removed with a syntrophic partner (Di Rienzi, Sharon et al. 2013) – essentially the 

same way syntrophs should be cultured. Melainabacteria are not expected to use 

formate for electron transfer as theorized for many syntrophs, as all genomes lacked 

formate dehydrogenase complexes. Another featured similarity with syntrophs is that 

Melainabacteria contain flagella, which has been predicted to be beneficial for 

syntrophs to remain close to their methanogen partners (McInerney, Sieber et al. 2009, 

Sieber, Sims et al. 2010, Sieber, McInerney et al. 2012). 

2.2.5 Value for continued research 

One of the primary reasons to study Melainabacteria is to understand the evolutionary 

changes that occurred between it and Cyanobacteria to make conclusions about the 

deep branching ancestor they evolved from. The presence of Melainabacteria in varied 

environments and its metabolic capabilities are also of interest. Fecal samples enriched 
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with Melainabacteria have been widely studied and cultured from, yet no efforts have 

been successful in isolating the microbe, which is a goal for this Dissertation.  

The presence of Melainabacteria in the intestine of humans and other mammals across 

the globe is fascinating, in addition to its relationship to vegetarian diets. In addition to 

these, Melainabacteria also possess the genes to synthesize vitamins B2 (riboflavin), 

B3 (nicotinamide), B7 (biotin), and B9 (dihydrofolate) (Di Rienzi, Sharon et al. 2013). 

The gut strain was also able to synthesize vitamins K1 and K2; Cyanobacteria are 

capable of synthesizing B and K vitamins as well. Thus, Melainabacteria may 

represent an endogenous source of B and K vitamins in the gut of hosts they are 

growing in. While in-vitro studies can quantify vitamin concentrations throughout 

time, the true benefits of vitamin production may only be determined through studying 

this potential host-microbe endosymbiosis in gnotobiotic mice. Previously, aseptically 

raised mice have shown an increased requirement for vitamins B and K, providing 

evidence that the intestinal microbiota can provide an endogenous source of vitamins 

(Di Rienzi, Sharon et al. 2013). 

2.3 Bioelectrochemical systems as valuable tools for bacterial study and control 

Interest in the field of bioelectrochemical systems (BESs) has been increasing during 

the last decade, as energy prices and concerns of climate change are making renewable 

energy technologies more viable. Much of this work has focused on developing 

knowledge to improve electricity production and the bacteria-electrode interaction for 

wastewater treatment (Logan, Hamelers et al. 2006, Du, Li et al. 2007), but newer 

topics of desalination and biogas production have been increasingly studied (Villano, 
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Aulenta et al. 2010, Cusick, Kim et al. 2012, Premier, Kim et al. 2012). Much of this 

research has been performed with a focus on real-world applications, such as energy 

products, but few pilot systems and commercial ventures have proved successful 

(Cusick, Kiely et al. 2010, Logan 2010, Cusick, Bryan et al. 2011). Since the 

productivity of these systems has been low relative to currently available technologies, 

increasing the reactive surface areas inside of the reactors has been widely explored – 

increasing surface area density. While this has increased performance as a function of 

volume (Cheng, Liu et al. 2006, Liu, Cheng et al. 2008), the capital costs also 

increase, making investments in such systems difficult to prove. 

Most BES research aims to target real-world applications, making defined- and pure 

culture systems impossible; BESs are typically inoculated with mixed-communities 

obtained from anaerobic digestion sludge at wastewater treatment plants and fed 

unsterilized feedstocks (Cheng, Liu et al. 2006, Liu, Cheng et al. 2008, Kiely, Cusick 

et al. 2011). However, many researchers are focusing on understanding the important 

biological aspects of BESs, which can support real-world application research. Current 

key research propelling the field involves studies of the effect of electrodes on 

microbial communities, interaction of biology with electrodes surfaces, and 

metagenomic studies of cellular structures that make electron-transfer possible. 

In this section, the state of the BES field of application, mechanisms for electron-

transfer, and community dynamics analysis will be summarized. Current system 

design and analytical techniques will be discussed, with a focus on controlled 
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microbial studies. Finally, a discussion on research relevant to the exploration of 

syntrophic partnerships in BESs will be presented. 

2.3.1 Bioelectrochemical mechanism 

Bioelectrochemical systems (BESs) stemmed from the developed field of fuel cells 

and as such, many of the reactions and architectures bare great similarity: BESs are 

driven by an oxidation reaction at the anode and a reduction reaction at the cathode; 

and a load connecting the two electrodes drives current (Figure 2.8). With respect to 

the application of a BES to grow syntrophs, hydrogen is oxidized to two protons at the 

anode, and two electrons are evolved to the electrode. These protons then diffuse to 

the cathode where they can be reduced by oxygen and electrons from the anode to 

produce water; in the absence of oxygen, hydrogen is produced at the cathode. In a 

fuel cell, hydrogen oxidation is a spontaneous reaction when oxygen is used as the 

reducing agent, but a catalyst such as platinum must be used. The mechanism of 

electron transfer from bacteria comes from the amount of energy the bacteria can gain 

from the substrate they are degrading, the ability to respire electrons to the electrode, 

the terminal electron acceptor, and the inherent losses encountered along the way. 
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Figure 2.8 Schematic of a generalized BES reaction. 

In a BES, electrically active bacteria play the critical role of catalysts at the electrodes 

instead of platinum in typical fuel cells, as shown in Figure 2.8. Instead of using 

hydrogen as the oxidant, electrically active bacteria are capable of oxidizing organic 

substrates to produce electrons. The most widely reported electrically active bacteria, 

Geobacter sulfurreducens (Richter, Nevin et al. 2009) and Shewanella oneidensis 

(Rosenbaum, Cotta et al. 2010, TerAvest, Rosenbaum et al. 2014), readily degrade 

acetate and L-lactate, respectively. In the case of G. sulfurreducens, acetate 

degradation in a BES occurs through respiration to the electrode through direct 

electron transfer (Bond and Lovley 2003). G. sulfurreducens was discovered and 

isolated from a ditch that contaminated with hydrocarbons, and found to be obligately 

anaerobic, nonfermentative, nonmotile, and a gram-negative rod through 
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microbiological studies (Caccavo, Lonergan et al. 1994). It was successfully cultured 

and was found to be able to use acetate as electron donor using a variety of electron 

acceptors, such as fumarate, elemental sulfur, malate, and ferric citrate; G. 

sulfurreducens was also able to use hydrogen to reduce Fe3+ (Caccavo, Lonergan et al. 

1994). G. sulfurreducens is capable of respiring to electrodes because of its ability to 

use these as electron acceptors. 

G. sulfurreducens oxidizes acetate through the tricarboxylic acid cycle (TCA cycle, 

also citric acid cycle) where it produces the end products of NADH, NADPH, and 

FADH2, which are used in the electron transport chain (ETC) to generate proton-

motive force (Caccavo, Lonergan et al. 1994, Slonczewski and Foster 2011). This 

proton-motive force allows ATP production through oxidative phosphorylation by the 

ATP-synthase enzyme to power cellular activities and also reducing power through 

cytochromes, pili, and redox mediators through the outer membrane. This reducing 

power is the reason G. sulfurreducens can respire electrons to inorganic terminal 

electron acceptors, such as sulfur and iron, and to solid electron acceptors such as the 

BES anode. In an environment where an anode and electron acceptor are present, G. 

sulfurreducens will preferentially reduce whichever pathway provides it with the most 

energy. In the case where Fe3+ is present, it can be reduced to Fe2+ with a redox 

potential of +770 mV SHE. If a BES were present using oxygen at the cathode as the 

terminal electron acceptor, oxygen could be reduced to water at +820 mV SHE. If 

both of these pathways for reduction were present, G. sulfurreducens would 

preferentially choose the BES over Fe3+, however, this is not typically the case in 

practice because of losses in the electron and proton pathways inherent in BES 
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operation, which translate to overpotentials, reducing the +820 mV to below that of 

Fe3+. Further, iron chelated into compounds, such as with citrate and nitriloacetic acid, 

can lower the redox potential to +0.385 and +0.372, respectively (Bird, Bonnefoy et 

al. 2011), allowing greater energy to be scavenged. 

One loss in the BES reaction pathway is the electron donor source. The key 

electrically active bacteria are known to be limited in their spectrum of organics that 

can be degraded (Caccavo, Lonergan et al. 1994). Thus, when most BES studies have 

focused utilizing mixed-communities as the inoculum, low electron-transfer 

efficiencies (Coulombic efficiencies, CEs) have been observed for a number of 

reasons. In these types of studies, the feed substrate can be targeted for the electrically 

active bacteria, but these organics can also be degraded by a host of other organisms in 

undefined communities, diverting substrate away from electrons to the electrode. One 

benefit of mixed communities is that they can make degradation of complex feeds, 

such as wastewater, possible by breaking down complex molecules, such as 

polysaccharides, to those usable by electrically active bacteria. In literature, pure 

culture research with medium optimized for the cultures have reached almost 97% 

(Logan 2009), whereas mixed-community systems typically report values around 10% 

(Liu, Ramnarayanan et al. 2004, He, Minteer et al. 2005). 

Another potential for loss in BESs is through electron transfer mechanisms. The nature 

that these electrically active bacteria interact with electrodes can be separated into two 

groups: direct electron transfer and indirect electron transfer (Figure 2.2). Direct 

electron transfer (DET) occurs with the transfer of electrons from the bacteria to 
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electrode through physical contact. DET requires the organism to have membrane-

bound electron transport proteins capable of transferring electrons through the cell 

membrane along with an outer-membrane redox protein, c-type cytochromes, that can 

transfer electrons to the electrode (Schröder 2007). A limitation with DET of this type 

could be that only a monolayer of organisms can respire to the electrode, limiting 

current density. Fortunately, some bacteria, namely Geobacter sulfurreducens and 

Shewanella oneidensis, have been reported to produce pili that can extend to the 

electrode, allowing the bacteria to be in the proximity of the electrode; biofilms above 

50 µm thick and 10 time increases in power production have been observed as a result 

of pili (Reguera, Nevin et al. 2006, Nevin, Kim et al. 2009). Considerable effort is 

spent understanding the role of the pili and nanowires being involved in direct electron 

transfer (Gorby, Yanina et al. 2006, Richter, Nevin et al. 2009, Pfeffer, Larsen et al. 

2012, Malvankar and Lovley 2014, Pirbadian, Barchinger et al. 2014). Consensus on 

DET via pili is still out, as much of the imaging evidence relies on scanning electron 

microscope results, showing networked structures, which could also be dehydrated 

artifacts (Reguera, Pollina et al. 2007, Bretschger, Gorby et al. 2010). Transcriptomic 

analysis of G. sulfurreducens growing in biofilms showed elevated activities of c-type 

cytochromes (OmcB, OmcZ) and a structural pili protein (pilA), implying that electron 

transfer required the expression of these genes (Nevin, Kim et al. 2009). In particular, 

type IV pili have been found to be necessary for reducing solid-phase metal-oxides 

and conductive surfaces (Bretschger, Gorby et al. 2010, Malvankar and Lovley 2014, 

Pirbadian, Barchinger et al. 2014). The efficiency of DET is expected to be high, as 

coulombic efficiencies for cytochromes and nanowires should reach 100% (Schröder 
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2007). The overall energetics of DET will be lower than the 100% estimation when 

accounting for the energy required for production and upkeep of the electron-transfer 

proteins. 

The second mechanism in which bacteria can interact with electrodes is through 

mediated or indirect electron transfer (MET). With MET, bacteria produce reduced 

electron mediators that diffuse and are oxidized at the anode. These mediators are 

typically low molecular weight compounds produced by microbes when not in direct 

contact with an electron acceptor (Schröder 2007). Some example compounds are 

humic acids; phenazines, such as pyocyanine and naphthoquinone, ACNQ; and 

flavins, such as riboflavin and flavin monomucleotide (Schröder 2007, TerAvest, 

Rosenbaum et al. 2014, Venkataraman, Rosenbaum et al. 2014). Some electron 

mediators, in particular phenazines emitted by Pseudomonas aeruginosa, have also 

been found to play a role as a virulence factor in cystic fibrosis in humans 

(Venkataraman, Rosenbaum et al. 2014). Based on modeling efforts, DET is seen as 

more energy efficient than MET due to the electrochemical losses for the oxidation 

and reduction of the mediators, in addition to the fact that mediators must be 

continuously manufactured in continuous flow systems to account for medium 

washout (TerAvest, Rosenbaum et al. 2014).  

The last key potential for energy loss is in the BES design itself. Thus far, this review 

has only considered transfer of the electron to the electrode; to maintain charge-

neutrality in the system, the same charge must also be transferred to the cathode, 

typically via cation diffusion. In most practical BES applications, proton-exchange 
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membranes are placed between the anode and cathode, adding additional losses to the 

system. In some systems, such as microbial fuel cells and microbial electrolysis cells, 

this membrane is required to limit reduced compounds from being reoxidized at the 

anode or by bacteria. 

These losses are extremely critical in the design of BES applications where the 

electrical activity must be spontaneous to obtain net energy production. However, 

much research is focused on certain parts of the electron transport process, such as 

biological growth, electron transfer to the electrode, and other mechanisms. When 

performing these analyses, maintaining a constant electrical state is critical. Using a 

static load across of two electrodes has shown to allow the anode potential to fluctuate 

greatly, changing oxidation rates, substrate degradation, and the microbial community. 

Today, these variables are maintained through the use of 3-electrode BESs controlled 

by an electrochemical control system, which is called a potentiostat. Prior to use of 

the potentiostat, separate devices performed controlled-voltage and controlled-current, 

along with the additional electrochemical tests outlined in “Analytical Techniques.” 

Employing a potentiostat, any desired anode potential can be prescribed and 

maintained continuously. This provides a steady method for these bacteria to donate 

electrons, allowing comprehensive controlled metabolic studies. Because the potential 

at the anode is controlled, the cathode potential is allowed to vary, and thus changes to 

maintain charge neutrality. The anode potential can be set to any value, but it should 

be set to a point above the thermodynamically expected value accounting for the 

system overpotential so that energy is being wasted and undesired reactions are 

catalyzed (Logan 2009). 



 

67 

 

With the ability to control anode potential, a number of studies have been performed 

with the hypothesis that anode communities could be selected throughout time to be 

able to respire to the electrode. While many of these studies have positively verified 

such hypotheses (Torres, Krajmalnik-Brown et al. 2009, Wagner, Call et al. 2010, 

Harnisch, Koch et al. 2011, Ren, Yan et al. 2011), a recent study seems to refute the 

idea (Zhu, Yates et al. 2013). However, upon closer examination it becomes clear that 

the study was not performed for a long enough time period; most research with mixed 

communities allots weeks for the systems to reach steady state instead of days, which 

was performed in the experiment.  

2.3.2 Principal BES types 

BESs have evolved considerably, particularly by addressing niches when new 

opportunities arose. Microbial fuel cells (MFCs) are arguably the most researched and 

advanced of the BES fields. MFCs are BESs that operate by degrading organics by 

bacteria to spontaneously produce electrical power. These systems typically consist of 

two electrodes in the anode and cathode chambers, which are separated by an ion-

selective membrane (Logan, Hamelers et al. 2006). Electrons leaving the anode travel 

through a load before ending up at the cathode. For research, this load is a resistor, but 

in commercial applications and scale-up studies, custom power converting electronics 

are attached (Cooke, Gay et al. 2010, Guzman, Cooke et al. 2010). MFC electrodes 

began as simple graphite electrodes. Electrode architectures were developed to be 

more conductive, provide higher surface area densities, and be cost effective for scale-

up efforts; currently, the most common electrodes are the carbon brush and cloth 

(Deepak, Gilbert et al. 2011, Wei, Liang et al. 2011). In addition, to increase the 
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catalytic activity of the cathode (and more rarely, anode), a platinum coating is added, 

similarly to how catalysts are added for hydrogen fuel cells (Cheng, Liu et al. 2005). 

Platinum is known to foul in liquid systems due to poisoning by carbon monoxide and 

hydrogen sulfide, which are encountered in biological systems (Rosenbaum and 

Schröder 2010). A number of catalyst coatings with platinum, such as polyaniline and 

Nafion, have been explored with promising results, in addition to replacement 

catalysts such as tungsten carbide (Rosenbaum, He et al. 2010). MFC architecture has 

also evolved, resulting in the single-chamber MFCs, which have allowed for higher 

power densities. In these systems, the anode chamber has remained the same, but a 

thin membrane-electrode-assembly is used in lieu of the cathode chamber. These 

single-chamber MFCs gain increased performance by providing the cathode direct 

contact with air with the tradeoff of slight oxygen diffusion into the anode, lowering 

Coulombic efficiencies (Liu and Logan 2004). However, the road to scale-up of these 

systems remains elusive. In addition to power production from MFCs, the benefit of 

organics degradation by bacteria in the anolyte has been extensively researched for 

application as a sustainable wastewater treatment system (Fornero, Rosenbaum et al. 

2010), and for denitrification (Clauwaert, Rabaey et al. 2007). 

Another subset of BESs is the microbial electrolysis cell (MEC). MECs rely on the 

same anodic oxidation reaction as in MFCs, but reduce hydrogen protons at the 

cathode to produce hydrogen gas instead of oxygen reduction to water (Logan, Call et 

al. 2008). However, since hydrogen reduction occurs at a low potential (0 mV SHE), 

electrically active bacteria on the anode cannot gain any energy by donating electrons 

to the anode. All MECs require the use of a power supply to add 0.2-1 V to make the 
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reaction spontaneous. After accounting for the input electrical energy, energy yields 

from hydrogen production are approaching 100% (Tartakovsky, Manuel et al. 2009), 

however, not exceeding that value. Therefore, new applications are aimed towards 

increasing value by integrating wastewater treatment at the anode alongside hydrogen 

production at the cathode (Logan, Call et al. 2008). 

Since the power density of most BES applications has been limited, most research has 

focused on applications that add value to the electrical production through 

electromethanogenesis (Cheng, Xing et al. 2009), denitrification and nitrification 

(Virdis, Rabaey et al. 2010), desalination (Cusick, Kim et al. 2012), and carbon 

dioxide fixation (Cao, Huang et al. 2009). In addition to these application-based 

research, considerable effort has been spent on basic research understanding how 

bacteria interact with electrodes, observing the effect of the electrode reaction on pure 

cultures, and biofilm development. The following section outlines the approaches 

taken for BESs used to study the interaction of electrodes and microbes. 

A third variant of BESs is a microfluidic bioelectrochemical system (µBES). Different 

from MFCs and MECs, where electricity or a product is being produced, µBESs 

utilize a potentiostat to control the voltage difference between anode and cathode to 

measure current production as a signal of biological health. Microfluidic systems are 

designed to allow for extremely controlled hydraulic flow profiles through the use of 

laminar flow. Laminar flow ensures that there is no internal mixing in the channel, 

allowing for complete washout of samples fed into the system. Li et al. developed a 

microfluidic with gold electrodes to measure the current response of G. sulfurreducens 
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to chemical stimuli (Li, Venkataraman et al. 2012). With this system, they showed that 

discrete current responses to samples dosed into the system could be obtained, with 

current responses within 20 minutes and full washout of the samples to minimize 

effect to the biofilm. Future revisions of this system can lead to acute sensors to 

quickly provide results that affect biology such as biocides, biological oxygen 

demand, and reducing and oxidizing compounds. 

2.3.3 Analytical techniques 

Electrochemical parameters and analytical procedures. The primary driving force for 

BES operation is the electrode 

potential. In MFCs, this potential 

is controlled by the load 

(resistance) placed on the 

electrodes; in MECs, power 

supplies are used. With the 

development of electrochemical 

control equipment, most 

researchers use potentiostats, 

which are devices that are capable 

of controlling electrode 

potentials; many can perform 

additional electrochemical tests 

such as cyclic voltammetry (CV), 

Figure 2.9 Cyclic voltammogram of Geobacter 

sulfurreducens at A) 50 mV/s and B) 1 mV/s. (Fricke, 

Harnisch et al. 2008) 
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Tafel plots, and electrochemical impedance spectroscopy (EIS), which are regularly 

used to determine BES performance. 

Cyclic voltammetry (CV) is a common analytical procedure to understand the 

performance of electrodes and biofilms. CV tests use a potentiostat to quickly scan a 

range of anode potentials (1-25 mV/s) in the positive (oxidizing) and negative 

(reducing) directions. The goal of this procedure is to be able to discern limiting steps 

in the biological and physical domains of interaction with the electrode. When 

considering CVs, models for BES electrochemical loss help to discern where 

limitations can be, such as biofilm, substrate diffusion to microbes, electron transfer to 

the electrode, and proton diffusion away from the electrode (LaBelle and Bond 2010). 

When operating a BES at steady state with a constant electrode potential, the typical 

limiting component for current production is biological substrate degradation to 

electron respiration; the other factors are assumed to not affect the system by constant 

mixing and availability of substrate. At the millisecond timescales at which CVs 

operate, factors such as biological catalysis are typically less limiting than those of 

mass transfer, particularly diffusion, such as acetate transfer to G. sulfurreducens, 

electron transfer to the electrode, and proton transfer away from the anode and to the 

cathode (LaBelle and Bond 2010). Typically, CVs are used to determine the catalytic 

performance of electrode materials (Zhang, Cheng et al. 2009), discern the presence of 

electrically active bacteria, and test for electron mediator presence. To perform a CV, 

the minimum and maximum potentials and the scan rate must be defined. Typical scan 

rates range from 1 to 25 mV/s, depending on whether testing electrode catalysis or 

characterizing electrode biofilms (Logan, Hamelers et al. 2006). In addition to 
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understanding properties about bulk BES properties, CVs have also been used to 

discern details of the mechanism of how G. sulfurreducens respires electrons to BES 

electrodes. By comparing the CV profiles of different G. sulfurreducens strains with 

targeted gene knockouts of proteins involved in electron transfer, conclusions could be 

made of their roles (Richter, Nevin et al. 2009). Figure 2.9 displays the importance of 

selecting the proper scan rate: at high scan rates, only two principal peaks are found; 

when it was dropped down to 1 mV/s, four discernible peaks representing previously 

missed redox systems for G. sulfurreducens were found (Fricke, Harnisch et al. 2008).  

Two additional, but less explored, methods for studying microbial-electrode 

interactions are Tafel plots and electrochemical impedance spectroscopy (EIS). Tafel 

plots provide information on the overpotential necessary to achieve desired current 

production in a system due to the same limitations as found in CV tests. The test is 

also performed similarly to a CV, starting at the theoretical potential and slowly 

increasing the overpotential to 100 mV at a rate of 1 mv/s (Lowy 2010). To analyze 

the data, a linear semi-log model is used, and the slope of the linear regime will 

provide the amount of over-potential needed to reach desired currents. EIS is a 

procedure that can provide extremely detailed information on a BES, however, a 

reliable model of the system must be used for the analysis. EIS can determine the 

electrochemical properties of electrodes by increasing the frequency of an alternating 

current signal (AC) with a low amplitude (typically 10 mV); typically, analysis is 

performed from 1 mHz to 1 MHz (Manohar, He et al. 2010). Impedance measured 

during this frequency scan is plotted against the frequency in a Bode plot and 

compared to an equivalent circuit model representing the different controlling 
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reactions in BES operation, such as solution resistance and biological capacitance. By 

solving the circuit model with the Bode plot data, the individual component values of 

the circuit model can be calculated. One benefit of EIS is that it is a non-destructive 

technique, however, its use in recent studies has been limited due to the requirement of 

a relevant circuit model, which is not fully defined for many systems. Recently EIS 

analysis in a BES showed that placement of reference electrode outside of the current 

path lowered ohmic resistances, leading to the suggestion that in the future, reference 

electrode should not be placed between the active electrodes (Zhang, Liu et al. 2014). 

Microscopy. Microscopy has played a large role in the understanding of BES 

mechanisms, particularly in how microbiology interact with electrode surfaces. 

Microscopy has been a common method for viewing electrodes before and after 

experiments, but advanced technologies of confocal laser scanning microscopy 

(CLSM) and scanning electron microscopy (SEM) have become more common, 

mostly explored to study bacteria-electrode interactions. CLMS has an added benefit 

of being able to scan surfaces in different depths, allowing 3-D profiles to be 

produced. One study used both CLSM and SEM to observe the distribution of G. 

sulfurreducens on specifically shaped electrodes to understand the maximum distance 

the bacteria would aggregate on the gold electrode arrays (Liu, Kim et al. 2010). In 

this study, a typical gold electrode strip (1.2 mm wide) was compared to an array of 

electrodes that were 10 µm wide, with similar overall geometric surface areas. As a 

result, the electrode array produced four times more current than the single strip, 

however, further understanding needed the analysis of advanced imaging. CLSM and 

SEM showed that in the electrode array, the G. sulfurreducens developed biofilms of 
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15 µm radii around each electrode. By providing an array, more biofilm could be in 

contact with the gold electrode, increasing current production (shown in Figure 2.10) 

(Liu, Kim et al. 2010). 

 
Figure 2.10 C) CLSM and D) SEM images of gold electrode strips with G. sulfurreducens biofilm 

development. (Liu, Kim et al. 2010) 

2.4.4 Applicability of bioelectrochemical systems to the study of syntrophs, 

Melainabacteria 

To date, no study has reported isolation of a syntroph utilizing a bioelectrochemical 

system (BESs). However, the idea of employing syntrophic partnerships has been 

explored in BESs previously. Recently, degradation of a proteinaceous feed stock by a 

syntroph (Coprothermobacter proteolyticus strain CT-1) was studied in a BES. Since 

the syntroph had already been isolated, degradation was analyzed in pure- and co-

culture with a hydrogenotrophic methanogen (Methanothermobacter 

themoautotrophicus ΔH). By poising the cathode to -0.8 V (Ag/AgCl), the 

methanogen gained a significant growth advantage (3 times higher OD than the 

control), while the syntroph barely gained any (1.5 times higher) (Sasaki, Sasaki et al. 

2012). While promising, the authors concluded that the syntroph only gained a growth 
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advantage because the increased methanogen presence removed hydrogen more 

efficiently. This scheme is very different from the mechanism proposed to culture 

syntrophs and Melainabacteria in Chapter 5 of this Dissertation, as this mechanism 

strongly benefited the methanogen vs. the syntroph and that the cathode was used as 

the working electrode. In another study presented by the same researchers, M. 

thermoautotrophicus was also observed to gain a growth advantage without the 

presence of the syntroph in the presence of the electrode, implying that the presence of 

C. proteolyticus was not necessary for its growth in the previous study (Hirano, 

Matsumoto et al. 2013). 

Shrestha et al. explored the direct interspecies electron transfer (DIET) between a 

syntrophic partnership of G. metallireducens and G. sulfurreducens. In the study, G. 

metallireducens oxidized ethanol and respired electrons directly via pili to a G. 

sulfurreducens which could not degrade acetate (Shrestha, Rotaru et al. 2013). Since 

G. sulfurreducens could not degrade acetate, its only source of energy could be 

electrons transferred to it via DIET with ethanol oxidation by G. metallireducens. 

Upon analyzing qPCR results, granules of both Geobacter species showed higher 

abundances of wild-type G. sulfurreducens (86%) in control tests than in the tests 

when G. sulfurreducens could not degrade acetate (68%). These results showed that 

the engineered strain was capable of growing without acetate solely with energy from 

DET. While this study was not performed in a BES, the fact that G. sulfurreducens 

can be engineered to use electrons as a source of energy can be helpful in exploring 

isolation of hydrogen syntrophs, as it has been shown to be able to subside on 

hydrogen alone (Caccavo, Lonergan et al. 1994). Previously, acetogenic bacteria 
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growing in cooperation with anodic bacteria have been found to oxidize hydrogen 

extremely efficiently (Parameswaran, Torres et al. 2012). This work adds to the body 

of evidence implying that culturing of hydrogen syntrophs in the anode chamber of a 

BES can also be possible with G. sulfurreducens growing on the anode with an 

acetogenic culture such as Acetobacterium. Control of a three-way syntrophic 

relationship degrading ethanol has been shown to be able to be driven towards either 

methanogenesis or electron-transfer to a anode (Parameswaran, Zhang et al. 2010). 

When ethanol was fermented by the first group, hydrogen was produced, which would 

be used by either anode-respiring bacteria or methanogens. By inhibiting 

methanogens, acetate and hydrogen were consumed by electrically active bacteria on 

the anode, producing current. Application of these findings presented in Chapter 5 can 

lead to increased opportunities to culture the hydrogen-producing syntroph farther 

away from the electrode surface by using anode-respiring bacteria such as G. 

sulfurreducens. 

A recent commentary on syntrophy in microbial fuel cells by Dolfing focused on a 

recent study claiming syntrophic interactions of G. sulfurreducens on anode electrodes 

through direct electron transfer (DET) (Dolfing 2014). However, he says that the 

definition of syntrophy requires that there be a “critical interdependency between 

producer and consumer,” which was not met by the study, principally because G. 

sulfurreducens can grow in a pure culture. Dolfing did make a point to mention that 

with the finding of DET-based syntrophic growth, BESs could be promising tools to 

understand syntrophy, particularly in disentangling the kinetics and thermodynamics 

behind syntrophic interactions. 
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2.4 Fields of application 

Considerable efforts have focused on isolating syntrophic primary degraders through a 

number of methods, including supplementation with partners, engineered systems, and 

specialized medium. However, much of this research is driven by the scientific focus 

on understanding syntrophs in their environment with little exploration of their value 

for different applications. Some applications currently explored are in the fields of 

biological system stability, environmental remediation, metal corrosion, and energy 

production. 

Syntrophs are primary found in complex systems, where their presence has been 

regarded as an asset for maintaining stability (Werner, Knights et al. 2011, Morris, 

Henneberger et al. 2013). Some effort has been spent to explore the ability to improve 

performance by adding synthrophs into a system. Acetate, propionate, and n-butyrate, 

are key byproducts that lead to instability in anaerobic digestion because of 

unfavorable thermodynamics required for their degradation. In one study, researchers 

found that syntrophic degraders can consume propionate, and that the hydrogen they 

produced was used by methanogens, adding critical stability to the system during 

perturbations (Dolfing 2013). In another study, when propionate was dosed into a 

reactor, propionate-oxidizing syntrophs increased to 29% of the population, while 

methanogens stayed at 52%, but methane production increased (Felchner-Zwirello, 

Winter et al. 2013). Werner et al. found that during bioreactor disturbances, syntrophs 

were the driving community in maintaining stability (Werner, Knights et al. 2011). 

Syntroph dynamics in the environment are of critical interest for understanding the 

effects of global warming as they are known to play a critical role in driving 
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methanogenesis in moist soil environments, and have been found to produce twice as 

much methane during periods of elevated temperature (Gan, Qiu et al. 2012). 

Syntrophy has also been explored for bioremediation applications. Polycyclic aromatic 

hydrocarbons (PAHs) are widely found in methane-rich environments, such as oil 

reservoirs and settling ponds, but their degradation is not well known. In testing an 

array of PAHs, syntrophic partnerships with methanogens were likely responsible for 

metabolism of certain types of PAHs such as 2-ringed PAHs (Berdugo-Clavijo, Dong 

et al. 2012). While PAHs are typically found in environments where high 

concentrations of crude oil are present, the communities found in the study were 

significantly different from those involved in degradation, most related to Clostridia. 

Studies of biodegradation of crude oil have shown that anaerobic degradation, 

particularly syntroph-driven methanogenesis, promote subsurface sedimentary 

degradation. In a study of biodegradation of tar sands, hydrocarbon degradation was 

found to be driven by syntrophic oxidation of alkanes to acetate and hydrogen, with 

75% of carbon driven through hydrogenotrophic methanogenesis, showing a large 

presence of syntrophic hydrogen production (Jones, Head et al. 2008). While this 

study was performed through modeling from isotopic profiles of metabolites and 

offgas, another study found evidence of direct alkane syntrophy. In this study, when 

Desulfatibacillum alkenivorans was cultured with M. hungatei, alkanes were degraded 

and methane was produced; when M. hungatei was omitted, no gas was produced 

(Callaghan, Morris et al. 2012). Such understanding for these types of syntrophy with 

hydrocarbons can be used to assist with increasing degradation ability in the 
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environment during oil spills and contaminations, and potentially increased energy 

recovery from expired petrol fields and mines. 

Another field of interest for syntrophs is in metal corrosion prevention, where it has 

been observed in sulfate-rich marine environments. In sulfate-free medium, 

Desulfoglaeba alkanexedens, which is a syntroph, was found to corrode steel faster 

when alone than in a co-culture with the hydrogen/formate oxidizing methanogen M. 

hungatei (Lyles, Le et al. 2014). While one might suspect the driving cause of the 

corrosion would be reduction by D. alkanexedens, the authors found the corrosion to 

be caused by accumulation of fatty acid intermediates that were removed by M. 

hungatei in co-culture. Further research into the driving cause of the corrosion can 

lead to beneficial changes in how structures and ships are designed for marine 

environments, particularly in areas without high concentrations of electron acceptors. 



 

81 

 

2.5 Conclusions 

The field of bioelectrochemical systems (BESs) has regularly shown its value by 

interfacing with microbiology to address societal needs of electricity, biogas, water 

desalination, and wastewater treatment. However, after years of development, many of 

these applications have been found to be uneconomical in the current energy climate. 

One field that BESs have been extremely successful in addressing is the interaction of 

electrically active microbes and the electrodes. Through the utilization of cutting edge 

approaches such as scanning electron microscopy, confocal imaging, gene sequencing, 

and genetic engineering, researchers are gaining an in-depth understanding of the 

cellular machinery driving electron transfer and finding new fields where their 

understanding of electron transport can be transformative. One such field is syntrophic 

partnerships, whose existence has been largely treated like a black box. While 

numerous studies have explored the compounds these partners can degrade and their 

byproducts, understanding their role in larger communities requires isolating the 

partners from each other, which has been difficult due to the severe hydrogen-

sensitivity of the syntrophic primary degrader (syntroph). Within the past few decades, 

a number of syntrophic partners have been able to be isolated through the use of 

specialized media and the understanding that these partnerships were based on 

electron transfer. A number of syntrophs have been found to produce hydrogen and 

formate, and use inorganic electron sinks, such as sulfur and iron, which are properties 

similar to electrically active bacteria used in the BES field. With these similarities, 

BESs have the potential to interact with these syntrophs, and likely isolate them 

through targeted anodic reactions such as hydrogen oxidation. 
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Melainabacteria, which is a phylogenetically distant relative of Cyanobacteria, have 

been found in human fecal samples across the world, and in soil and water samples. 

Melainabacteria have not been isolated yet, but has been identified through 

sequencing. Analysis of its genes indicated a key similarity between Melainabacteria 

and hydrogen syntrophs. BESs are being proposed in this Dissertation as a potential 

tool to culture syntrophs and Melainabacteria by employing hydrogen oxidation. Use 

of BESs is not expected to be limited to solely understanding the thermodynamics and 

metabolism of syntrophs and Melainabacteria. The seemingly ubiquitous presence of 

Melainabacteria in the human GI tract implies that it may play a critical role in 

maintaining human health. In addition, industrial applications, such as complex 

community stabilization, biogas production, environmental remediation, and corrosion 

prevention, offer opportunities to discover new ways to use employ BESs with 

syntrophs for the future. 
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CHAPTER 3 

PERFORMANCE OF ELECTRO-SPUN CARBON NANOFIBER ELECTRODES 

WITH CONDUCTIVE POLY(3,4-ETHYLENEDIOXYTHIOPHENE) COATINGS 

IN BIOELECTROCHEMICAL SYSTEMS 

Adapted from: Guzman, Kara, Frey, and Angenent. Published in Journal of Power 

Sources, March, 2017 

3.1 Abstract 

Bioelectrochemical systems (BESs) employ extracellular electron transfer from 

bacteria that grow at electrodes. Due to biofilm and electrode limitations, industrial-

scale applications require large electrode areas, and thus inexpensive electrode 

materials. Here, electro-spun polyacrylonitrile (PAN) and carbon nanofiber (CNF) 

were manufactured. In addition, the conductive polymer poly(3,4-

ethylenedioxythiophene) (PEDOT) was applied as a coating to these materials and to 

carbon cloth (CC). Here, we tested them as electrodes in physicochemical 

measurements, cyclic voltammetry, and bioelectrochemical growth-studies with 

Geobacter sulfurreducens. PAN is a nonconductive material without capacitance, but 

with PEDOT coating the conductivity and capacitance became sufficient to support 

electric current production in our BES. CNF outperformed CC in capacitance, but 

behaved similarly in our BES when normalized to projected surface area. With the 

PEDOT coating, CNF increased electric current production by 38% in our BES, while 

this was 64% for CC. When applied to a gold microfluidic electrode, electric current 

with G. sulfurreducens increased almost three-fold. PEDOT added considerable 

specific surface area to electrodes possessing a low surface area, but not with a high 

surface area such as CNF. This work demonstrates that electro-spun electrodes and 
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PEDOT coating are a promising electrode alternative that can be readily implemented 

into existing BESs. 

3.2 Introduction 

Bioelectrochemical systems (BESs) are fuel-cell-architecture-based, clean-energy 

technologies that have shown promise for the simultaneous treatment of wastewater 

(He, Minteer et al. 2005, He and Angenent 2006, He, Wagner et al. 2006, He, Shao et 

al. 2007, Rabaey, Angenent et al. 2010, Gavazza, Guzman et al. 2015) and production 

of electrical energy (Fornero, Rosenbaum et al. 2010, Rabaey, Angenent et al. 2010), 

biogas (Cheng, Xing et al. 2009, Siegert, Yates et al. 2014), and value-chemicals 

(Angenent and Rosenbaum 2013). BESs employ electrochemically active bacteria at 

the anode and/or cathode, which use extracellular electron transfer to and from 

electrodes. Most BES studies have focused on lab-scale systems, with some limited 

success with pilot systems (Logan 2010). An economically feasible BES at a true 

industrial-scale has been slow to emerge due to the high capital costs that are required 

to build the intricate architectures (Logan 2010, Pant, Singh et al. 2011). One limiting 

component that can drive high capital costs is the low current density of the 

microbiota, leading to the requirement of large projected surface areas for the 

electrodes and potentially membranes. Therefore, the scientists and engineers within 

the research area of microbial electrochemistry are trying to develop cost-effective 

electrode materials that will increase extracellular-electron-transfer rates between the 

microbiota and the electrode surface to minimize system size. Specifically, 

considerable research has focused on superior electrode materials that feature high 

conductivity, surface area, biocompatibility, and porosity. 
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Carbon materials have been widely used for electrodes because they are highly 

conductive and resistant to corrosion, and feature a high specific surface area. Various 

configurations of carbon electrodes, such as cloth, felt, brush, and paper, have been 

developed, achieving power densities in the 100 W m-3 range (Wei, Liang et al. 2011). 

Recently, electro-spun carbon nanofiber (CNF) materials have been explored due to 

their high porosity, surface area density, biocompatibility, customizability, and ease of 

manufacture (Zhang, Wang et al. 2007, Ra, Raymundo-Piñero et al. 2009, Chen, He et 

al. 2011, Manickam, Karra et al. 2013). Notably, CNF features higher specific surface 

area and porosity compared to conventional electrodes including carbon cloth (CC) 

(Cheng and Logan 2007, Tsai, Wu et al. 2009, Liu, Qiao et al. 2012), carbon mesh 

(Wang, Cheng et al. 2009, Luo, Zhang et al. 2011), graphite (Logan, Cheng et al. 

2007), and carbon brush (Feng, Yang et al. 2010). CNF can be produced by electro-

spinning polyacrylonitrile (PAN), followed by stabilization and carbonization, and can 

be produced cost-competitive to CC (Wei, Liang et al. 2011, Deeke, Sleutels et al. 

2012, Mustakeem 2015). 

To further improve these materials, surface functionalization with platinum catalysts 

and carbon powder has improved reaction rates, increasing performance four-fold 

(Cheng, Liu et al. 2006). However, platinum functionalization is expensive and 

becomes poisoned during operation in real-world environments. Carbon nanotube 

functionalization has been studied as an alternative to platinum, where it increased 

specific surface area, microbial interaction, mechanical properties, and conductivity, 

but costs were still high (Tsai, Wu et al. 2009, Xie, Hu et al. 2010, Zou, Pisciotta et al. 

2010, Zhao, Watanabe et al. 2011). Conductive polymers have also been explored as 
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coatings for electrodes because they combine the physical and chemical properties of 

organic polymers with the electrical properties of metals. They have shown promise 

for applications in the areas of flexible electronics, electrochromic displays, 

transistors, and capacitors (Chen, Nilsson et al. 2002, Heuer, Wehrmann et al. 2002, 

Daoud, Xin et al. 2005). For example, fluorinated polymers have been studied as BES 

electrode coatings, with 40-fold improvements in current production (Niessen, 

Schröder et al. 2004). 

Poly(3,4-ethylenedioxythiophene) (PEDOT) has been studied as an electrode coating 

in electrochemical systems because of their high electrical conductivity at neutral pH, 

chemical stability, and high capacitance (Yamato, Ohwa et al. 1995, Patra and 

Munichandraiah 2007, Kelly, Yano et al. 2009, Zhang, Feng et al. 2009). Coating 

electrodes with PEDOT can be achieved through in-situ interfacial polymerization 

(Jin, Wang et al. 2013) and electrochemical deposition (Patra and Munichandraiah 

2007). In-situ interfacial polymerization offers the advantages of cost-effective and 

scalable production, and can be applied to nonconductive surfaces. Electrochemical 

deposition requires a conductive surface, but allows highly controlled PEDOT 

deposition on targeted areas, such as on microelectrodes. For these reasons, PEDOT 

has already been applied to commercially available electrodes such as CC and felt in 

microbial fuel cells (MFCs), where 10-50% increases in power production were 

observed (Wang, Zhao et al. 2013, Kang, Ibrahim et al. 2015, Liu, Wu et al. 2015). 

While other catalysts have reported more dramatic increases in performance, their 

benefits had to be balanced out by their considerable costs; the price for platinum 

catalyst, for example, is $80 g-1, as opposed to $2 g-1 for PEDOT. The exact 
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mechanism for the increased performance could not be elucidated, but capacitive 

electrodes have been shown to increase performance in BESs by 50% (Deeke, Sleutels 

et al. 2012, Peng, Yu et al. 2012, Deeke, Sleutels et al. 2013). However, these studies 

focused on utilizing charge-discharge cycles to increase power harvesting rather than 

continuous performance. 

Here, PAN pieces were manufactured through the electro-spinning process, and 

subsequently converted into CNF electrodes through a carbonization process. The 

performance of electro-spun PAN and CNF, and CC electrode materials was tested 

with and without PEDOT as a conductive coating for bioelectrochemical applications 

by using physicochemical, electrochemical, and bioelectrochemical methods. 

Conductivity, fiber diameter, specific surface area, and porosity were measured, as 

well as Raman and FTIR spectroscopy. Cyclic voltammetry tests were performed to 

analyze electrochemical properties and to calculate capacitance. Next, these electrodes 

were utilized in BESs that were inoculated with Geobacter sulfurreducens PCA and 

operated chrono-amperometrically in batch. Finally, we coated a gold electrode with 

PEDOT for a specialized microelectrode application and measured current densities 

with G. sulfurreducens PCA. 

3.3 Experimental 

3.3.1 PAN electro-spinning, CNF synthesis, and PEDOT deposition 

10% wt. PAN solution was electro-spun at 0.5 mL h-1 and 17 kV onto a sheet. The 

sheet was cut to make electrodes with projected surface areas of 2.0 cm x 1.7 cm, 

stabilized in air at 270°C for 1 h, then carbonized in a nitrogen atmosphere at 1000°C 

for 20 min (Supplemental materials [SM]). Ramp rates for the stabilization and 
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carbonization processes were 1 and 5°C min-1, respectively. Electrode substrates were 

immersed in a solution of EDOT-FeCl3 in ethanol (EDOT: 0.05 g ml-1, FeCl3: 0.05 g 

ml-1) and allowed to polymerize to PEDOT. After polymerization, samples were 

cleaned with methanol via ultrasonic oscillation for 20 min. Finally, coated materials 

were dried under vacuum overnight. 

3.3.2 Fiber characterization 

Nanofiber morphology was observed by sputter coating materials with gold-palladium 

prior to examination with a scanning electron microscope (SEM) (Leica 440, Wetzlar, 

Germany). Average fiber diameter was determined from SEM images using open-

source ImageJ software. The extent of carbonization was determined using a Magna 

560 FTIR spectrometer (Nicolet Instrument Corp., Madison, WI, USA). A 1100-

AEHXL capillary flow porometer (Porous Media Inc., Ithaca, NY, USA) was used to 

measure the mean pore size using Solwick wetting agent (Porous Media Inc.) with a 

defined surface tension of 20.1 dynes cm-1. BET surface area (specific surface area) 

measurements were performed in a Gemini VII 2390t (Micrometrics Instrument Corp., 

Atlanta, GA, USA) using ultra-high purity liquid nitrogen. PEDOT deposition was 

probed by Raman spectroscopy with a 785-nm laser source. Conductivity was 

measured using the four-point probe method (ASTM 4496-04) with a digital 

multimeter (Model 2400, Keithley Instruments, Cleveland, OH, USA). The 

conductivity of each sample was measured ten times in different directions; the mean 

and standard error values were reported. 
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3.3.3 Cyclic voltammetry (CV) 

CV tests were performed in triplicate with an Electrochemical Analyzer 600B (CH 

Instruments, Austin, TX, USA) with the following settings: five cycles, scan rate of 25 

mV s-1, and potential range of -0.4 to 1.0 V (vs. Ag/AgCl). CV tests were performed in 

an electrochemical cell (CHI220, CH Instruments) filled with 5 mM potassium 

ferricyanide and 200 mM sodium sulfate. New solution was introduced into the cell 

for each test and was aggressively sparged with 80%:20% N2:CO2 gas in excess of 15 

minutes. During the CV test, the gas sparging level was lifted into the headspace to 

maintain anaerobicity for the duration without disrupting the measurement. The cell 

used an Ag/AgCl/sat’d KCl reference electrode manufactured in-house and a 4.76-mm 

diameter fine extruded graphite rod (Graphite Store, Buffalo Grove, IL, USA) counter 

electrode. 1 cm x 1 cm test electrodes were fixed to identical rods using conductive 

carbon cement (CCC, Electron Microscopy Sciences, Hatfield, PA, USA). We 

calculated capacitance values from the CV curves (Kim, Sharma et al. 2006) (SM). 

3.3.4 Bioelectrochemical growth tests 

We performed bioelectrochemical growth tests in triplicate using an open-source BES 

reactor design (Angenent 2015) based on a previously published study (Marsili, 

Rollefson et al. 2008). We also used the same reference and counter electrodes as in 

the CV setup. The test electrodes were fixed to graphite rods with carbon cement, and 

a clear nail polish (Clear Ice 004, Cover Girl, Baltimore, MD, USA) was applied to the 

bottom 2 cm as insulation from the electrolyte during the extended growth 

experiments. The bioreactors were autoclaved, filled with 15 mL of sterile growth 

medium with 40 mM sodium acetate, placed in a 30°C water bath, constantly stirred at 
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110 rpm, and sparged with 80%:20% N2:CO2 gas (SM). The electrodes were 

connected to a multichannel potentiostat (VSP, Biologic Science Instruments, Claix, 

France) and operated chrono-amperometrically at +0.3 V (vs. Ag/AgCl), and 

interrupted daily for diagnostic CVs. The bioreactors were inoculated with 1 mL of 0.1 

OD G. sulfurreducens PCA within 24 h of setup (SM). 

3.4. Results and discussion 

3.4.1 Electro-spun materials have small fiber diameters and high specific surface 

areas 

One of the expectations of this study was that using small fiber diameters, which are 

formed by electro-spun PAN, would provide high specific surface area for microbial 

colonization, allowing increased electron transfers. In addition, carbonization of PAN 

into CNF would introduce additional pore structures within the fibers, increasing the 

specific surface area. Indeed, analysis of SEM images showed that the 536-nm and 

311-nm diameter fibers for PAN and CNF, respectively, were considerably smaller 

than the ~8000-nm diameter fibers for CC (Table 3.1, Figure 3.1ADG). Through 

stabilization and carbonization, the PAN fiber diameters decreased by 42% when 

converted to CNF; this process was also confirmed by FTIR spectroscopy (SM, 

Figure S3.1). We observed a greater-than-anticipated increase in specific surface area 

along with a decrease in fiber diameter because we measured an area of 12.35 m2 g-1 

for PAN and 108.68 m2 g-1 for CNF (Table 3.1), representing an 8.8-fold increase. 

With the decrease in fiber diameter, we anticipated the specific surface area to 

decrease similarly. This discrepancy implies that considerable specific surface area 

was introduced through the formation of pore structures during the carbonization 
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process (Ra, Raymundo-Piñero et al. 2009). The specific surface area of CNF was 

247-fold larger than that of CC (0.44 m2 g-1). The conductivity for PAN as a non-

carbonized material was negligible, while the conductivity for CNF at 1.12 S cm-1 was 

considerably smaller than that of CC at 57 S cm-1 (Table 3.1). 

Table 3.1 Fiber properties showing fiber diameter, specific surface area, pore size, and conductivity of 

all materials. 

 
PAN 

PAN with 

PEDOT 

(PAN-

PEDOT) 

CNF 

CNF with 

PEDOT 

(CNF-

PEDOT) 

CC 

CC with 

PEDOT 

(CC-

PEDOT) 

Fiber diameter 

(nm) 
536 ± 8 666 ± 12 311 ± 4 342 ± 3 

7.99×103 

± 1×102 

8.39×103 

± 8×101 

BET Surface area 

(m2 g-1) 

12.35 ± 

0.18 

18.07 ± 

0.27 

108.7 ± 

0.49 

16.15 ± 

0.2 

0.44 ± 

0.01 

0.86 ± 

0.02 

Mean pore size 

(µm) 

0.26 ± 

0.18 
0.3 ± 0.22 

0.26 ± 

0.19 

0.33 ± 

0.52 

20.8 ± 

20.2 

26.9 ± 

28.7 

Conductivity 

(S cm-1) 
NA 

7×10-3 ± 

4×10-4 

1.12 ± 

0.09 

3.03 ± 

0.01 
57 ± 8 89.6 ± 7.6 

3.4.2 PEDOT coating increases specific surface area and conductivity 

PEDOT coating increased the fiber diameter for all materials (Table 3.1). We 

observed varying coating thicknesses for PAN, CNF, and CC, indicating that materials 

may have different PEDOT coating affinities. PEDOT appeared to form agglomerates 

within the PAN mesh increasing the fiber diameter by 24% to 666 nm and specific 

surface area by 46% to 18.07 m2 g-1. For CNF, we observed a thin, uniform coating of 

31 nm (Figure 3.1E). PEDOT coating for CNF increased fiber diameter by 10% to 

342 nm, but surprisingly decreased the specific surface area by 85% to 16.15 m2 g-1. 

Thus, the final specific surface area for both PAN and CNF with PEDOT was 

relatively similar. We had not anticipated this outcome because PEDOT was predicted 
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to add considerable specific surface area (Kang, Ibrahim et al. 2015, Liu, Wu et al. 

2015). For CC, we also observed a thick uniform PEDOT coating of 400 nm (Figure 

3.1H), resulting in an increase in fiber diameter of 5% to 8390 nm, while the specific 

surface area increased by 95% to 0.86 m2 g-1. Raman spectroscopy verified that 

PEDOT had been successfully deposited on all the materials that we tested (SM, 

Figure 3.1CFI). 

From these observations, we postulate that PEDOT coating can add considerable 

specific surface area if the initial substrate surface area is relatively small (smooth). 

This would explain the increases in specific surface areas for both PAN and CC. The 

opposite holds true as well; when the substrate contains a considerably large specific 

surface area, such as from the pore structures in CNF, PEDOT will essentially clog 

these structures resulting in a lower surface area. Pore structure and specific surface 

area are key variables for both electrochemical and bioelectrochemical reactions. PAN 

and CNF electrodes with and without PEDOT possessed very small pore sizes (0.26-

0.33 µm), significantly smaller than that of CC with and without PEDOT (20.8-26.9 

µm, respectively) (Table 3.1). Considering the 0.5 µm width of G. sulfurreducens 

(Caccavo, Lonergan et al. 1994), the amount of biologically available specific surface 

area in PAN and CNF may be limited because some areas may be inaccessible to the 

cells in the biofilm. Recent studies have shown that if the pore size of a material is too 

small, cells can be restricted from accessing the full depth and surface area of the 

material; lowering the biologically available specific surface area will lead to lower 

current production (Artyushkova, Roizman et al. 2016, Blanchet, Erable et al. 2016). 

Alternatively, the large pore sizes measured with CC could also be limiting, as they 
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have been found to restrict continuous biofilm formation throughout a large fiber mat 

(Chen, He et al. 2011).  

PEDOT coating increased the conductivity for all materials tested (Table 3.1). PAN 

increased from being entirely nonconductive to a measurable conductivity of 7×10-3 S 

cm-1. CNF increased its conductivity almost 3-fold to 3.03 S cm-1 with the addition of 

PEDOT. CC conductivity increased by 57% to 89.6 S cm-1 with PEDOT coating. The 

ability of PEDOT to coat material and increase conductivity and potentially specific 

surface area shows its promise as a coating for low specific surface area materials. 

 
Figure 3.1 SEM images of: (A) polyacrylonitrile (PAN); (B) PAN with PEDOT coating (PAN-

PEDOT); (D) carbon nanofiber (CNF); (E) CNF with PEDOT coating (CNF-PEDOT); (G) carbon cloth 

(CC); and (H) CC with PEDOT coating (CC-PEDOT). Raman spectra of: (C) PAN electrodes; (F) CNF 

electrodes; and (I) CC electrodes. 
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3.4.3 PEDOT coating properties increase electrochemical performance 

We performed CV under diffusive conditions with ferricyanide mediator under abiotic 

conditions, and report results normalized to projected surface area (Figure 3.2A). We 

excluded PAN due to its nonconductivity. The conductivity for PAN-PEDOT was 

high enough to perform CV, and we found that its capacitance was similar to CC — 

both on an area and mass basis (Figure 3.2B, Table S3.1) — indicating that PEDOT 

coatings could be explored as a conductive coating on nonconductive substrates. Our 

CV analysis also showed that for both CNF and CC, electrochemical activity increased 

significantly after coating with PEDOT. We explain this improvement as a function of 

the material properties of PEDOT itself, not per se by the increase in specific surface 

area due to the PEDOT coating; after all, the specific surface area for CNF-PEDOT 

had decreased. CNF-PEDOT performed the best, achieving a capacitance of 1,238 F 

m-2, which was 54% higher than CC-PEDOT (804 F m-2). The capacitance for CC-

PEDOT was still considerably higher than for CNF and CC without PEDOT (434 and 

286 F m-2, respectively). Without PEDOT, the capacitance for CNF was 52% higher 

than for CC. The 247-fold greater specific surface area of CNF compared to CC, 

which we described above, did not have as pronounced of an effect on the capacitance. 

Possibly, diffusion limitations through the CNF pore structures and the 50-fold lower 

conductivity could explain the absence of a larger effect on the capacitance. 

3.4.4 PEDOT coating improves bioelectrochemical performance 

In addition to the abiotic CV analysis, the electrode materials were tested in BESs (in 

triplicate) to determine the compatibility of the material to G. sulfurreducens. Since 

only a small inoculum was used in our BESs, the current produced was related to 
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growth at the electrode (Figure 3.2C). The current profiles showed that G. 

sulfurreducens first grew exponentially, and then decreased once acetate (carbon 

source) had been consumed, because the BESs were operated as batch systems. A 

periodic pattern in current production was observed throughout the operating period, 

but this was not related to growth rather related to a laboratory anomaly. We 

performed a diagnostic CV test daily, which resulted in a repeated hysteresis for the 

current when the biofilm adjusted back to the normal operating potential. Such 

hysteresis had not yet been observed in larger BESs that were studied in our lab; this is 

likely due to the small volume of the BESs. 

Due to the nonconductivity of PAN, we did not test this material in a BES. We did test 

PAN-PEDOT, but it behaved significantly worse than all the other materials, 

producing only a continuous electric current of 1.50 A m-2. Because of the low growth 

of G. sulfurreducens, the operating period for the PAN-PEDOT batch was more than 

five weeks with no noticeable decrease in current. Such a long-term operating period 

indicates a potential to use PEDOT coatings throughout extended operating periods; 

additional studies with longer operating periods will be necessary to verify, though. 

For the other materials, we operated the BESs for a little longer than 10 days. 

Application of PEDOT to the CNF and CC electrodes increased their current 

production by 38% and 64%, respectively (Figure 3.2D, Table S3.2). However, only 

PEDOT coating on CC resulted in a statistically significant current increase. CC-

PEDOT produced the highest current at 15.22 A m-2, while CNF-PEDOT produced a 

30% lower current at 10.66 A m-2. CNF and CC performed similar in our BESs at 9.27 

and 7.71 A m-2, respectively.  
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Current production correlated with the increased conductivity and capacitance of the 

electrodes, rather than with specific surface area. Specific surface area could only 

explain the increase in performance for CC-PEDOT, yet the benefit was not 

proportional. PEDOT decreased the specific surface area of CNF by 6.7x times, yet 

slightly increased current production. Interestingly, while CNF possessed 247x greater 

specific surface area than CC, CC outperformed CNF in current production. This 

phenomena has been observed in other studies with simple carbon electrodes, where a 

chemical process lowered the high specific surface area of an electrode yet increased 

current production, due to the electrochemical properties the process interred on the 

surface (Epifanio, Inguva et al. 2015). Such findings imply that a balance exists 

between electrode specific surface area and physicochemical properties. With the CNF 

materials here, this finding assists the likelihood that the small pore structures present 

in CNF produced measurable high specific surface area which could not be entirely 

accessed by G. sulfurreducens, but the improved material properties from PEDOT 

allowed for mildly improved current production.  
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Figure 3.2 Cyclic voltammetry (CV) results showing: (A) the averaged CV curves for all materials 

studied (dark line indicates the mean, shadow indicates standard error); and (B) barplot of the 

capacitance of each material calculated from the CV curves with statistical analysis. Bioelectrochemical 

system batch operation results showing: (C) current production during the operating period (dark line 

indicates the mean, shadow indicates standard error); and (D) barplot of the maximum current 

production with statistical analysis. All data normalized to projected surface area of electrodes. 

3.4.5 PEDOT coatings show wide potential of applications 

To explore the benefit of using PEDOT as a means to increase current production, we 

also coated a gold electrode with PEDOT via electrodeposition and tested the 

electrode in a microfluidic BES (Li, Venkataraman et al. 2012) (SM, Figure S3.2A). 



 

98 

In this system, the gold electrode was produced through photolithography, producing a 

mirror-smooth surface with a very low specific surface area, which is theoretically its 

projected surface area. Using this electrode without PEDOT in a microfluidic BES, G. 

sulfurreducens produced a steady-state current of 8.4 µA throughout an operating 

period of 5 days (Figure S3.2B). When we grew G. sulfurreducens on a PEDOT-

coated gold electrode, current increased to 23.8 µA, which is a 283% improvement in 

performance. Subsequent SEM imaging showed a high specific surface area coating 

selectively attached to the gold electrode. The improved surface features allowed a 

thicker and more widespread G. sulfurreducens biofilm on the PEDOT-coated gold 

electrode than on the gold electrode (Figure S3.3A-F), and confirmed our anticipation 

that low specific surface area materials (such as via photolithography) can be 

improved considerably by adding a PEDOT coating. 

3.5 Conclusions 

Electro-spun carbon nanofiber (CNF) has been explored because of its high porosity, 

surface area density, biocompatibility, and customizability (Zhang, Wang et al. 2007, 

Ra, Raymundo-Piñero et al. 2009, Chen, He et al. 2011, Manickam, Karra et al. 2013). 

Notably, CNF features higher specific surface area and porosity compared to 

conventional electrodes such as graphite, CC, and carbon brush (Cheng and Logan 

2007, Logan, Cheng et al. 2007, Tsai, Wu et al. 2009, Wang, Cheng et al. 2009, Feng, 

Yang et al. 2010, Luo, Zhang et al. 2011, Liu, Qiao et al. 2012). Functionalizing CNF 

with PEDOT, as performed here, may represent a simple method for improving the 

performance of BESs. We found that PEDOT increased the current production of CNF 

by 38% and CC by 64%. In comparison, alternative functionalization methods, such as 
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with platinum or carbon nanotubes, have had 40-50% improvements (Deeke, Sleutels 

et al. 2012, Peng, Yu et al. 2012, Deeke, Sleutels et al. 2013), but are harder to apply, 

especially in already existing large-scale systems. Exploring relationships in 

capacitance, conductivity, and specific surface area, we found that greater conductivity 

and capacity correlated with bioelectrochemical current production, and that added 

specific surface area did not play a key role. PEDOT has been shown to increase the 

specific surface area of materials it coats, but it considerably decreased the area of 

CNF, which already possessed a high surface area. This implies that materials 

possessing a high specific surface area, such as from small pores, may not benefit 

from the added surface area from PEDOT coatings; in fact, PEDOT may lower 

specific surface area on certain materials. Further, decreases in specific surface area 

but increases in current production may imply that fine surface features were not 

biologically available to G. sulfurreducens. In an application with a highly smooth 

gold microelectrode, PEDOT increased current production almost 3-fold, 

demonstrating the benefit of PEDOT on low specific surface area materials. Even if a 

material does possess high specific surface area, the benefits of increased conductivity 

and capacitance appear to show improved performance, as seen in both the CV and 

BES tests when PEDOT was added, employing further studies to quantify optimal 

PEDOT application quantity can lead to further understanding of this limitation, in 

addition to selection of proper substrate materials. 

Finally, though CNF did not produce as much current in BES tests as CC when 

normalized to projected surface area, the low density of CNF allowed it to outperform 

CC 5-fold when normalized by mass (Table S3.2). Mass normalization was not 
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explored in this manuscript because at the point of development, a number of 

parameters need to be optimized before a fair comparison can be made, such as 

thickening to increase the rigidity of CNF; which could be beneficial, as the CNF 

materials manufactured here were very thin and fragile. However, thickening will 

likely affect other key material properties such as porosity and biologically available 

surface area. In the future, further studies exploring these design parameters will be 

critical to assessing if CNF can be competitive to CC with and without PEDOT. 

Finally, long-term BES and MFC tests using continuous flow will be needed to 

demonstrate whether the electrodes proposed here can be a cost-effective real-world 

electrode alternative to those already being used today.  
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CHAPTER 4 

MEDIATOR PRODUCTION TRUMPS MEDIATOR REDUCTION KINETICS IN 

ALLEVIATING A SENSITIVITY FOR A SYNERGISTIC CO-CULTURE OF 

PSEUDOMONAS AERUGINOSA AND ENTEROBACTER AEROGENES IN A 

BIOELECTROCHEMICAL SYSTEM 

 

Adapted from: Guzman, Venkataraman, Doud, Zhang, Holmes, Catania, Bazan, 

Rosenbaum, Datta, and Angenent. In preparation for submission to mBio. 

 

4.1 Abstract 

A bioelectrochemical system (BES) is a bioreactor in which microbes transfer 

electrons extra-cellularly to an electrode in a fuel cell-type architecture. A key 

mechanism for this extracellular electron transfer is mediated electron transfer (MET), 

which includes excretion of reduced mediator and oxidation of mediator by the 

working electrode. Pseudomonas aeruginosa has demonstrated such MET ability in 

pure culture by producing redox-active mediators. When co-cultured with 

Enterobacter aerogenes, an MET-based synergism became apparent – the co-culture 

increased respiration, mediator production, and mediator re-reduction rates, resulting 

in elevated current production. To understand the sensitivity of this synergism, we 

built a mathematical model. The model indicated an unexpected insensitivity of 

current production to post-oxidized mediator reduction rate, which lumps the uptake 

and subsequent microbial reduction of oxidized mediator. We performed BES 

experiments to determine true mediator reduction rates for both microbes and found 

that the rate for P. aeruginosa was 50-fold less than the rate for E. aerogenes. To 
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understand the performance of P. aeruginosa to take up mediators, we added a 

conjugated oligoelectrolyte which improved performance 6-fold. These results 

underscore the significance of understanding synergistic microbial interactions in 

pure- and open-cultures; by identifying approaches to mitigate sensitivities, overall 

activity can be considerably increased. 

4.2 Importance 

The understanding of microbial synergisms is increasingly pertinent for energy, 

chemical, drug, and health applications where microbiomes seem to employ a more 

important role than previously thought. For bioelectrochemical systems (BESs), 

Pseudomonas aeruginosa and Enterobacter aerogenes have demonstrated that their 

synergistic interaction provides a marked improvement in current production 

compared to their individual performance. We built a model that indicated that 

increased mediator production, rather than mediator reduction, would increase 

bioelectrochemical activity. P. aeruginosa is a model organism for studying quorum 

sensing, and its mediators have been shown to have negative impacts on other 

microbes in its environment, providing a selective pressure. This has particularly been 

observed in microbiome interactions leading to respiratory tract infections. In BESs, 

having a microbe present such as P. aeruginosa may alter the microbial community; 

efforts to understand levers to manipulate concerning microbes such as this can lead to 

approaches to improve BES performance and understand approaches to control 

microbial infections. 
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4.3 Introduction 

Bioelectrochemical systems (BESs) have been touted as a platform technology that 

can treat wastewaters (Fornero, Rosenbaum et al. 2010, Gavazza, Guzman et al. 

2015); produce electrical energy, biogas, and value-chemicals (Cheng, Xing et al. 

2009, Angenent and Rosenbaum 2013); and perform denitrification, desalination, 

biocomputing, and biosensing (Clauwaert, Rabaey et al. 2007, TerAvest, Li et al. 

2011, Kim and Logan 2013, Webster, TerAvest et al. 2014). Key to BES operation is 

the electrochemical interaction of microbes with either an anode or cathode electrode, 

which involves a reduction or oxidation reaction at the electrode to take up or donate 

electrons extracellularly, respectively. This extracellular electron transfer to and from 

electrodes has been studied through two mechanisms – direct electron transfer (DET) 

and mediated electron transfer (MET) – which have been observed in numerous 

natural environments featuring wide varieties of microbial communities (Schröder 

2007, Logan 2009, Villano, Aulenta et al. 2010). For DET, microbes, such as 

Geobacter sulfurreducens, establish a biofilm on the electrode and directly relay 

electrons to the electrode via outer membrane cytochromes and/or conductive pili 

(Bond and Lovley 2003). For MET, the microbes either produce electrochemically 

active compounds endogenously (e.g., phenazines, riboflavin) or use exogenous 

compounds (e.g., methylene blue) to shuttle electrons between the microbes and the 

electrode. Since most real-world BESs are expected to be open-culture systems 

(Logan 2010), both MET and DET are expected to contribute to the overall 

performance, but both mechanisms have positive and negative effects associated with 

them (Schröder 2007). In general, DET has been seen as ideal since it has 
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demonstrated higher efficiencies, and in continuous flow regimes the system will not 

be taxed by replacing mediators that are washed out (TerAvest, Rosenbaum et al. 

2014). However, DET has a critical detractor that long-term biofilm buildup will lead 

to diffusion limitations, which will lower current production and potentially lead to 

inactive dead zones in the biofilm (Kato Marcus, Torres et al. 2007). 

Synergistic MET relationships are interactions in which two or more microbes share 

mediators or metabolic byproducts, which simultaneously produce current and 

increase their growth or productivity. For instance, a number of studies have 

highlighted the ability of a wide range of fermenters to use exogenous mediators, such 

as phenazines and humic acids, to generate current in open-culture systems (Rabaey, 

Boon et al. 2004, Rabaey, Rodriguez et al. 2007, Boon, De Maeyer et al. 2008, Kiely, 

Regan et al. 2011). These findings imply that mediators are electrochemically 

available to more microbes than those that are capable of DET on their own. Such 

opportunistic MET by using mediators produced by a community member to interact 

with electrodes is increasingly observed, and can play key roles in open-culture 

applications such as wastewater treatment, fermentation, and corrosion (Kiely, Regan 

et al. 2011, Zhang, Xu et al. 2015). Reduction of redox-active components in soil, 

such as biochar by natural soil microbiota, has shown the importance of understanding 

synergistic MET relationships in both engineered and natural environments to reduce 

greenhouse gas emissions (Sun, Levin et al. 2017).  

Pseudomonas aeruginosa and Enterobacter aerogenes have demonstrated one such 

synergistic MET relationship, increasing their activity and current production in a BES 
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compared to either microbe in pure culture (Venkataraman, Rosenbaum et al. 2011). 

In pure culture, P. aeruginosa is a known MET-capable respirer; it can produce 

mediators that are quickly oxidized by an anode, however, the rate at which it can take 

up and re-reduce the mediators was predicted to be minimal. E. aerogenes ferments 

glucose to ethanol and 2,3-butanediol, which P. aeruginosa uses for growth and 

mediator production, respectively. E. aerogenes can also quickly take up and reduce 

post-oxidized mediators in the bulk. P. aeruginosa can produce a variety of mediators 

(pyocyanin, 1-hydroxy phenazine, phenazine-1-carboxylic acid, and phenazine-1-

carboxamide), but in the presence of E. aerogenes through the production of 2,3-

butanediol, pyocyanin comprised 92% of the produced mediators (Venkataraman, 

Rosenbaum et al. 2011). When E. aerogenes has access to additional mediators, it can 

elevate its fermentation rate, which in turn elevates the rate P. aeruginosa grows and 

produces mediators. In co-culture, these two microbes can produce 14-fold more 

current than either microbe in pure culture (Venkataraman, Rosenbaum et al. 2011). 

The ability of P. aeruginosa to produce these mediators has been found to impart a 

selective pressure on its surrounding communities, and even lead to long term harm to 

its microbiome (Wang, Kern et al. 2010). For example, P. aeruginosa diminished the 

growth of E. coli (Lopes, Machado et al. 2011), and was key to developing infections 

in respiratory tracts (Nguyen, Sharma et al. 2016). P. aeruginosa has also been 

observed in natural environments including marine sediment (Angell, Bench et al. 

2006) and microbial fuel cell anode biofilms (Li, Liu et al. 2010), and its positive 

relationship with E. aerogenes in BESs is interesting because the current production 

was markedly increased. P. aeruginosa has also demonstrated improved survivability 
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in anaerobic environments by using phenazine mediators to perform MET in a BES 

(Wang, Kern et al. 2010). Since we observed that this bacterial synergism greatly 

improved the current production in a BES, we predicted that this interaction could be 

important for current generation in real-world, open culture BESs, and explored 

sensitivities in performance. 

Here, we explored the synergism between P. aeruginosa and E. aerogenes by first 

developing a mathematical model simulating the relationship between their current 

production, growth, and substrate profiles, and then testing the model with 

experimental information. Our model, which was built on Monod-based ordinary 

differential equations, was fit to experimental data that we previously reported 

(Venkataraman, Rosenbaum et al. 2011). We tested the sensitivity of the model to a 

number of different kinetic coefficients that we had theorized would drive current 

production, and set out to further explore the kinetic coefficient governing post-

oxidized mediator reduction by the microbes (k23), which was found to be insensitive 

in the model. We performed experiments on pure cultures of a knock-out strain of P. 

aeruginosa (P. aeruginosa Δphz) and E. aerogenes in BESs to measure the kinetic 

coefficient k23. Finally, we added a membrane-altering conjugated oligoelectrolyte 

(DSSN+) to P. aeruginosa to increase oxidized mediator transfer into the cell for re-

reduction.  
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4.4 Results 

4.4.1 Mathematical model describing synergistic MET closely matches experimental 

results 

To understand complex interactions between the two microbes, we built a 

mathematical model to be able to perform in-silico simulations with the goal of 

evaluating whether we can predict the synergistic behavior. Our mathematical model 

used ordinary differential equations evaluated in a 1-dimentional space using 

COMSOL Multiphysics™ to simulate the growth of Pseudomonas aeruginosa and 

Enterobacter aerogenes in the bulk liquid of a BES during time (see model details in 

Text S4.1, equations in Table S4.1, and parameters in Table S4.2 in the supplemental 

material). The system of equations were written to account for key results and 

assumptions from our previous experiments (Venkataraman, Rosenbaum et al. 2011): 

1) P. aeruginosa was solely responsible for mediator production yet unable to take up 

and re-reduce the mediators it produced; and 2) E. aerogenes was predominantly 

responsible for current production by re-reducing the post-oxidized mediators that had 

originally been produced by P. aeruginosa (Figure 4.1). The model accounts for 

growth of P. aeruginosa and E. aerogenes, glucose consumption by E. aerogenes, 

ethanol and 2,3-butanediol production by E. aerogenes, ethanol and 2,3-butanediol 

consumption by P. aeruginosa, reduced mediator production by P. aeruginosa, 

oxidized mediator re-reduction by E. aerogenes, and current production by oxidizing 

reduced mediator from the bulk at the anode (see Equations S4.1-8 in Table S4.1 in 

the supplemental material). 
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Figure 4.1 Schematic of the interaction between Pseudomonas aeruginosa and Enterobacter aerogenes 

with an oxidizing anode electrode. For our model, we assumed that E. aerogenes can convert glucose to 

ethanol and 2,3-butanediol, and re-reduce phenazine mediators produced by P. aeruginosa, but cannot 

produce mediators. P. aeruginosa can consume ethanol and 2,3-butanediol produced by E. aerogenes 

for growth and produce reduced phenazine mediators, but is predicted to slowly re-reduce the 

mediators. 

The first task was to tune the kinetic parameters defined by the equations to match the 

model results to that of experimental data (Venkataraman, Rosenbaum et al. 2011). 

Several parameters were taken directly from literature, but some were manually 

adjusted to fit the model to the experimental data (see parameter details in Table S4.2 

in supplemental material). With tuned constants to mimic our experimental data, the 

model showed strong parity between the simulation results and the experimental data. 

Without any sensitivity analysis, this could indicate that the assumptions we made to 

build the model were appropriate (Figure 4.2). Our model estimated that glucose was 
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quickly consumed by E. aerogenes within 3 days (Figure 4.2A), leading to the 

production of ethanol and 2,3-butanediol, as observed in batch bench experiments 

(Figure 4.2B,C). P. aeruginosa population increased by consuming these substrates 

and increasingly produced phenazine mediators as its population increased. This, in 

turn, allowed E. aerogenes to re-reduce increasing concentrations of oxidized 

mediators, which produced increasing current during the operating period (Figure 

4.2D). After 4 days, the degradation rate of the mediators and cells began to increase 

as substrates subsided and production rates decreased. After 6 days, currently sharply 

decreased because the degradation-related reaction rates dominated. The estimates 

provided by our fitted model provided us the confidence to perform in-silico 

experiments to explore the sensitivity of the model to kinetic coefficients that we 

theorized would result in large impacts. 
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Figure 4.2 Results from model fitted to experimental data during the operating period for (A) glucose 

concentration, (B) 2,3-butanediol concentration, (C) ethanol concentration, and (D) current production. 

4.4.2 Simulations indicate synergism of mediator production is limitation 

With our tuned model, we performed simulations to observe the effect that altering 

kinetic coefficients had on current in the P. aeruginosa and E. aerogenes MET 

synergy. In other words, we tested the dynamic behavior of our model.  

Suspecting that the limitation could lie in cell density, we changed the glucose-based 

growth rate of E. aerogenes (k3) in the model. When we halved and doubled the 

constant (i.e., from 0.28 d-1 to 0.14 and 0.56 d-1), we found significant changes to the 

current profile in both maximum current and time to reach maximum current (Figure 
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4.3B). When the k3 was halved, the maximum current decreased 26% from 4.97 to 

3.67 mA and the time to reach maximum current increased 13% from 6.23 to 7.05 

days. This outcome made sense, since if E. aerogenes grew slower on glucose, its 

growth could be sustained longer. Additionally, with slower growth, production of 

ethanol and 2,3-butanediol for P. aeruginosa would be lower, which would limit the 

rate of mediator production, and thus diminish the ability of E. aerogenes to re-reduce 

post-oxidized mediators to produce current. When k3 was doubled, the maximum 

current increased 22% to 7.05 mA, and the time to reach maximum current decreased 

7% to 5.78 days. Analogously, with a higher growth rate, E. aerogenes produced 

substrates for P. aeruginosa earlier, which provided more post-oxidized mediators for 

E. aerogenes to re-reduce and produce current. From these two simulations, we 

observed that the current produced through this synergism was especially sensitive to 

the cell density of the substrate-producing E. aerogenes. For the base case for k3 (0.28 

d-1), we observed that E. aerogenes grew extremely quickly, and continuously 

decreased in population after two days due to a degradation term (Figure 4.3D). P. 

aeruginosa, on the other hand, reached similar population density around the time of 

peak current at 6 days. 
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Figure 4.3 Simulations testing model sensitivity to changing kinetic coefficients: k23, the rate of post-

oxidized mediator reduction by E. aerogenes (A); k3, the growth rate of E. aerogenes on glucose (B); 

and k16, the rate of mediator production (C). Growth curves of P. aeruginosa and E. aerogenes using 

the base case of kinetic coefficients (D).  

We set out to simulate the impact augmenting reduced mediator production by P. 

aeruginosa would have on the overall system, because the system is less populated by 

P. aeruginosa (yet the microbe is responsible for producing all of the mediators 

involved in current production). To test whether current production was more 

dependent on mediator presence than re-reduction ability of E. aerogenes, we doubled 

and quadrupled k16, which is the kinetic coefficient that controls the 2,3-butanediol-
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dependent production of reduced phenazine mediator by P. aeruginosa (i.e. from 

0.053 mM-1 d-1 to 0.106 and 0.212 mM-1 d-1) (Figure 4.3C). Increasing the k16 

considerably increased current production. When doubled, the maximum current 

increased 6.4-fold from 4.97 to 32.07 mA, and reached its maximum current at 7.85 

days. When the k16 was quadrupled, current reached an astounding 95.86 mA, which 

was 19.3-fold higher, and reached the maximum at 8.85 days. With the dramatic 

results achieved by changing the k16, we identified that the ability of P. aeruginosa to 

produce phenazine mediators was a key sensitivity in the ability of E. aerogenes to 

produce current in this synergistic MET relationship. In fact, a minor 10% increase in 

the k16 value resulted in an increase of 42.2% to 7.06 mA for the maximum current. 

By performing this simulation, the model indicated that a minor change to the overall 

performance of P. aeruginosa could significantly change the electrochemical behavior 

of the synergism in a BES. 

We approached one of the simulations with the theory that the current should be 

improved by increasing the rate in which E. aerogenes could re-reduce the post-

oxidized mediators by increasing the maximum rate of post-oxidized mediator re-

reduction (k23). In testing a range of k23 constants for E. aerogenes that were 10- and 

100-fold larger (i.e., from 1.00∙10-3 d-1 to 1.00∙10-2 and 1.00∙10-1 d-1), little change to 

the current profile was observed (Figure 4.3A). Even with the 100-fold higher k23 

value, the maximum current only increased 5% from 4.97 to 5.20 mA, while the 10-

fold increase only resulted in an increase of 0.5% to 5.00 mA. This result was 

unexpected, and demonstrated one of two things: 1) that our initial theory, which was 

that the current-producing sensitivity was the kinetic coefficient for E. aerogenes to 
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re-reduce mediators (k23), was incorrect, and that another lever was limiting the 

electrochemical activity of the synergistic co-culture; or 2) that our model was over 

simplified and incorrect. 

4.4.3 Improvement of model confers post-oxidized reduction to P. aeruginosa  

When we first designed the model, we did not include the ability of P. aeruginosa to 

reduce post-oxidized mediator. However, with the sensitivity of the model to the 

mediator production by P. aeruginosa, we set out to improve the design by conferring 

to P. aeruginosa the ability to both produce reduced mediators and to re-reduce post-

oxidized mediators after uptake from the BES broth. To achieve this in the model, we 

added an identical term to the re-reduction of post-oxidized mediators by E. aerogenes 

with necessary substitutions (see the sixth term in Equation S4.6 and second term in 

Equation S4.7), and added a new kinetic coefficient, called k23,Pa,model, to account for 

the new post-oxidized mediator re-reduction ability of P. aeruginosa (see Equation 

S4.9 and S4.10). In this new model, current can be produced through oxidation of 

mediators at the electrode that were: a) produced in reduced form by P. aeruginosa; b) 

re-reduced by P. aeruginosa; and c) re-reduced by E. aerogenes. To start, we made an 

estimate that the k23 for P. aeruginosa was 5-fold smaller than that of E. aeruginosa 

(k23,Pa,model = 2∙10-4 and k23 = 1∙10-3), based on the maximum currents from our 

previous study (3.25 µA cm-2 for P. aeruginosa vs. 18.52 µA cm-2 for E. aerogenes) 

(Venkataraman, Rosenbaum et al. 2011). With this augmented model, the current 

profile was nearly identical to the original model accounting for only E. aerogenes 

(Figure 4.4A), indicating that P. aeruginosa added negligible current production with 

its new re-reduction ability. Our theory that conferring mediator re-reduction ability to 
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P. aeruginosa should increase current was incorrect, and decided to determine if this 

discrepancy could have been the result of critically underestimating the true k23 for P. 

aeruginosa. 

 
Figure 4.4 Simulation current profiles evaluating the effect of conferring mediator reduction ability to 

P. aeruginosa in addition to E. aerogenes. (A) Comparing the effect various k23 values based on 

previous experiments (k23,Pa,model; blue dashed), kinetic experiment (k23,Pa,exp; red dashed), and DSSN+ 

experiment (k23,Pa,DSSN; grey dashed). Experiments are overlaid on top of each other indicating no 

difference. (B) Sensitivity of current profile to increasing the k23,Pa,exp value obtained through kinetic 

experiments. 

4.4.4 Kinetic experiments indicate P. aeruginosa has poor mediator re-reduction 

ability 

We performed kinetic experiments to determine an experimental k23 for P. aeruginosa, 

which we refer to as k23,Pa,exp. To determine the k23,Pa,exp, we simplified the model to 

allow a linear approximation for the kinetic coefficient using batch BES experiments. 

We simplified Equation S4.9 by eliminating unrelated terms from the experiment (see 

explanation in Text S4.2 in the supplemental materials), allowing us to obtain a simple 

linear equation, Equation 4.1. In this form, Equation 4.1 allows the experimental k23 

to be calculated for either P. aeruginosa or E. aerogenes as the slope of the 

relationship between a term representing the mediator concentration added to a BES 
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(Mediatoroxidized) and a term for current production (I). Thus, using Equation 4.1, we 

operated a BES with either microbe, dosed different concentrations of mediator, 

measured current production, and calculated the k23 as the slope of the linear 

regression of this relationship. Key to our method is that the only mediator present is 

that which is added experimentally. Since P. aeruginosa produces mediators 

endogenously, we used a knockout strain (P. aeruginosa Δphz) which is missing the 

ability to produce mediators (Dietrich, Price‐Whelan et al. 2006). 

 

Equation 4.1 

We first executed experiments to determine an experimental value of k23 for E. 

aerogenes, called k23,Ea,exp. This was performed to act as a baseline for comparing the 

k23,Pa,exp value obtained with P. aeruginosa, and to evaluate how well our model 

related to the real world. For both strains, we added pyocyanin phenazine mediator to 

the BESs prior to inoculation, as this was shown to be the predominant mediator 

produced by P. aeruginosa in co-culture with E. aerogenes (Venkataraman, 

Rosenbaum et al. 2011). We evaluated current production using mediator 

concentrations of 0-0.0125 µM and 0-0.008 µM for E. aerogenes and P. aeruginosa 

Δphz, respectively. All experiments were performed in triplicate. For both microbes, 

current increased with higher mediator concentration, which we predicted (Figure 

4.5). Figure 4.5 displays the current profile for each mediator concentration aligned to 

the exponential onset, rather than to inoculation, because we observed that the 

exponential onset appeared later with higher mediator concentrations. Therefore, this 
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figure is presented to indicate a general increasing trend of current with mediator 

concentration. E. aerogenes far outperformed P. aeruginosa: it produced currents 

above 1 mA within a few hours of reaching exponential phase, and its performance 

with even the lowest mediator concentration outperformed P. aeruginosa at its highest 

mediator concentration. 

 
Figure 4.5 Current profiles during time from kinetic experiments as a function of mediator 

concentration for (A) E. aerogenes and (B) P. aeruginosa Δphz. Current profiles are aligned to 

exponential current onset, not inoculation time. 

To calculate the k23 coefficients based on Equation 4.1, we evaluated the current at 

the point of maximum current increase in the early exponential range to minimize the 

effect of substrate limitation effects on cell density (see further explanation in Text 

S4.2 of the supplemental materials). Plotting the unit-converted current determined in 

this manner against the mediator concentration term, we could calculate the k23,Ea,exp 

for E. aerogenes and k23,Pa,exp for P. aeruginosa (Figure 4.6). We found the 

experimental k23 value for E. aerogenes, k23,Ea,exp, to be 5.99·1013 d-1. In congruence 

with the higher current profiles of E. aerogenes compared to P. aeruginosa (illustrated 

in Figure 4.5), the k23,Pa,exp for P. aeruginosa was 53-fold smaller at 1.14·1012 d-1. The 
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values we obtained from this experiment were significantly larger than the k23 value 

initially used in the model (1.00·10-3 d-1), implying that some of the design 

assumptions for the model were drastically different from the real world experiment 

we performed. 

The primary assumption we believe led to this difference is that the model calculates 

current as a function of the concentration of reduced mediator in the bulk, rather than 

that which diffuses to the electrode. From the kinetic experiments performed here, we 

observed that P. aeruginosa could, in fact, re-reduce post-oxidized mediators in a 

BES, but it was still significantly lower than the activity of E. aerogenes. 

 
Figure 4.6 Plot showing the kinetic coefficient experiment data and linear regression used to calculate 

the k23 for E. aerogenes and P. aeruginosa. The k23,Ea,exp for E. aerogenes (blue, squares), k23,Pa,exp for P. 

aeruginosa Δphz (red triangles), and k23,Pa,DSSN for P. aeruginosa Δphz with DSSN+ (grey, circles) are 

provided. 
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4.4.5 Increased P. aeruginosa current production with the addition of a membrane-

altering compound 

For the scope of this model, we simplified the activities involved in the 

electrochemical activities of P. aeruginosa into the single k23 kinetic coefficient. In 

detail, this coefficient is a lumped term representing post-oxidized mediator import 

and reduction, and reduced mediator export. Since the principal role of P. aeruginosa 

in this synergism was to produce reduced mediator that could be oxidized at the 

electrode, we knew that it possessed the ability to reduce and export mediators. Since 

P. aeruginosa could not re-reduce its own mediators, we hypothesized that the 

sensitivity was the ability to take up oxidized mediators into the cell. To test the post-

oxidized mediator re-reduction ability of P. aeruginosa and that limitation was caused 

by mediator uptake, we introduced the microbe to the conjugated oligoelectrolyte 

(COE) 4,4′-bis(4′-(N,N-bis(6′′-(N,N,N-trimethylammonium)hexyl)amino)-

styryl)stilbene tetraiodide (DSSN). DSSN+ has been shown to modify membrane 

properties by intercalating into cell lipid bilayers, increasing current production in 

BESs through DET and MET (Yan, Catania et al. 2015, Catania, Thomas et al. 2016). 

Using a safe dosing level of 5 µM DSSN+ for P. aeruginosa (see further explanation 

in Text S4.3 in the supplemental materials), we performed a kinetic experiment to 

determine the k23 for P. aeruginosa Δphz with DSSN+ added, which we called 

k23,Pa,DSSN. 

Excitingly, we found that the addition of DSSN+ improved the performance of P. 

aeruginosa Δphz. We calculated a k23,Pa,DSSN value of 7.26·1012 d-1, which was 6.4-

fold higher than the value we obtained for P. aeruginosa Δphz without DSSN+, 
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k23,Pa,exp (Figure 4.5B). This result shows that DSSN+ addition improved the 

electrochemical performance of P. aeruginosa Δphz, and demonstrated that the 

sensitivity for MET activity in P. aeruginosa likely lies in its ability to import 

mediators to re-reduce. Since COEs have been found to improve membrane transport 

properties, in particular mediators, we hypothesize that the DSSN+ tested here 

facilitated phenazine mediator transfer through the membrane of P. aeruginosa, and 

that P. aeruginosa used its existing capability to reduce and export mediators, which 

resulted in elevated current. Observing that the ability of P. aeruginosa to reduce its 

own mediators is limited by mediator uptake, we expect that in the future, P. 

aeruginosa can be genetically engineered to include additional membrane transport 

proteins to facilitate with producing more current in BESs. 

4.4.6 The k23 kinetic coefficient is not a current production limitation 

With quantified values of k23,Pa,exp and k23,Pa,DSSN representing P. aeruginosa with and 

without membrane-altering DSSN+, respectively, we updated the model with these 

coefficients. Since the experimental k23 values were so drastically different from the 

original k23 estimate used in the model, we scaled all k23 values by normalizing the 

experimental value for E. aerogenes (k23,Ea,exp) to 1.00∙10-3 d-1, and applied the same 

scaling to all other k23 kinetic coefficients obtained experimentally (Table 4.1). 

When we simulated the k23 values obtained from the kinetic experiments of P. 

aeruginosa with and without DSSN+ into the model, the current profile was 

unaffected (Figure 4.4A). From the original maximum current of 4.9700 mA, we 

calculated 4.9701 mA with k23,Pa,exp and 4.9704 mA with the k23,Pa,DSSN. The current 
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production increased very slightly because the current profile in the original model did 

not include any current contribution by P. aeruginosa; thus, the added activity of P. 

aeruginosa in the augmented model increased current very slightly. Since the 

k23,Pa,DSSN obtained in the kinetic experiment with DSSN+ added was larger than the 

k23,Pa,exp, the current was increased slightly further in the simulation. 

Table 4.1 Summary for experiments involving the k23 kinetic coefficient including k23 label, 

experimental value, correct value, and maximum current obtained from model simulation. 

Experiment 
Coefficient 

label 

Experimental 

k23 (d-1) 

Scaled k23  

(d-1) 

Max model 

current (mA) 

E. aerogenes (est.) k23 1.00∙10-3
 

 4.9700 

E. aerogenes (exp.) k23,Ea,exp 5.99∙1013 1.00∙10-3 4.9700 

P. aeruginosa Δphz 

(exp.) 
k23,Pa,exp 1.14∙1012 1.90∙10-5 4.9701 

P. aeruginosa Δphz w/ 

DSSN+ (exp.) 
k23,Pa,DSSN 7.26∙1012 1.21∙10-4 4.9704 

 

4.5 Discussion 

This manuscript presents the first mathematical model to describe the synergistic 

relationship between P. aeruginosa and E. aerogenes, and its impact on mediated 

electron transfer in a bioelectrochemical system. Sensitivity analysis simulations on a 

few key kinetic coefficients demonstrated that this relationship was very complex. The 

model indicated that the production of phenazine mediator was the limitation to 

current production, rather than the re-reduction capability of either microbe in the 

simplified model. One approach we tested to increase current involved increasing the 

growth rate of E. aerogenes with the goal of increasing 2,3-butanediol production, 
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thus increasing the mediator production rate of P. aeruginosa. Another approach is to 

increase the mediator production rate of P. aeruginosa, providing more post-oxidized 

mediator for E. aerogenes to reduce. Critically, increasing the production of mediators 

by P. aeruginosa yielded the largest change in our model: doubling the mediator 

production rate resulted in an almost 20-fold increase in current, while doubling the 

growth rate for E. aeruginosa only improved current 1.7-fold.  

Our simulations also demonstrated that contrary to our expectations, increasing the 

mediator re-reduction rate of E. aeruginosa did not markedly increasing current 

production. Conferring this ability to P. aeruginosa also did not affect the current 

profile. According to the model, cell density is a key driver for current production, and 

since P. aeruginosa was less present than E. aeruginosa for most of the study, its 

current production could never have outperformed that of E. aeruginosa. Increasing 

the mediator re-reduction rate for either strain by even two orders of magnitude only 

led to ~5% increases in current production. Kinetic coefficient experiments to 

determine the true rates for P. aeruginosa and E. aerogenes revealed that P. 

aeruginosa was responsible for 50-fold less current than E. aerogenes. While the 

impact of P. aeruginosa on current was negligible, we were able to determine that it 

could, in fact, re-reduce mediators, which we had not assumed in the model. 

Results from our simulations indicate that the MET synergy explored here between P. 

aeruginosa and E. aeruginosa features several levers to control current production. 

This complexity leads to complex sensitivity that involve microbial growth, substrate 

consumption/production, and redox behavior. While the model we designed does 
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accurately resemble experimental behavior, our real-world determination of the 

mediator re-reduction kinetic coefficient demonstrated a key design critique: the 

difference in the kinetic coefficients for the model and those determined 

experimentally was drastic. We initially estimated the k23 for E. aerogenes to be 

1.00·10-3 d-1, but obtained a value of 2.523·1013 d-1 based on our kinetic coefficient 

experiment – a difference of over sixteen orders of magnitude. We believe that the key 

shortcoming of the model, which led to this discrepancy, is the design assumption that 

current production is a function of the concentration of reduced mediator in the bulk, 

rather than as a heterogeneous diffusion-based oxidation reaction on the electrode. In 

the future, implementing this heterogeneous reaction to the system would likely 

improve the ability to compare experimental results to the kinetic coefficients obtained 

here. Since the reacting volume in a heterogeneous reaction model would be much 

more concentrated than in this current model, we expect that the k23 would have to be 

much larger than the initial parameter estimate, and closer to the values which we 

obtained in our kinetic experiments. Finally, the model does not account for any 

synergistic growth benefits for the microbes as a function of mediator respiration with 

the electrode, as was demonstrated previously (Venkataraman, Rosenbaum et al. 

2011). Addition of a term accounting for the effect of mediator reduction on growth, 

especially for E. aerogenes, may bring greater accuracy to the model. With these 

changes to the model, we predict that our experimentally obtained k23 constants will 

be closer to the model values, but also that many other coefficients, particularly redox-

related ones (k16-k24), will have to be re-tuned. 
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Our experiment exposing P. aeruginosa to DSSN+ additionally demonstrated the first 

attempt to improve the re-reducing ability of P. aeruginosa through the introduction of 

membrane-altering chemicals. DSSN+ addition increased current production in the 

BES tests performed here, but practicality for implementation into large-scale BESs 

would require further studies exploring economic tradeoffs between current 

production and the quantity of DSSN+ added. While we tested higher concentrations 

of DSSN+ (see further explanation in Text S4.3 in the supplemental materials), 

current production diminished at concentrations greater than 5 µM, indicating that 

lower concentrations may still provide economically viable benefits for performance. 

4.6 Materials and methods 

4.6.1 Bacterial strains, culturing, growth 

We obtained P. aeruginosa PA14 wildtype from the PA14 Transposon Insertion 

Mutant Library (Liberati, Urbach et al. 2006), and E. aerogenes from the NRRL 

(strain B-115). The P. aeruginosa Δphz mutant was acquired from Dianne Newman 

(Divisions of Biology and Biological Engineering and Geological and Planetary 

Sciences, California Institute of Technology, Pasadena, CA). Culture growth and 

experiments for both strains were performed using autoclaved minimal AB medium 

supplemented with a trace metal and vitamin mix (Clark and Maaløe 1967). P. 

aeruginosa was cultured using 15 mM of 2,3-butanediol and 15 mM of ethanol. E. 

aerogenes was cultured using 30 mM glucose. All cultures and experiments were 

maintained at 30°C. All experiments were conducted under microaerobic conditions 

(Venkataraman, Rosenbaum et al. 2010, Venkataraman, Rosenbaum et al. 2011). 
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4.6.2 Bioelectrochemical system setup 

Custom single chamber, glass, autoclavable BESs with a water jacket were used for all 

experiments. The BES working electrode consisted of a 9 cm × 9 cm carbon cloth 

(PANEX® 30 − PW06, Zoltek Corp, St Louis, MO), which was attached to a carbon 

rod with carbon cement (CCC Carbon Adhesive, EMS, Hatfield, PA). The working 

electrode was potentiostatically controlled (VSP, BioLogic USA, Knoxville, TN) at 

+0.300 V vs. Ag/AgCl using an Ag/AgCl/sat'd KCl reference electrode (made in-

house). The counter electrode consisted of a 2 cm × 7 cm × 1 cm carbon block (Poco 

Graphite, Decatur, TX), which was attached to a carbon rod with carbon cement. The 

reactors were autoclaved and prepared using sterile practices. The working chamber 

contained 300 mL of liquid, was constantly stirred with a stir bar, and the water jacket 

was maintained at 30.0°C with a recirculating water heater. Prior to the experiment, 

the reactor was sparged with N2/CO2 gas for 1 hour, and microaerobic conditions were 

maintained afterwards by allowing O2 diffusion through a line fitted with a 0.22-µm 

sterile filter. The BESs were inoculated using 1 mL of culture at an OD600 of 0.1. 

4.6.3 Mediator reduction experiments 

Pyocyanin (Cayman Chemical Company, Ann Arbor, MI) (PYO) mediator was 

prepared at different concentrations in DMSO to a total volume of 2 mL to achieve 

target final concentrations once added to the 300 mL liquid volume of the BESs. 

4.6.4 System modeling 

The mathematical model was built using COMSOL Multiphysics™ Version 5.1 

(Build 180). Full details of the mathematical model are provided in the supplementary 
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information (see supplemental materials for model details in Text S4.1, equations in 

Table S4.1, and parameters in Table S4.2). 

4.6.5 DSSN+ tests 

Conjugated electrolyte (COE) 4,4′-bis(4′-(N,N-bis(6′′-(N,N,N-

trimethylammonium)hexyl)amino)-styryl)stilbene tetraiodide (DSSN) was obtained 

from Gui Bazan (Department of Materials and Chemistry & Biochemistry, University 

of California, Santa Barbara, CA). Safe dosing and association experiments of DSSN+ 

for P. aeruginosa were performed to ensure COE concentration was non-toxic not 

excessively added (see Figure S4.2 in supplemental materials). DSSN+ was added to 

the cells during inoculum preparation before inoculation in reactors. 
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CHAPTER 5 

DEVELOPMENT AND DEMONSTRATION OF THE MINI-JUAN 5000 

BIOELECTROCHEMICAL SYSTEM AS A CULTURING TOOL FOR H2-

PRODUCING SYNTROPHIC MICROORGANISMS 

5.1 Introduction 

An engineered solution to systematically culture syntrophic H2-producing 

microorganisms (syntroph) has not been reported yet. While a number of approaches 

have demonstrated success in a select number of cases, application of these 

approaches past the proof-of-concept has not been published afterwards or led to 

widely used microbial study techniques. A couple of approaches were illustrated in 

Chapter 2 that focused on engineered solutions for studying the H2-producing 

syntroph. In one instance, a chemostat was aggressively sparged with anaerobic gas to 

strip out H2, which provided an ideal growth environment for the syntroph (Valentine, 

Reeburgh et al. 2000). Valentine et al. developed an apparatus to study the rate of H2 

production by the syntroph in co-culture by providing a low H2 concentration 

environment. The authors also demonstrated significantly higher productivities of the 

syntrophic partnership when the gas was flowing, indicating that H2 buildup in normal 

environments affected syntrophic activity. The same apparatus was also used to study 

the maximum H2 production of a syntroph in pure culture by maintaining extremely 

low H2 concentrations, estimated at 10 pM (approximately 0.25 ppb) (Adams, 

Redmond et al. 2006). As of yet, no isolation or enrichment of syntrophs has been 

reported using this apparatus. A second approach has been to add palladium catalyst to 

the liquid and gas phase of a bioreactor to react with volatile fatty acids and H2 

naturally produced in-situ via fermentation, to produce long-chain carbons (Mountfort 
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and Kaspar 1986). This study was successful in limiting methanogenesis in complex 

fermentation microbiomes, but showed promise to be applied to be used as another 

isolation technique for syntrophs.  

Electrochemical systems are a technology that can aggressively remove H2 from 

aqueous solutions. The simplest example of this technology is the 2-electrode H2 fuel 

cell, which can produce direct current by oxidizing H2 oxidizing at the working 

electrode, and reducing O2 at the counter electrode. In such a system, pure H2 is fed 

into the working electrode chamber, and catalysts on the working and counter 

electrodes drive reactions to be thermodynamically favorable to produce energy. 

Bioelectrochemical systems (BESs) can additionally oxidize H2 on the working 

electrode, however, using O2 on the counter electrode is typically unacceptable due to 

diffusion leakage into the working electrode chamber, which negatively impacts the 

biology there. Most BESs use three electrodes (working, counter, and reference), 

which allows the potential at the working electrode to be controlled to potentials that 

may not be thermodynamically favorable (i.e. spontaneously produce current). For the 

H2 oxidation reaction, a simple catalyst, such as platinum, is needed to catalyze the 

reaction, and the potential of the working electrode theoretically only needs to be 

maintained above 0 V vs. the standard hydrogen electrode (SHE). In most BES studies 

performed in the Angenent Lab, the BES working electrode potential is maintained at 

+300 mV (vs. Ag/AgCl), which provides sufficient potential to overcome any system 

losses to oxidize H2. 



 

129 

BESs are widely studied for numerous environmental and biotechnological 

applications such as waste treatment, and chemicals and energy production. BESs are 

also ideal systems for studying the electrochemical activity of microbes. By 

controlling the electrode potential, microbes capable of DET and MET can be studied 

in controlled environments to understand their current production rates, metabolic 

activity, and growth. In essence, BESs are a useful microbiological tool that can 

convert a chemical response to an electrical one, but the system has to be designed to 

target the specific research question. 

Here, the effect of H2 in the bulk liquid on the growth rate of the syntroph and 

methanogen in a syntrophic co-culture was evaluated to define a minimum threshold 

for a BES to reach. Then, we modeled the ability of differently sized BESs to oxidized 

H2 to concentrations low enough to isolate and culture a syntroph from a mixed 

microbiome. We then built a BES using the modeling results, called the mini-Juan 

5000, and evaluated the system electrochemically and in bioelectrochemical growth 

tests. 

Three separate bioelectrochemical growth tests were performed in the mini-Juan 5000 

to demonstrate the efficacy of the mini-Juan 5000 to culture syntrophs. The first 

sample we tested was a co-culture of Syntrophus aciditrophicus and Methanospirillum 

hungatei. This co-culture was tested as a proof-of-concept: the syntroph, S. 

aciditrophicus, has already been isolated from the methanogen, M. hungatei, and can 

grow in pure culture. By combining these two microbes to return them to a co-culture, 

and then demonstrating enrichment of the syntroph over the methanogen, we would 
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have a strong indication that the mini-Juan 5000 was operating as we had intended. 

The second culture we tested was a co-culture that had never been separated before, 

Syntrophomonas zehnderi and Methanobacterium formicicum. We performed this 

experiment as a demonstration that the mini-Juan 5000 could enrich for a syntroph in a 

co-culture, which could not be separated through typical culturing efforts in the lab. 

Finally, a mixed microbial sample obtained from infant fecal matter was inoculated 

into the mini-Juan 5000. This sample contained an unusual cyanobacterium that shares 

critical properties with syntrophs, and this work was performed to verify if the 

microbe was indeed syntrophic, and if it could be enriched in the mini-Juan 5000. 

These three studies were performed in duplicate mini-Juan 5000s (test and control); 

the systems were operated in batch mode, with volume exchanges performed 

periodically to add growth medium and to obtain samples. Samples were analyzed for 

OD600, pH, fatty acid content, and syntroph levels via qPCR. 

5.2 Methods 

5.2.1 Mini-Juan 5000 experimental setup 

The mini-Juan 5000s consisted of two identical manifolds machined from polyether 

ether ketone (PEEK), because this material is autoclavable and will not distort through 

time (shown in Figure 5.1). These manifolds contained cord grips (McMaster Carr, 

USA) to hold the working, reference, and counter electrodes in a water- and gas-tight 

fashion. The manifolds also contained inlet and outlet ports for performing sampling 

in batch mode, and could be fitted to operate in continuous flow mode. Two aluminum 

clamping plates were machined to hold the two PEEK manifolds on either side of a 

Nafion membrane (Nafion 117, FuelCellsEtc, USA) and used silicon rubber gaskets 
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(McMaster Carr, USA) to make water-tight seals. The internal volume of the mini-

Juan 5000 was contained within a cavity cut out of the silicon rubber gasket, which 

was 8.8 cm x 1.27 cm and 2.33 mm thick. The Nafion membrane was stored in DI 

H2O after sequentially boiling for 1 h in 35% H2O2, DI H2O, 0.5 M H2SO4, and finally 

DI H2O . 

 

Figure 5.1 Components of the mini-Juan 5000, separated into the anode section (upper left), cathode 

section (upper right), and clamping plates (bottom). 

To prepare the mini-Juan 5000 systems, the working and counter electrodes were 

secured in the cord grips in the PEEK manifolds, then placed in a DI H2O water bath, 

and subjected to a vacuum pump for at least 15 min to expel any air bubbles trapped 

within the carbon cloth matrix. After vacuuming, a glass custom-made reference 

electrode housing was placed into a cord grip on the same manifold as the working 
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electrode. Then the system was clamped together as quickly as possible to ensure the 

membrane did not dehydrate and become deformed. Screws for the clamp were only 

set hand-tight to allow for material expansion during autoclaving and cooling 

afterwards. Inlet and outlet lines were fitted to the PEEK manifold. The inlet line 

consisted of a sampling port with septa for sterile sampling and feeding, and was 

normally shut with a tube clamp when not in use. Both of the chambers were filled 

with DI H2O to ensure the membrane remained hydrated during autoclaving. The port 

was covered in aluminum foil to minimize contamination after autoclaving. The outlet 

line from the mini-Juan 5000 was connected to a serum bottle with a needle; the serum 

bottle additionally was fitted with a 0.22-µm filter fitted to a syringe to allow any 

excess gas pressure to leave the mini-Juan 5000 anaerobically without affecting 

membrane deformation. 

Duplicate identical systems (for test and control) were placed in the autoclave for 35 

min in the wet cycle and immediately prepared for experiment once cooled. One 

chamber at a time, remaining liquid inside was removed, and N2 gas was sparged for 

15 min. Then, sterile medium was injected into the reactors. Once complete, each of 

the mini-Juan 5000s was placed in a water- and gas-tight enclosure. This enclosure 

had continuous 80%:20% N2:CO2 gas flowing at a positive pressure to eliminate 

oxygen diffusion into mini-Juan 5000s, was maintained at 37°C with a recirculating 

water heater and fan to keep homogenous temperature within the enclosure, and kept 

at high humidity to ensure the Nafion deformed as little as possible. 
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To sample the mini-Juan 5000 systems, the enclosure lid was opened; 2.5 mL of 

sample was removed from the test and control systems and flushed back and forth 

three times; and up to 5 mL of sterile feed was injected in until liquid could be 

observed dripping into the serum bottle from the effluent port, guaranteeing the system 

was entirely filled. Extra liquid was regularly needed because of liquid diffusion 

through the Nafion into the counter chamber and into the enclosure environment. After 

sampling was complete, the lid was secured, and N2 gas was flowed at a high rate in 

excess of 1 hour, in addition to the N2/CO2, to remove oxygen that was introduced into 

the enclosure during sampling. 

5.2.2 Electrode manufacture 

The counter electrode consisted of a 2 cm x 1 cm piece of carbon cloth (PANEX® 30 

− PW06, Zoltek Corp, St Louis, MO) attached to a 4.76 mm diameter fine extruded 

graphite rod (Graphite Store, Buffalo Grove, IL, USA) using a drop of conductive 

carbon cement (CCC, Electron Microscopy Sciences, Hatfield, PA, USA), as 

published previously (Guzman, Pehlivaner Kara et al.). Assembled electrodes were 

placed in an oven overnight at 80°C to evaporate the solvent from the carbon cement. 

The working electrode was prepared identically, with the addition of 20 uL cm-2 of a 

paste consisting of 0.124 g Pt/Carbon powder per 1 mL of Nafion solution (Sigma 

Aldrich, St. Louis, MO, USA) (Cheng, Liu et al. 2005). The paste was applied as 

evenly as possible using a pipette, and allowed to dry in an oven overnight at 80°C. 

Completed electrodes were stored in a desiccator until use. Before any tests, the 

electrodes were vacuumed for at least 15 min to expel any O2 held within the fine 

surfaces of the carbon cloth. 
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5.2.3 Growth media and inoculation 

S. aciditrophicus was grown in M5 medium (Appendix 3.1) with 8 mM crotonic acid 

as a carbon source in pure culture, and re-cultured at least every two weeks. S. 

aciditrophicus was acquired from the DSMZ (DSM 26646). M. hungatei was grown in 

M6 medium (Appendix 3.2) with 2.5 mM formic acid in solution and 20% H2 at 1 

atm in the headspace, and re-cultured at least every two weeks. M. hungatei was 

acquired from the ATCC (ATCC 27890). M. formicicum was grown in M7 medium 

(Appendix 3.3) with 20% H2 at 1 atm in the headspace, and re-cultured at least every 

week. S. zehnderi was grown in a preculture of fresh M. formicicum cells, and re-

cultured at least once a month. S. zehnderi does not exist as a pure culture, but as a co-

culture with M. formicicum; inoculations are “lawned” on M. formicicum with 0.5 mM 

oleic acid. During inoculations of S. zehnderi-containing co-culture into fresh M. 

formicicum stock, the headspace was sparged with 80%:20% N2:CO2 to remove 

remaining H2 gas. M. formicicum and S. zehnderi were acquired from Diana Sousa 

(Laboratory of Microbiology, Wageningen University, Netherlands). All cultures 

studied here were grown in anaerobically prepared sterile serum bottles, and sterile 

practices were used during all sampling and inoculations. A Melainabacteria-rich fecal 

matter sample was inoculated in TYG medium (Appendix 6.4) in the mini-Juan 

5000s, but never grown in serum bottles; it was cultured directly from a fecal matter 

frozen stock stored at -80°C. The fecal sample containing the Melainabacteria was 

acquired from Prof. Ruth Ley (Department of Microbiome Science, Max Planck 

Institute for Developmental Biology, Tübingen, Germany).  
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5.2.4 Bioelectrochemical system experiments 

Sampling volume drove the frequency with which the mini-Juan 5000s could be 

sampled. Thus, to ensure maximum biomass retention, we sampled as infrequently and 

with the least volume samples as possible. During sampling, we removed 2.5 mL 

using a sterile syringe and 23 gauge needle. Working in a sterile biosafety cabinet, 2 

mL was pipetted into a centrifuge tube, and then centrifuged for 30 min at 12,000 rpm. 

The pellet was stored with 200 uL of the supernatant for quantitative polymerase chain 

reaction (qPCR), and the remaining supernatant was used for high pressure liquid 

chromatography (HPLC, Appendix 4.1) and gas chromatography (GC, Appendix 

4.2); the pellet and supernatant products were stored at -20°C until analysis. The 

remaining 0.5 mL was used for microscopy, optical density (OD), and pH 

measurements. 

5.2.5 Microbial analysis 

Extraction was performed on the entire pellet collected from the sample. Genomic 

DNA was extracted from the pellet using the PowerSoil kit (MO BIO Laboratories 

Inc., Carlsbad, CA, USA; MO BIO was acquired by Qiagen, product is now called 

DNeasy PowerSoil kit). Modifications to the protocol provided by the manufacturer 

include using custom bead tubes with sterilely prepared 0.1 mm and 0.5 mm diameter 

silica/zirconia beads (Kucek, Nguyen et al. 2016). Cell lysis was achieved by bead-

beating at 3550 oscillations min-1 for 45 s. DNA quantification was performed using 

SYBR Green FastStart Universal qPCR Mix (Roche Molecular Systems, Inc., 

Indianapolis, IN, USA) and Fast SYBR Green Master Mix (Applied Biosystems, 

Waltham, MA, USA). Primers and standards are provided in Appendix 3.5. 
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5.2.6 qPCR primer selection and design 

The qPCR primer sequences for S. aciditrophicus, M. hungatei, S. zehnderi, M. 

formicicum were acquired from literature, as presented in Appendix 3.5. The qPCR 

primer for Melainabacteria was acquired directly from Ruth Ley. Sequences for 

obtaining standard curves for qPCR were performed using appropriately longer 

sequences (also presented in Appendix 3.5); they were designed using Primer-BLAST 

for each organism knowing the primer location, and acquired from IDT. 

5.3 Results 

5.3.1 Modeling the effect of H2 concentration on microbial growth 

To design a system to enrich, and ideally, isolate a syntroph from its methanogen 

partner, the environment must be managed so that the syntroph is given a growth 

advantage. For this research, H2 dissolved in the bulk must be lowered to allow the 

syntroph an easier environment to grow in. In a simple co-culture, the syntrophs grow 

along with methanogens, which aggressively removes produced H2 produced. To 

culture the syntroph in a BES, the system must be engineered to allow the syntroph to 

grow at the electrode instead of with the methanogen. We expect that the key 

parameter to designing an effective system will be to determine the largest system (i.e. 

the farthest distance away from the electrode) that an electrode can oxidize H2 to low 

enough such as the syntroph can grow without its partner from the original sample. 

Here, we perform modeling by exploring Monod growth rates of the target microbes, 

S. aciditrophicus and M. hungatei, as a function of H2 concentration, with the goal of 

identifying the threshold concentration which confers a growth advantage to the 

syntroph. 
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First, we determined the maximum growth rates by analyzing serum bottle batch 

growth of S. aciditrophicus and M. hungatei in pure culture (Table 5.1). We then 

calculated the half-saturation constant for H2-based growth from literature, where we 

assumed that the final H2 concentration in the headspace of the serum bottle was the 

value that inhibited growth (Table 5.1). Finally, we calculated the Monod growth of 

the syntroph and methanogen in Matlab using the growth terms from Equations 5.1 

and 5.2, and found that the syntroph growth curve decreased with increasing H2, and 

vice versa for the methanogen. Solving for the intersection point of the two growth 

rate curves, we determined that at 51 nM of H2 in the bulk liquid, the syntroph and 

methanogen would grow at identical rates (Figure 5.2A). Thus, at concentrations 

below 51 nM, the growth of the syntroph, would dominate over the methanogen. 

However, at concentrations above 51 nM, the methanogen would outcompete the 

syntroph. Interestingly, since the half-saturation constant for the syntroph was so low, 

any minor decrease in the H2 concentration below 51 nM would result in a significant 

growth advantage compared to the methanogen. 

 
Equation 5.1 

 
Equation 5.2 

 
Equation 5.3 

 
Equation 5.4 
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Equation 5.5 

 
Equation 5.6 

 
 
Table 5.1 Parameters used for modeling the growth of S. aciditrophicus and M. hungatei  

Parameter Value Reference 

 0.002 hr-1 Serum bottle growth data 

 11.90 nM 

Calculation using published 

data (Boone, Johnson et al. 

1989) 

 0.053 hr-1 Serum bottle growth data 

 665 nM 

Calculation using published 

data (Boone, Johnson et al. 

1989) 

 4.52∙10-9 m2∙s-1  

 0.001 m∙s-1 

(Vogel, Lundquist et al. 

1975, Jambunathan, Shah et 

al. 2001) 

 

 
1∙10-5 mM Initial value, self defined 

 1000 nM Initial value, self defined 
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Figure 5.2 Modeled growth rates (A) and cell ratios (B) for Syntrophus aciditrophicus (syntroph) and 

Methanospirillum hungatei (methanogen) as a function of H2 concentration. 

 

We then evaluated the ordinary differential equations (ODEs), Equations 5.1 and 5.2, 

during time, to verify our conclusions from the growth rate analysis. We modeled the 

growth of the syntroph and the methanogen from 1 to 100 nM and analyzed how well 

the syntroph grew compared to the methanogen by calculating the ratio of the cells 

(syntroph/methanogen) (Figure 5.2B). Indeed, with the H2 at the breakeven point of 

51 nM, the ratio was 1-to-1. At a low H2 concentration of 1 nM, the syntroph 

dominated in the co-culture growth, reaching 21.9-fold greater cell density than the 

methanogen within a week. After one week, maintaining a H2 concentration of 25 nM 

allowed the syntroph to have 2.1-fold greater cell density than the methanogen. After a 

week at 75 and 100 nM H2, ratios of 0.64 and 0.45 were calculated. 

5.3.2 Modeling H2 oxidation in a BES to determine the size of the mini-Juan 5000 

With the determination that the H2 concentration in any system had to be maintained 

below 51 nM to confer a growth advantage to the syntroph, we began modeling BESs 

with different distances away from the electrode to meet this threshold. We built a 1-
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dimentional model using Comsol, evaluating bioreactors with distances 0.1, 1, 10, and 

100 mm away from the electrode, operated in batch mode. This model accounted for 

H2 diffusion and oxidation (Equation 5.3 and 5.4), syntroph and methanogen 

population (Equation 5.1 and 5.2), and H2 production and consumption (Equation 

5.5 and 5.6) through time (Figure 5.3). Applying a lesson learned from modeling 

efforts in Chapter 4, the H2 oxidation reaction was performed as a heterogeneous 

reaction at the electrode surface (Equation 5.3), rather than in the liquid bulk. This 

heterogeneous reaction would drive H2 to be oxidized quickly at the region closest to 

the electrode, which establishes a concentration gradient in the system, driving H2 to 

diffuse towards the electrode from areas farther away (Equation 5.4). One caveat of 

the model, is that calculating for diffusion, areas closer to the electrode would 

experience lower H2 concentration than those farther away, allowing concentration 

gradients of syntroph and methanogen through the bulk of the reactor. While these 

effects are factored into the H2 concentration gradient, the gradient of the microbes is 

not explored here. 
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Figure 5.3 Schematic of the Comsol model for evaluating mini-Juan 5000s with different distances 

away form the electrode. 

Four different reactor thicknesses were evaluated: 0.1, 1, 10, and 100-mm thick. The 

0.1 mm thick system was chosen to simulate the environment that would be 

experienced in a microfluidic system, which was a candidate for a BES available in 

the lab (Guzman, Pehlivaner Kara et al. , Li, Venkataraman et al. 2012). The 100-mm 

thick system was chosen to simulate a large bioreactor, such as a glass chemostat 

typically used for BES tests. We ran the model, and evaluated the H2 concentration 

throughout time at these same four distances away from the electrode. For the 0.1-mm 

thick system, the H2 profile was evaluated at the edge of the system, which was 0.1 

mm away from the electrode. For the 1-mm thick system, the H2 profile was evaluated 

at 0.1 mm, and at the 1 mm edge of the system. For the 10-mm thick system, the H2 

profile was evaluated at 0.1 and 1 mm, and at the 10-mm edge of the system. Finally, 

for the 100-mm thick system, the H2 profile was evaluated at 0.1, 1, and 10 mm, and at 

the 100 mm edge of the system. We then calculated the time at which each of these 

profiles met the 51 nM H2 threshold. For the sake of analysis, we defined 15 min as an 
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acceptable exposure time for the H2 to exceed 51 nM and not negatively affect the 

syntrophic growth. 

When we evaluated the model for the 100-mm thick system, achieving a H2 

concentration low enough to favor syntroph growth was impossible (Figure 5.4A). At 

the edge of the system, which was 100 mm away from the electrode, the system never 

reached the 51 nM H2 threshold even within a month of oxidation by the electrode. 

The profile evaluated at 10 mm away from the electrode required 14.8 days to reach 

the 51 nM H2 threshold. 1 mm and 0.1 mm required 16 and 2 h, respectively, to reach 

51 nM. Thus, all of the profiles we observed in the 100-mm thick system failed the 

requirement to lower the H2 concentration within 15 min. This result provides some 

evidence to the reason why BESs have not been studied previously for isolating 

syntrophs. These modeling predictions indicated that a much smaller system would be 

necessary to culture the syntroph successfully, particularly if trying to encourage 

enrichment in the bulk in addition to the electrode surface. When analyzing the much 

thinner 0.1 mm thick system, the electrode was able to oxidize the H2 in the entire 

volume within 32 seconds (Figure 5.4B). Clearly, the volume this system had to 

remove H2 from was significantly less than that of its 100-mm thick counterpart. From 

these two scenarios, we understood that thinner BESs would be ideal for culturing 

syntrophs, since the electrode could affect the greatest volume in the least amount of 

time. 
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Figure 5.4 (A) H2 concentration of the 100-mm thick bioreactor during a study period of 1 month. H2 

concentration was evaluated at distances 0.1, 1, 10 and 100 mm away from the electrode. (B) H2 

concentration of the 0.1-mm thick bioreactor during a study period of 12 min. H2 concentration was 

only evaluated at a distance of 0.1 mm. 

 

In the 10-mm thick reactor, we determined that the 0.1, 1, and 10 mm thicknesses 

required 2, 4.6, and 8.6 h to reach the 51 nM threshold, making this system too large 

for our purposes (Figure 5.5). The 1-mm system, however, was able to oxidize the H2 



 

144 

down to the target threshold for 0.1 and 1 mm within 8 and 10 min, respectively. Our 

modeling efforts demonstrated that large reactors had a considerable disadvantage 

compared to thin systems. The large volumes of bulk liquid that must have H2 

oxidized to the low threshold is very difficult, especially with a syntrophic culture 

which is continually increasing H2 production. In fact, as the system performs better 

and the syntroph becomes more dependent on the electrode, some studies have 

indicated that the H2 production rate will increase, further taxing the electrode 

oxidation to a point where the maximum oxidation rate will be limited by surface 

area.(Valentine, Reeburgh et al. 2000, Adams, Redmond et al. 2006).  

 
Figure 5.5 Summary of the time to reach 51 nM H2 threshold in systems with thickness 0.1, 1, 10, and 

100 mm. Amount of time to reach the 51 nM H2 threshold within the thicknesses was evaluated at 0.1, 

1, 10, and 100 mm away from the electrode, where applicable, and presented on a log-scale. 

Large reactors provide the benefit of maintaining high hydraulic retention times 

(HRT), which is very valuable for these very slow-growing microbes. However, our 

modeling efforts here indicate that systems below ~1 mm in thickness away from the 

electrode will be necessary for this culturing effort. Based on the results, an 
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electrochemical microfluidic reactor appeared to be the ideal system. However, 

previous work in the Angenent Lab had only been performed with a biofilm-forming 

microbe, Geobacter sulfurreducens. High flow rates used within the microfluidic 

would lead to HRTs less than 5 min, which would easily wash out even fast-growing 

microbes, but would not be ideal for slow-growing syntrophs. Our work with the 

PEDOT electrode coating in Chapter 3 was performed to provide a rough surface to 

trap cells, however, initial efforts with PEDOT in the microfluidic growing S. 

aciditrophicus were unsuccessful. The electrochemical cell thickness of 1 mm 

provided an ideal compromise between modeling result and engineering design. We 

were able to design a system with autoclavable components, and which could have 

HRTs of a week when operated in batch, and still meet the low H2 concentration 

necessary to support syntroph growth.  

5.3.3 mini-Juan 5000 design 

We designed a bioelectrochemical system, which we call the mini-Juan 5000, that uses 

a silicon gasket with a thickness of 2.33-mm; the system is described in detail in 

Method 5.2.1. A liquid chamber was cut into the gasket, and with the 1-mm thick 

carbon cloth working electrode placed within the chamber, most of the bulk liquid was 

less than 1 mm away from the electrode (Figure 5.6A). Two identical sets of mini-

Juan 5000s were operated for each experiment, one acting as a test, and one as a 

control. The difference between the test and the control was that only the test was 

connected to a potentiostat (VSP, Biologic Science Instruments, Claix, France) and 

operated chrono-amperometrically at +0.3 V (vs. Ag/AgCl); the control system 

electrodes were left in open circuit. Once prepared, both mini-Juan 5000s were placed 
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in the same gas-tight enclosure that was continuously gassed with 80%:20% N2:CO2 

(Figure 5.6B). The heater was maintained at 37°C to maintain the optimal temperature 

for the microbes. 

 
Figure 5.6 Images of the mini-Juan 5000 experimental system. (A) A teardown shows the tan manifold 

used to hold the electrodes, red silicon gasket used to form the reactor chamber, clear Nafion membrane 

sandwiched between the two silicon gaskets, and aluminum clamp used to secure the manifolds 

together. (B) The enclosure contained both reactors in gas-tight environment with a heater. 

To verify that the system was capable of oxidizing H2, we performed H2 dosing tests. 

We set up a mini-Juan 5000 continuously recirculating phosphate buffer (PBS) with a 

serum bottle, and dosed H2 into the headspace of the serum bottle. Thus, any increase 

in current observed in the mini-Juan 5000 would be a result of H2 diffusing from the 

headspace into the liquid, and being oxidized at the electrode. When we dosed in H2 

into the headspace of the serum bottle, current increased in the mini-Juan 5000 after a 

small time delay, likely due to allowing H2 to diffuse into the PBS and for the liquid to 

be pumped to the electrode (Figure 5.7A). When we sparged the headspace of the 

bottle with 80%:20% N2:CO2 to remove all H2 in the headspace, the current decreased, 

as H2 in the liquid decreased. We then tested the response of the system when H2 was 

slowly removed from the system; we refilled the headspace with H2, then sparged the 
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headspace for short periods of time to gradually decrease the H2 concentration (Figure 

5.7B). With decreasing H2 concentration in the headspace, we observed lower current 

produced by the mini-Juan 5000. When the sparging was stopped, the current slowed 

its decrease, but continued to decrease slightly due to continuous H2 oxidation by the 

electrode. These abiotic experiments demonstrated that we had surely designed a 

reactor which could oxidize H2 from liquid solutions, and continued to testing the 

mini-Juan 5000 in a biotic test with a syntroph. Unfortunately, since we did not allow 

the current to reach a steady state for each dose of N2:CO2, we cannot estimate how 

efficient the system performance is. 

 
Figure 5.7 Current response by the mini-Juan 5000 to continuously-recirculating PBS exposed to H2 

gas. (A) PBS was continuously sparged with H2, then N2/CO2, then H2. (B) PBS was continuously 

sparged with H2, then N2/CO2 was gradually dosed in. 
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5.3.4 Biological test with Syntrophus aciditrophicus and Methanospirillum hungatei 

With the promising results from the abiotic H2 oxidation tests, we continued to a 

proof-of-concept study using Syntrophus aciditrophicus and Methanospirillum 

hungatei. Both microbes have been isolated from one another, but were previously 

found in co-culture (Jackson, Bhupathiraju et al. 1999, McInerney, Rohlin et al. 2007, 

Mouttaki, Nanny et al. 2008). S. aciditrophicus can grow on crotonic acid in pure 

culture, but cannot grow in pure culture using any other tested carbon sources. Early 

efforts to enrich S. aciditrophicus in the mini-Juan 5000 were unsuccessful, likely 

because the new environment extended the already-long doubling time. In co-culture, 

however, S. aciditrophicus can use a variety of carbon sources, and was particularly 

able to degrade benzoic acid. The approach for this experiment is to grow S. 

aciditrophicus with M. hungatei in medium containing benzoic acid, so that the 

syntroph must depend on the methanogen for growth. Then we tested the hypothesis 

that upon inoculation in the mini-Juan 5000, the syntroph will be attracted to the H2 

oxidizing electrode, separate from the methanogen, and grow in pure culture with the 

working electrode using benzoic acid as the carbon source. During the operating 

period, through serial volume exchanges, the methanogen will be gradually removed 

from the system because it could not reproduce. 

To test this hypothesis, we co-inoculated a serum bottle filled with a 1:1 mixture of 

M5 and M6 media (see Appendices 3.1 and 3.2) with 3 mL each of S. aciditrophicus 

and M. hungatei. The next day, 5 mL of this co-culture was inoculated into the mini-

Juan 5000s and allowed to grow for a number of days until the next volume exchange. 

The mini-Juan 5000s were operated in batch mode, where sampling would remove 2.5 
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mL of the internal volume, which varied between 3 mL to 5 mL depending on whether 

the Nafion membrane had stretched into or out of the working electrode chamber. 

Upon inoculation, current remained low, which was expected while the microbes were 

still conditioned to each other in the co-culture. After about 5 days when the first 

volume exchange occurred, current began to increase (Figure 5.8). At this time, 5 mL 

of fresh sterile M5 medium with benzoic acid was added into the mini-Juan 5000s 

instead of the 1:1 medium mixture used previously, to stop M. hungatei growth. This 

increase in current occurred in concurrence with the hypothesis that the syntroph 

would begin providing H2 to the electrode, rather than the methanogen. The current 

increased from a baseline current of about 0.75 µA at the end of the first batch, to 3.2 

µA when new feed was added. After the second volume change, the current reached 

5.1 µA. Unfortunately, anaerobic gas stopped flowing on day 13 due to a gas leak, and 

some oxygen leaked into the system, decreasing current significantly (Figure 5.8*). 

Once anaerobic gas was restored and a volume exchange was performed, the current 

continued to increase, indicating that the exposure to oxygen was likely minimal and 

did not permanently harm the biology. Current increased steadily during the three 

periods following inoculation, increasing the slope of the current through each batch: 

0.337 µA∙day-1 in the first batch, 0.924 µA∙day-1 during the second, and 0.992 µA∙day-

1 during the final batch. The increasing current rate was very promising, as it 

demonstrated that the microbial H2 production rate was increasing during the 

operating period, implying that the quantity of syntroph microbes was also increasing.  
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Figure 5.8 Current production through time by the co-culture of S. aciditrophicus and M. hungatei in 

the mini-Juan 5000. After inoculation, three volume exchanges were performed to add nutrients and 

obtain samples. An anaerobic gas leak occurred at day 13, marked by the asterisk (*).  

Current indicated that the mini-Juan 5000 system was performing as we had 

hypothesized. We also measured OD600 and benzoic acid concentration (Figure 5.9). 

We inoculated the mini-Juan 5000s at a high OD600 to allow the greatest chance of 

syntrophs to find the electrode. After inoculation, the OD600 dropped from 0.05 to 

about 0.01. Along with the current increase across the batches, the OD also slightly 

increased, however, this was observed for both the control and test mini-Juan 5000s. 

Similarly with benzoic acid consumption, the high initial concentration of 4 mM 

decreased to 2 mM, likely consumed by the large cell density that the reactor was 
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inoculated with. After the first volume exchange, however, a large quantity of the cells 

was removed, and thus the consumption decreased, resulting in an increasing benzoic 

acid concentration for both reactors. After the final volume exchange, however, the 

benzoic acid decreased to 4 mM in the test mini-Juan 5000, while the control reactor 

increased to 8 mM. This result indicated that a culture of S. aciditrophicus could have 

been able to grow inside the test mini-Juan 5000 at the electrode, and was steadily 

consuming benzoic acid during the final batch time. 

 
Figure 5.9 (A) OD and (B) benzoic acid profiles during the operating period. 
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We further performed qPCR of the reactor samples, and of the electrode at the end of 

the experiment. Following the OD results, the copy number of cells in the system 

decreased, however, this was expected, since the doubling time for S. aciditrophicus 

and M. hungatei were about a week (Figure A3.8.1). Comparing the ratio of the copy 

number of syntroph to methanogen in the bioreactors (syntroph/methanogen), we 

found that there was a greater increase in the number of syntroph in the test mini-Juan 

5000 than in the control, which agreed with our hypothesis (Figure 5.10). At 

inoculation, the test and control mini-Juan 5000 had ratios of 0.013 and 0.022, 

respectively. In the end of the experiment, the ratio in the test increased to 0.14, while 

the ratio only increased to 0.09 in the control mini-Juan 5000. Excitingly, the electrode 

showed the most promise for culturing the syntroph, as the test electrode possessed a 

syntroph to methanogen ratio of 0.33, while the control had 0.23. As we had 

hypothesized, the active H2 electrode in the test mini-Juan 5000 successfully 

outperformed the control system. 
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Figure 5.10 Ratio of the copy number of the syntroph, S. aciditrophicus, to the methanogen, M. 

hungatei (syntroph/methanogen). * signifies p-values <0.05, ** for <0.01, and *** for <0.001. 

While we did not achieve full or statistically significant isolation of the syntroph from 

the methanogen, we demonstrated enrichment in the test mini-Juan 5000. We can 

already imagine that improving reactor sampling in future tests to target the doubling 

time of greater than a week will improve the ability to isolate S. aciditrophicus from 

M. hungatei. With these results, we felt confident that the system could be applied to 

two further demonstrations of the capabilities of the mini-Juan 5000, by testing the 

ability to enrich or isolate: 1) the syntroph S. zehnderi from a never-before-separated 

co-culture with methanogen M. formicicum; and 2) the suspected syntroph, 

Melainabacteria, from a mixed microbiome sample. 
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5.3.5 Biological test with Syntrophomonas zehnderi and Methanobacterium 

formicicium 

We additionally tested the mini-Juan 5000 system with a never-before-separated co-

culture consisting of Syntrophomonas zehnderi, which was enriched in a co-culture 

with Methanobacterium formicicium (Sousa, Smidt et al. 2007). The co-culture was 

eneriched from a fermentation reactor that was degrading oleic acid; in addition to 

oleic acid, S. zehnderi could also degrade C4-C18 straight-chain fatty acids along with 

M. formicicum. The growth rate of S. zehnderi has yet to be determined because of its 

necessary co-culturing with M. formicicum, and because oleic acid turns solutions 

cloudy. We inoculated 5 mL of this co-culture into the mini-Juan 5000, and performed 

periodic volume exchanges using sterile M7 medium (see Appendix 3.3) with 0.5 mM 

oleic acid. The current response produced by this co-culture was not as promising as 

that with S. aciditrophicus and M. hungatei (Figure 5.11). After introduction of new 

medium, the current quickly increased, likely due to the oxidation of components in 

the medium, but then reached a baseline of 1.5 µA. At the end of the second batch, the 

system produced a current of 4.6 µA, and 4.8 µA at the end of the third batch. This 

small increase in current through time provided a small indication that there could 

have been H2 transfer from S. zehnderi to the electrode in the mini-Juan 5000. 
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Figure 5.11 Current profile of the S. zehnderi and M. formicicum co-culture in the mini-Juan 5000. 

OD and pH did not provide any positive indication that the syntroph was being 

enriched in the mini-Juan 5000. At inoculation, we fed 0.5 mM of oleic acid to the 

feed bottle, which turned the inoculum cloudy white, resulting in the higher OD of 

0.07. After that, the OD decreased and settled to 0.01 for both the test and control 

systems, and did not increase (Figure 5.12A). The pH steadily increased from 7.0 to 

7.5 after inoculation, possibly indicating that the oleic acid was being degraded 

(Figure 5.12B). We attempted to measure oleic acid from the solution, however, it 

could not be measured in any of the samples (Section A3.6). We observed that during 

centrifugation, an oily phase collected at the top of the tube and attached to the plastic, 

which likely removed a significant portion of the carbon source from solution. In 
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future studies, samples may have to be stored in glass vials and/or heated to re-

dissolve the oleic acid. Further efforts to measure degradation byproducts, such fatty 

acids, as reported by Sousa et al. (Sousa, Smidt et al. 2007) were inconclusive, 

yielding concentrations below the sensitivity level for acetate and propionate. It not 

believed, however, that the oleic acid was not available to the coculture during growth, 

as the separation of oleic acid appears to occur after storage at -20°C and 

centrifugation. 

 
Figure 5.12 OD (A) and pH (B) profiles for S. zehnderi and M. formicicum co-culture. 

We additionally performed qPCR on samples taken from the mini-Juan 5000s. The 

copy number of both S. zehnderi and M. formicicum remained low during the 

experiment, as expected based on the OD, but microscopy indicated that cells were 

present. qPCR showed that the cell count for both microbes decreased during the 

operating period, indicating that we were sampling the system too often for the growth 

rate of the co-culture to match the HRT (Figure A3.8.2). One benefit of performing 

volume exchanges this often was that it could wash out the competing methanogens, 



 

157 

and retaining syntrophs that had settled into the electrode matrix. We chose to sample 

aggressively as a way to try to wash out more undesired cells from within the system. 

While we observed significant cell washout, the ratio of S. zehnderi to M. formicicum 

steadily increased through time in the test mini-Juan 5000. The cell ratio in the control 

mini-Juan 5000 remained the steady, at around 0.00025 (Figure 5.13). The ratio in the 

test mini-Juan 5000 steadily increased from 0.00012 to 0.00064, which is a 5.3-fold 

increase and significantly different from that of the control reactor. The result that the 

ratio of syntroph to methanogen increased during the operating period in the mini-Juan 

5000 with the active electrode provided a second demonstration that our mini-Juan 

5000 was providing acceptable environment for the syntroph to flourish. In the future, 

we expect to be able to elevate the co-culture ratios by matching the system HRT 

closer to the growth rate of the syntroph. In conversations with Dr. Sousa, the co-

culture only seems to degrade the oleic acid to a point where the cloudiness starts to 

decrease after a month of growth, and growth could not be sustained on other 

substrates. While sampling periods of this length are not ideal, we likely hindered the 

overall growth of the S. zehnderi by sampling so aggressively, and future efforts 

should focus on allowing longer periods between sampling. 
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Figure 5.13 Ratio of the copy number of the syntroph, S. zehnderi, to the methanogen, M. formicicum 

(syntroph/methanogen). * signifies p-values <0.05, ** for <0.01, and *** for <0.001. 

5.3.6 Biological test with Melainabacteria from a mixed microbiome 

We used the mini-Juan 5000 to enrich a fecal sample containing high quantities of a 

cyanobacteria, Melainabacteria. Melainabacteria were discovered in human gut and 

groundwater samples, and possesses genes which indicate some syntrophic tendencies, 

such as containing high-rate hydrogenases typically present in H2-producing 

syntrophs. To date, Melainabacteria have only been observed in mixed microbiomes; 

culturing efforts have not been successful in isolating the microbe. The promising 

results from the past two experiments demonstrated that the mini-Juan 5000 could in 
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fact, be used toward the application of enriching for H2-producing syntrophs in simple 

co-cultures. Performing enrichment with such a complex microbiome containing a 

variety of microbes could enrich for microbes other than Melainabacteria, which 

produce H2 or redox-active mediators, or which grow quickly enough to survive 

through the batch-like sampling events.  

We inoculated the mini-Juan 5000 with a diluted sample of fecal matter possessing a 

high count of Melainabacteria. Approximately 0.1 g of fecal matter was dissolved into 

15 mL of TYG medium (Appendix 3.5), and 5 mL was inoculated into each mini-

Juan 5000. We performed three volume exchanges in addition to the inoculation, and 

progressively observed an increase in current (Figure 5.14). Current decreased after a 

volume exchange on day 10 due to a leak in the anaerobic gas line, which allowed 

oxygen to diffuse into the anaerobic enclosure (Figure 5.14*). The final volume 

exchange yielded a very large increase in current which gradually decreased during 

the batch. Had the gas leak not occurred on day 10, we expect that the current could 

also have risen to a similar level. 
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Figure 5.14 Current production of the test mini-Juan 5000 inoculated with a Melainabacteria-rich fecal 

sample. 

Optical density measurements during thee operating period did not provide any strong 

indication that Melainabacteria was being preferentially cultured (Figure 5.15A), as 

there was not a large difference between the test and the control mini-Juan 5000. We 

observed the same phenomenon from the previous two experiments, where the OD600 

decreased from about 1.75 at the time of inoculation to 0.5 after two batches in 9 days. 

Again, this indicated that we were not operating the mini-Juan 5000s at an HRT for 

the microbiome to maintain the initial biomass; the cell growth rate on TYG medium 

was lower than our short sampling periods, thus washing out cells. After the second 

volume exchange, we observed that the OD increased, indicating that the microbiome 

had adjusted to keep pace with the sampling periods. The pH did not follow the same 
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trend as the OD; it decreased from about 6.5 at inoculation to 4.5 at 4 days for both 

mini-Juan 5000s. Following the first volume exchange, the pH continued to increase, 

reaching 7 at the end of the experiment (Figure 5.15B). 

 
Figure 5.15 OD (A) and pH (B) of mini-Juan 5000s inoculated with a Melainabacteria-rich fecal 

sample. 

The mini-Juan 5000s were fed with a sterile TYG medium, which was very complex, 

containing yeast extract, trypticase, and glucose. HPLC analysis showed that glucose 

was readily degraded, and was only measured at the start of the experiment at 

inoculation (Figure 5.16AB). Afterwards, all glucose was consumed within the 3-4 

days between volume exchanges. The control and test mini-Juan 5000s both produced 

similar volatile fatty acid (VFA) profiles until the final volume exchange at 12 days. In 

the final batch, the test reactor continued to produce acetate, reaching 28 mM, while 

the control remained at 19 mM. The test mini-Juan 5000 produced greater 

concentrations of VFAs overall, reaching 10.82, 6.65, 2.38, and 5.15 mM for 

propionic, n-butyric, isovaleric, and n-valeric acid, respectively, for a total of 53.45 



 

162 

mM. The control mini-Juan 5000 reached 6.84, 5.44, 0.64, and 3.75 mM for propionic, 

n-butyric, isovaleric, and n-valeric acid, respectively, achieving a total of 35.67 mM. 

Samples were also analyzed in the GC because unidentified peaks were found in the 

HPLC chromatograms. Surprisingly, the gut microbiome inoculated into both mini-

Juan 5000s was producing medium-chain carboxylic acids (MCCAs) (Figure 

5.16CD). The control reactor produced 3.09 mM of n-caproic acid and 2.42 mM of n-

heptanoic acid. The test reactor produced greater quantities, reaching 0.99 mM of 

isocaproic acid, 4.25 mM of n-caproic acid, and 2.99 mM of n-heptanoic acid. 

Comparing the concentration to that of published carboxylate platform bioreactors, the 

test reactor achieved a concentration of 1.09 gCOD∙L-1, which was similar to the 

concentration achieved in a bioreactor operating with continuous acid extraction 

(Kucek, Spirito et al. 2016). Interestingly, the results in that study were achieved using 

ethanol in the feedstock, while the feedstock here was very rich, but did not contain 

any ethanol. Gómez et al. published a study using semi-batch bioreactors degrading 

slaughterhouse waste rich, which contains carbohydrates, where n-caproic acid was 

produced up to 22 mM (Gómez, Cuetos et al. 2009). Further efforts to explore the use 

of this microbiome to produce carboxylates could yield high production rates in a 

larger-scaled system. The results found here demonstrate a phenomenon that is in 

agreement with the results of a thermodynamic model developed for chain elongation, 

assuming that the mini-Juan 5000 is operating as we designed it to and is reducing the 

H2 concentration in the broth. In this model, decreased H2 partial pressure was 

expected to increase production of n-caproic acid due to increased acetate formation 

(Angenent, Richter et al. 2016). Indeed, the results comparing the difference between 
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the test and control reactors presented here indicate that the lower H2 partial pressure 

yielded increased production of n-caproic acid. 

 
Figure 5.16 Concentration profiles of volatile fatty acids produced in the test (A) and control (B) mini-

Juan 5000s. Concentration profiles of medium chain carboxylic acids produced in the test (C) and 

control (D) mini-Juan 5000s.  

We performed qPCR analysis on samples obtained during volume exchanges on days 

0, 9, 12 and 15, and harvested the biomass, which had collected in the carbon cloth 

electrode (Figure 5.17). Melainabacteria were not enriched in the test system, 

compared to the control. In all samples except day 12, the control contained more 

Melainabacteria cells than in the test mini-Juan 5000. Further work is necessary to 

operate the reactor in such a way that growth of Melainabacteria can be favored. This 

result may indicate that Melainabacteria, while featuring some of the hallmarks of a 
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syntroph, does not appear to behave syntrophically. An additional possibility could be 

that H2 oxidation at the electrode drove the microbiome to be dominated by microbes 

involved in medium chain fatty acid production which could outpace the growth of 

Melainabacteria. Further, qPCR should be explored to compare the bacterial and 

archaeal load to the quantity of Melainabacteria, as performed for the previous two 

experiments; such analysis may yield further insights into the microbiome transition in 

the mini-Juan 5000s. However, since the OD increased midway through the study, 

enrichment of Melainabacteria appears unlikely.  

  
Figure 5.17 Box plot illustrating thee copy number of Melainabacteria in the test and control mini 

reactors over time. * signifies p-values <0.05, ** for <0.01, and *** for <0.001. 
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We performed a longer experiment, changing the HRT from ~4, to ~2, to ~1 days in 

the reactor, to observe if any changes could be observed in the VFA and MCCA 

profiles. We observed no differences in the OD and pH between the test and control 

mini-Juan 5000s during this 45-day experiment (Figure A3.8.3). We observed 

significant differences during time related to the VFA and MCCA profiles (Figure 

5.18). During the 4-day HRT period (days 0-26), in which new media was added every 

4 days to remove planktonic cells and add new substrate, we observed no significant 

differences in any of the VFA or MCCA profiles. During the period when we tested 2-

day HRTs (days 26-36), the test mini-Juan 5000 produced significantly greater 

concentrations of isobutyric, isovaleric, and n-valeric acid. During the 1-day HRT 

period (days 36-44), n-heptanoic and n-caprylic acid were produced to a significantly 

greater concentration in the test mini-Juan 5000. Critically, the 1-day HRT period 

yielded the greatest concentration of MCCA compared to the other periods. Similar to 

the shorter experiment described earlier, qPCR analysis of the Melainabacteria copy 

number during this experiment did not indicate any definitive enrichment benefit 

(Figure A3.4). We did observe a few sampling periods with significantly greater 

Melainabacteria in the test when compared to the control, but this trend was not 

consistent through time; we also interestingly did not observe a high copy number on 

the electrode, where we expected the greatest H2 oxidizing ability to increase growth. 
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Figure 5.18 Concentration profiles of volatile fatty acids produced in the test (A) and control (B) mini-

Juan 5000s. Concentration profiles of medium chain carboxylic acids produced in the test (C) and 

control (D) mini-Juan 5000s. 

5.4 Conclusions 

We developed a bioelectrochemical system (BES) to culture syntrophic microbes from 

co-cultures and complex microbiomes, based on mathematical modeling. Modeling 

indicated a threshold concentration for syntrophs, which has not been published in the 

field, which may be useful to other researchers studying syntrophs to target in their 

bioreactors. Architecture modeling to design a BES yielded a thickness of about 1 mm 

as acceptable to enrich syntrophs from their methanogen partner. Experiments 

performed here using a proof-of-concept separable co-culture (S. aciditrophicus and 

M. hungatei), indicated that the BES we designed behaved as we expected. A further 

study applying this mini-Juan 5000 BES to a never-isolated co-culture containing S. 
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zehnderi and M. formicicum demonstrated that enrichment is possible, but that reactor 

operating conditions, namely sampling HRT, must be augmented to improve 

performance. Our efforts with attempting to enrich for a single microbe, 

Melainabacteria, from a complex microbiome were unsuccessful. However, significant 

differences in the behavior of the rest and control mini-Juan 5000s producing VFAs 

and MCCAs can lead to future work to produce valuable chemicals from the 

biodegradation of waste streams using the carboxylate platform. 

We believe that the mini-Juan 5000 system designed here shows promise to operate as 

a culturing tool for studying syntrophs from defined communities, and also as a 

method to analyze the behavior of microbiomes in oxidizing environments. However, 

this device needs significant efforts to optimize operating procedures that will ensure 

reliable results through time, in particular, for extremely slow-growing syntrophic 

microbes.  
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CHAPTER 6 

SUMMARY AND RECOMMENDATIONS FOR FUTURE WORK 

6.1 Summary 

Bioelectrochemical systems possess the ability to play a critical role in current 

sustainable energy and chemicals needs, but can also play a role as valuable analytical 

tools for the study of complex microbiomes. In this Dissertation, a research portfolio 

was presented, which followed efforts to approach both of these roles through 

modeling efforts coupled to engineering and biological demonstrations. 

In Chapter 3, PEDOT was proposed as a novel coating for BES electrodes to increase 

BES performance. We demonstrated that performance did indeed increase, but only 

significantly for materials which possessed low-specific surface area. PEDOT proved 

to be a valuable coating to add to microfluidic system electrodes, where it significantly 

improved current production from Geobacter sulfurreducens by increasing surface 

area on the mirror-smooth gold electrode. 

In Chapter 4, modeling was performed to understand the limitations of the synergistic 

mediated electron transfer relationship between P. aeruginosa and E. aerogenes in a 

BES. Our simulations predicted that mediator up-take rate would not impact current 

production for this synergistic relationship. However, our experimental data 

demonstrated significant differences when up-take rate was augmented. 

Finally, in Chapter 5, modeling skills developed in Chapter 4 and analytical 

techniques developed in Chapter 3 were applied to model, design, and demonstrate 

the ability to use a novel BES architecture as a culturing tool for difficult-to-grow 
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syntrophic microbes. Promising results were obtained for the culturing of S. 

aciditrophicus and S. zehnderi. Efforts to enrich for Melainabacteria appear to be 

unsuccessful, but the production of medium chain carboxylic acids from the 

microbiome may lead to an application to produce valuable chemicals using the 

carboxylate platform, and potentially a new reactor architecture to evaluate for the 

platform. The work here, improved in the future with the suggested future work, 

shows promise to develop a valuable tool for studying and isolating syntrophic 

microbes, and also first steps to exploring high-rate medium chain carboxylic acid 

production.  

6.2 Future work 

The mini-Juan 5000 presented here shows promise to isolate syntrophs from simple 

co-cultures, such as found for the first two experiments of Chapter 5. I was able to 

demonstrate enrichment of the syntrophs to low quantities, but was not able to reach 

the goal of isolation for the microbes. One key finding from this work is that the 

sampling rate of less than one week was too aggressive for the culturing of these slow-

growing microbes. In the future, the reactor should be operated at a longer HRT to 

minimize cell washout. This likely should involve scale-up in the size of the electrode, 

but not in the thickness of the BES, so that the reactor can be sampled more than a 

couple of times a month. Initial experiments were performed using recirculation, 

which would have allowed all cells in the bulk liquid to have an opportunity to find 

the electrode. This effort was stopped because the pump tubing was allowing too 

much oxygen to diffuse into the broth, resulting in no growth. In the future, efforts to 

perform recirculation in the anaerobic enclosure may yield greater growth rates. 
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Additionally, including a more complex system design, such as removing medium 

through a sterile filter to keep cells in the reactor can prevent washout of cells yet still 

allow new carbon-source to be fed to the reactor. 

PEDOT was explored as an effort to improve the performance of typical electrodes for 

large-scale BESs, but my hope with the research was to use it as a conductive coating 

on the electrode in the microfluidic system. The microfluidic system provides an ideal 

environment for H2 oxidation to isolate syntrophs, but the low HRT (<30 minutes) 

would easily wash out any biomass that does not form biofilms. Applying PEDOT 

coating to the mirror-smooth gold microfluidic electrode could add enough specific 

surface area “roughness” to allow syntroph cells to be retained and wash away 

undesired methanogens. Efforts with the microfluidic ultimately had to be disbanded 

because the level of sterility that could be attained with the current design. With the 

complexity of the medium, frequent contaminations made research with the 

microfluidic impossible. Further efforts in developing fully autoclavable microfluidic 

parts, in particular the syringe and switching valve, should justify re-exploring the 

microfluidic as an alternative to the mini-Juan 5000 presented in Chapter 5. One key 

benefit of the microfluidic, is that with the extremely low HRT, enrichment of a 

syntroph from a co-culture or microbiome can be achieved by observing current begin 

to increase, then increasing flow rate to wash out undesired microbes, which cannot be 

achieved in the mini-Juan 5000, which has numerous dead-zones which would allow 

undesired microbes to be retained. Further, the microfluidic electrode can be precisely 

viewed in an SEM, allowing easy observation of individual cells and how they interact 

with each other and the electrode. 
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Further, one approach to culturing syntrophs that I believe shows promise but I never 

tested is to pre-grow a G. sulfurreducens biofilm on the working electrode, then 

inoculate the sample containing the syntroph into the BES. G. sulfurreducens is 

known to consume H2 and produce current, which would still allow the BES to play a 

critical role in the isolation of the syntroph, and provide a biofilm for the syntroph to 

potentially situate itself in. Further efforts to engineer a kill switch into the G. 

sulfurreducens, which could be triggered later when the syntroph appears to be 

growing in co-culture with only G. sulfurreducens, could provide an alternative 

method to isolate H2-producing syntrophs in a controlled manner. 

Finally, the mini-Juan 5000 yielded the unexpected result of producing a large amount 

of medium chain carboxylic acids at the low 1-day HRT using a rich feedstock in a 

H2-limited environment, providing further evidence that low H2partial pressures aides 

carboxylate platform performance. Performing further experiments comparing this 

performance to the mini-Juan 5000 inoculated with a microbiome taken from a 

carboxylate platform fermenter would indicate if the mini-Juan 5000 architecture 

yielded a benefit that should be applied to large-scale systems. Further, analysis of the 

DNA extracted from the microbiome in the mini-Juan 5000 through time could yield 

comparisons to the roles different microbes play in medium chain carboxylic acid 

production. 
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APPENDIX 1 

SUPPLEMENTAL INFORMATION FOR CHAPTER 3: 

PERFORMANCE OF ELECTRO-SPUN CARBON NANOFIBER ELECTRODES 

WITH CONDUCTIVE POLY(3,4-ETHYLENEDIOXYTHIOPHENE) COATINGS IN 

BIOELECTROCHEMICAL SYSTEMS 

Adapted from: Guzman, Kara, Frey, and Angenent. Published in Journal of Power 

Sources, March, 2017 

 

A1.1 Methods 

A1.1.1 Materials 

Polyacrylonitrile (PAN) (Mw=150,000), N,N-dimethylformamide (DMF), iron chloride, 

and ethylene dioxythiophene (EDOT) were purchased from Sigma Aldrich (St. Louis, IL, 

USA). Methanol was purchased from Macron Chemicals (Center Valley, PA, USA). All 

materials were used as received without any further purification. All gases were sourced 

from Airgas (Radnor Township, PA, USA). 

A1.1.2 Electrospinning system 

10% wt. PAN was dissolved in DMF under constant stirring at 50°C overnight. The 

solution was fed into a glass syringe with an 18-gauge needle, and a syringe pump 

(Harvard, Apparatus, Holliston, MA, USA) delivered flow to the electrospinning 

apparatus at 0.5 mL h-1. The needle was spaced 11 cm away from an aluminum collector, 

and a voltage of 17 kV was applied. PAN nanofibers were electrospun for several hours 

to obtain a thick sheet, and cut to 2.0 cm x 1.7 cm pieces. Tulle fabric (Jo-ann Fabric, 

Cleveland, OH, USA) was used as a non-adhesive substrate to cover the collector to 

allow easy separation of the nanofiber mat. 

A1.1.3 Cyclic voltammetry 

Capacitance was calculated using the current evaluated as the baseline non-Faradaic 

current at 0.3 V and the below equation. 
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A1.1.4 Bioelectrochemical growth tests 

Within 24 h of setup, and observing the baseline current below 20 µA, 0.4 mL of 100 

mM cysteine hydrochloride was injected into each reactor to scavenge any remaining 

oxygen. Within 8 h of the cysteine injection, the reactors were inoculated with 1 mL of 

Geobacter sulfurreducens PCA in their exponential growth phase; inoculum was 

normalized to 0.1 OD with sterile growth medium. Batch tests were determined complete 

once current had declined to less than 10 µA. Recorded current was normalized to both 

projected surface area and mass for analysis. 

A1.1.5 Sterile growth medium 

Sterile growth medium consisted (per L) of 2.5 g NaHCO3, 0.25 g NH4Cl, 0.52 g 

NaH2PO4, 1 g KCl, 1 mL of vitamin mix, 1 mL of mineral mix, and 40 mM sodium 

acetate, with cysteine hydrochloride and sodium fumarate omitted.  

A.1.1.6 PEDOT electrodeposition 

PEDOT coating was electrodeposited onto conductive surfaces by submerging electrodes 

in a depositing solution. The depositing solution consisted (per 100 mL) of 0.107 mL 

EDOT, 1.4 mL SDS (20%), and 0.53 mL H2SO4 (100%). A three-electrode 

electrochemical system was used to poise the electrode at 0.85 V for 60 s. Solutions were 

prepared the same day as used, and any volumes used for electrodeposition were only 

used once and carefully discarded. 

A.1.1.7 Biofilm SEM imaging 

Scanning electron microscopy (SEM) images of the biofilms were acquired using a LEO 

(Zeiss) 1550 FESEM. Biofilm specimens were prepared for SEM by freeze-drying on the 

electrode and gold-palladium sputtering. Biofilms on gold electrodes were imaged at 2 

kV and 5 kV for biofilms on PEDOT electrodes. 

A1.2. Results 

A1.2.1 FTIR confirms proper carbonization of PAN 

During the stabilization process, C≡N bonds converted to C=N bonds, and crosslinks 

developed between PAN molecules, transforming PAN into an infusible stable ladder 

polymer (Figure S3.1). The IR spectrum of PAN before stabilization exhibited prominent 

peaks at 2242 cm−1 (C≡N stretch) and 1452 cm−1 (–CH2 bend). During stabilization, the 

intensities of the CH2 and C≡N groups decreased, and new peaks appeared at 1580 cm-1 

(the mixture of C=N and C=C) and 800 cm-1 (C=C=H). The shoulder-like peak at 1700 

cm-1 (C=O) indicated the successful oxidation of the material (Jin, Wang et al. 2013). 

After carbonization, the distinct peaks that remained after stabilization disappeared, 

implying that the CNF carbonized from electrospun PAN was primarily carbon (Jin, 

Wang et al. 2013). 
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A1.2.2 Raman confirms PEDOT deposition on materials 

To investigate PEDOT formation on all samples, Raman spectroscopy, which is a tool for 

studying conducting polymers (Caccavo, Lonergan et al. 1994, Marsili, Rollefson et al. 

2008), was used. The Raman spectra of nano- and micron-sized fibers is shown in Figure 

3.1CFI. Carbon-based samples (CNF and CC) exhibited two prominent peaks at 1341 

cm-1 and 1566 cm-1. These are the characteristic peaks of D and G bands, which are well 

known for carbon materials (Li, Venkataraman et al. 2012). After coating samples with 

PEDOT, characteristic PEDOT peaks were observed in all samples at 1502 

cm−1 (asymmetric C=C stretch), 1430 cm−1 (symmetric Cα=Cβ stretch), 1365 cm−1 (Cβ–Cβ 

stretch), 1264 cm−1 (Cα=Cα′ stretch), and 987 cm-1 (oxyethylene ring deformation). These 

additional peaks show that the PEDOT coating was successfully applied on the fiber 

surfaces by EDOT polymerization. 

A1.3 Figures 

 
Figure S3.1. FTIR analysis of PAN, stabilized PAN, and CNF. 
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Figure S3.2. Current production by a microfluidic BES. Identical bioreactors were inoculated with 

Geobacter sulfurreducens on plain gold electrode (– PEDOT) and gold electrode coated with PEDOT (+ 

PEDOT). 
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Figure S3.3. Scanning electron microscope images of microfluidic BES electrodes: (A,C,E) shows a sparse 

biofilm present on the gold electrode without a PEDOT coating; and (B,D,F) shows a dense biofilm present 

on the gold electrode with a PEDOT coating. 
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A1.4 Tables 

Table S3.1. Capacitance of electrode materials on a projected surface area and mass basis with standard 

error. 

 
PAN-

PEDOT 
CNF 

CNF-

PEDOT 
CC CC-PEDOT 

Area norm. 

(F m-2) 
186 ± 32 434 ± 27 1240 ± 227 286 ± 50 804 ± 15 

Mass 

norm. 

(F g-1) 

7.94×10-1 ± 

1.24×10-1 
14.6 ± 3.0 25.8 ± 1.1 

7.30×10-1 ± 

1.21×10-1 
1.89 ± 0.04 

 

 

Table S3.2. Maximum current production for each material on a projected surface area and mass basis with 

standard error. 

 
PAN-

PEDOT 
CNF 

CNF-

PEDOT 
CC CC-PEDOT 

Area norm. 

(A m-2) 
1.50 ± 0.26 7.71 ± 0.90 10.7 ± 1.3 9.27 ± 0.53 14.2 ± 3.0 

Mass 

norm. 

(A g-1) 

9.14×10-3 ± 

4.28×10-3 

3.08×10-1 ± 

7.0×10-2 

3.14×10-1 ± 

6.7×10-2 

3.20×10-2 ± 

1.6×10-3 

5.99×10-2 ± 

1.3×10-3 
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APPENDIX 2 

SUPPLEMENTAL INFORMATION FOR CHAPTER 3: 

MEDIATOR PRODUCTION TRUMPS MEDIATOR REDUCTION KINETICS IN 

ALLEVIATING A SENSITIVITY FOR A SYNERGISTIC CO-CULTURE OF 

PSEUDOMONAS AERUGINOSA AND ENTEROBACTER AEROGENES IN A 

BIOELECTROCHEMICAL SYSTEM 

Adapted from: Guzman J.J.L., Venkataraman A., Doud D.F.R., Zhang Y., Holmes 

E.C., Catania C., Bazan G.C., Rosenbaum, M.A., Datta A.K., and Angenent L.T. In 

preparation for mBio. 

 

A2.1 Text S1. Model description 

The objective of the model is to simulate the growth and synergistic mediator-based 

electron transfer between P. aeruginosa, E. aerogenes, and a working electrode. The 

model was built in a 1-dimentional space accounting for transient diffusion using 

COMSOL Multiphysics™ Version 5.1 (Build 180). E. aerogenes and P. aeruginosa 

are modeled in the bulk planktonically, and the system is designed to solve for a 

distance of 20 cm away from the oxidizing working electrode. We used coupled 

ordinary differential equations to describe the process, and the electric current was 

calculated using a lumped parameter approach via Faraday’s law (Zhang and Halme 

1995). A schematic describing the reaction flows is provided in Figure S4.1. The 

equations for all reacting species are listed in Table S4.1. The unit, value, 

significance, and source for all of the input parameters are listed in Table S4.2. Due to 

the lack of published information regarding some parameters and the complexity of 

experiments required for their determination, some values were tuned to obtain a 

better fit between the model and the experimental results; these parameters have been 

accordingly listed as fitting parameters in Table S4.2. In addition, most growth 

parameters were based on the generic ranges listed in Heijnen et al. (Heijnen 1999). 

The initial conditions used were: 30 mM glucose and 0 mM for all other species 

(ethanol, 2,3-butanediol, oxidized mediator, reduced mediator, P. aeruginosa, and E. 

aerogenes). We made the following key assumptions in the design of the model:  

• Since E. aerogenes grows much faster than P. aeruginosa, there is no 

competition for glucose (the starting substrate). Glucose is consumed by E. 

aerogenes to produce 2,3-butanediol and ethanol, which act as carbon sources 

and electron donors for P. aeruginosa (Venkataraman, Rosenbaum et al. 

2011). 
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• Monod kinetics is used to describe microbial growth and metabolite 

consumption.  

• Model is independent of temperature and pH. 

• All the different phenazines (e.g. pyocyanin, 1-hydroxy phenazine, phenazine-

1-carboxylic acid, and phenazine-1-carboxamide) are lumped together as a 

single mediator and not considered individually. 

• Mediators are produced by P. aeruginosa in the reduced form. The oxidized 

form of the mediator is reduced only by E. aerogenes. This is based on our 

previous experimental results (Venkataraman, Rosenbaum et al. 2011). 

• The production of the reduced mediator by P. aeruginosa is a second order 

reaction involving P. aeruginosa and the substrate 2,3-butanediol. P. 

aeruginosa does not produce mediator with ethanol (Venkataraman, 

Rosenbaum et al. 2011). Any biochemical enzymatic limitations in the 

production are not considered. 

• Reduction of the oxidized mediator by E. aerogenes follows Michaelis-Menten 

kinetics. 

• The electrochemical oxidation of the reduced mediator (at the anode) is a first 

order reaction and there is no overpotential for the oxidation of the reduced 

phenazine. 

• Current production involves only the reduced form of the mediator, and is 

calculated as a function of the concentration of mediator in the bulk. 
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A2.2 Figure S4.1. Model schematic 

 
Figure S4.1 Mechanism illustrating the process flow for chemical species and electron reactions in the 

model. Here, organisms and compounds are illustrated in ovals and rectangles, respectively. Chemical 

reaction flows are illustrated in solid lines and reactions involving electrons are illustrated in dashed 

black lines. 
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A2.3 Table S4.1. Equations used in the model 

Equation 

No. 
Equation and description 

S4.1  
 

Glucose consumption = consumption by E. aerogenes 

S4.2 
 

 

E. aerogenes growth = Glucose-dependent growth – decay term 

S4.3  
 

2,3-butandiol production / consumption = production by E. aerogenes – 

consumption by P. aeruginosa 

S4.4 
 

 

Ethanol production / consumption = production by E. aerogenes – consumption 

by P. aeruginosa 

S4.5 

 
 

P. aeruginosa growth = 2,3-butanediol-dependent growth + ethanol-dependent 

growth – decay term 

S4.6 
 

 

Reduced mediator production / consumption = reduced mediator production by 

P. aeruginosa on 2,3-butanediol – reduced mediator production from 2,3-

butanediol saturation limitation + reduced mediator production by P. 

aeruginosa on ethanol – reduced mediator production from ethanol saturation 

limitation – oxidation of mediator by electrode + re-reduction of oxidized 

mediators by E. aerogenes. 

S4.7 
 

 

Oxidized mediator production / consumption = Oxidation at electrode – re-

reduction of oxidized mediators by E. aerogenes. 
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S4.8 
 

 

Current production = Faradaic mediator oxidation at electrode 

S4.9 

 

 

S4.10 

 

S4.11 
 

S4.12 
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A2.4 Table S4.2. Input parameters to the model 

Constant Value Units Reference / Significance 

k1 60 d-1
 

(Batstone, Keller et al. 2002) Maximum rate 

of glucose consumption by E. aerogenes 

k2 300 mM 

(Batstone, Keller et al. 2002) Half-saturation 

constant of glucose consumption by E. 

aerogenes 

k3 0.28 d-1 
(Heijnen 1999) Growth rate of E. aerogenes 

on glucose 

k4 0.008 d-1 
(Heijnen 1999) Maintenance/decay of E. 

aerogenes  

k5 0.52 d-1 

Fitting parameter based upon experimental 

data 

Maximum rate of 2,3-butanediol generation by 

E. aerogenes  

k6 1 mM 

(Batstone, Keller et al. 2002) Half saturation 

constant of 2,3-butanediol generation by E. 

aerogenes 

k7 0.14 d-1 

Fitting parameter based upon experimental 

data 

Maximum rate of 2,3-butanediol consumption 

by P. aeruginosa 

k8 1 mM 

(Batstone, Keller et al. 2002) Half saturation 

constant of 2,3-butanediol consumption by P. 

aeruginosa 

k9 0.8 d-1 

Fitting parameter based upon experimental 

data 

Maximum rate of ethanol generation by E. 

aerogenes 

k10 1 mM 
(Batstone, Keller et al. 2002) Half saturation 

constant of ethanol generation by E. aerogenes 

k11 0.2064 d-1 

Fitting parameter based upon experimental 

data 

Maximum rate of ethanol consumption by P. 

aeruginosa 

k12 1 mM 

(Batstone, Keller et al. 2002) Half saturation 

constant of ethanol consumption by P. 

aeruginosa 

k13 0.1 d-1 
(Heijnen 1999) Growth rate of P. aeruginosa 

on 2,3-butanediol 

k14 0.1 d-1 
(Heijnen 1999) Growth rate of P. aeruginosa 

on ethanol 
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k15 0.1 d-1 
(Heijnen 1999) Maintenance/decay of P. 

aeruginosa 

k16 0.053 mM-1 d-1 

Fitting parameter based upon experimental 

data 

Production rate of reduced mediator by P. 

aeruginosa from 2,3-butanediol 

k17 0.1 mM-1 d-1 

(Heijnen 1999, Batstone, Keller et al. 2002) 

Effect of maintenance/decay of P. aeruginosa 

on production of reduced mediator 

k18 1 mM 

(Heijnen 1999, Batstone, Keller et al. 2002) 

Effect of maintenance/decay of P. aeruginosa 

on production of reduced mediator 

k22 0.06 d-1 
(Heijnen 1999) Electrochemical oxidation rate 

constant of reduced mediator 

k23 0.001 d-1 

Fitting parameter based upon experimental 

data 

Maximum rate of mediator reduction by E. 

aerogenes 

k24 1 mM 

(Heijnen 1999, Batstone, Keller et al. 2002) 

Half saturation constant for reduction of 

mediator by E. aerogenes 

k25 0.944 d-1 

Fitting parameter based upon experimental 

data 

Lumped rate constant for current production 

n 2 none 
(Wang and Newman 2008) 2 electrons are 

involved in redox activity of phenazines 

F 96485 C mol-1 Faraday’s constant 

Vreactor 0.42 L Amount of liquid in reactor 

DGlucose 6.1x10-5 m2 d-1 
(Batstone, Keller et al. 2002) Diffusivity of 

glucose in water 

DE. aerogenes 7.8x10-5 m2 d-1 

(Kim 1996) Diffusivity of E. aerogenes in 

water – assumed to be similar to Klebsiella 

pneumoniae  

DP. aeruginosa 1.8x10-4 m2 d-1 
(Kim 1996) Diffusivity of P. aeruginosa in 

water 

D2,3-butanediol 6.5x10-6 m2 d-1 

(Kuhn, Castillo-Sanchez et al. 2009) 

Diffusivity of 2,3-butanediol in water – 

assumed similar to ethylene glycol 

DEthanol 1.4x10-5 m2 d-1 
(Kuhn, Castillo-Sanchez et al. 2009) 

Diffusivity of ethanol in water 

DMediator 2x10-6 m2 d-1 
(Picioreanu, Head et al. 2007) Diffusivity of 

mediator in water 
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A2.4 Text S4.2. k23 kinetic coefficient calculation 

To calculate the k23 values, we designed an experiment that followed a simplification 

of model equations through experimental variable control. The relevant equations to 

calculate the k23 are Equations S4.6 and S4.8, which govern the rate of microbial 

mediator reduction and current production via electrochemical oxidation at the anode. 

Critical for the analysis is the need to control mediator concentration – mediator could 

not be endogenously produced, which P. aeruginosa does naturally. We eliminated 

this issue by using a knockout strain, P. aeruginosa Δphz, which could not produce its 

own mediators. Thus, only mediators added exogenously would be present in the BES. 

This simplification allowed us to eliminate the first four terms of Equation S4.6. 

Finally, since we were not accounting for the oxidation of mediators in this analysis, 

we could ignore the fifth term, leaving us with Equation S4.10. Simplifying Equation 

S4.10 to be generalized for either microbe, we obtain Equation S11. Current can be 

related to the rate of reduced mediator in Equation S4.8, and then combined with 

Equation S4.11 to form Equation S4.12. Equation S4.12 is a linear equation which 

can be presented as a linear model of the type: y=m∙x, where k23 can be calculated as 

the slope, m. We used constants which are listed in Table S4.2. 

 

One key assumption for this analysis is that the cell concentration is constant across all 

studied conditions. We chose to use the value of E. aerogenes at OD600 of 0.5, which 

is estimated as 6.64∙10-10 mM (Kim, Chung et al. 2012). Further, since the model 

demonstrated that the cell density between P. aeruginosa and E. aerogenes were 

relatively similar (same order of magnitude), we used the same cell density for both 

cultures. 

A2.5 Text S3. DSSN+ experiment description 

The conjugated oligoelectrolyte (COE) 4,4′-bis(4′-(N,N-bis(6′′-(N,N,N-

trimethylammonium)hexyl)amino)-styryl)stilbene tetraiodide (DSSN) was added to 

growing stock of P. aeruginosa Δphz then inoculated into BES reactors. Prior to 

experiments testing the effect of mediator concentration on P. aeruginosa Δphz with 

DSSN+, we performed tests to determine if any growth limitations resulted as a 

function of DSSN+ dosing concentration. We dosed concentrations ranging from 0 to 

40 µM of DSSN+ to P. aeruginosa and observed the OD600 over time. We found that 

below 20 µM of DSSN+, cell growth was uninhibited (Figure S4.2), but that above 20 

µM, growth was negatively affected. Consequently, we tested how well the DSSN+ 

associated with the P. aeruginosa cells by centrifuging culture samples over time and 

measuring the DSSN+ remaining in solution. We observed 100% association at 5 µM 

implying all DSSN+ was absorbed by the P. aeruginosa biomass (Figure S4.3). At 

higher concentrations, association decreased to about 50%, implying that 

concentrations above 5 µM could not be absorbed by the cells and would remain in 

solution. Therefore, we used a concentration of 5 µM DSSN+ for all growth 

experiments since it was fully associated into the cells and did not impart negative 

effects on growth. 
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A2.6 Figure S4.2 

 
Figure S4.2 Growth of P. aeruginosa in the presence of various DSSN+ concentrations. 
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A2.7 Figure S4.3 

 

Figure S4.3 Association percentage of DSSN+ with P. aeruginosa cells. 100% indicates all DSSN+ is 

absorbed by the biomass and none remain in solution. 
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APPENDIX 3 

SUPPLEMENTAL INFORMATION FOR CHAPTER 3: 

DEVELOPMENT AND DEMONSTRATION OF THE MINI-JUAN 5000 

BIOELECTROCHEMICAL SYSTEM AS A CULTURING TOOL FOR H2-

PRODUCING SYNTROPHIC MICROORGANISMS 

A3.1 M5 Medium for Syntrophus aciditrophicus 

This medium is based on DSMZ 960 medium, and customized for sterile work. 

 

Solution 1 - Basal medium (DSMZ medium 960) 

For 1000mL total 

• Dissolve the following: 

o 0.14 g KH2PO4 

o 0.20 g MgCl2*6H2O 

o 0.15 g CaCl2*2H2O 

o 0.54 g NH4Cl 

o 0.50 g yeast extract 

o mL 0.5% resazurin 

o 2.5 g NaHCO3 

• Boil for 1 minute. 

• Dispense 47 mL into 50 mL serum bottles and cap bottles. 

• Sparge headspace for 10 mins with N2 then 5 mins N2/CO2. 

• Autoclave. 

• Bring bottles into the glove box. 

• Inject into each serum bottle 

o 3 mL of Solution 8 (concentrated solutions mix) 

o 0.86 mL of 100 mM L-cysteine 

 

Solution 2 - Vitamin solution (DSMZ medium 141) 

For 1000 mL total  

• Dissolve the following: 

o 2 mg biotin 

o 2 mg folic acid 

o 10 mg pyridoxine-HCl 

o 5 mg thiamine-HCl*2H2O 

o 5 mg riboflavin [chemicals cabinet] 

o 5 mg nicotinic acid 

o 5 mg d-Ca-pantothenate 

o 0.1 mg vitamin B12 

o 5 mg p-aminobenzoic acid [PABA; 4-aminobenzoic acid] [4C fridge] 

o 5 mg lipoic acid 

• Filter sterilize an aliquot, leave rest of solution in +4C fridge 
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• Dispense into STERILE centrifuge tubes and store working stock in anaerobic 

atmosphere 

 

Solution 3 - Trace element solution (DSMZ medium 318) 

For 500 mL total (half of original recipe) 

• Dissolve 6.4 g nitrilotriacetic acid (NTA) in ~100 mL H2O. Fix pH to 6.5 with 

KOH. 

o Note: this will take more KOH than you expect; NTA will only fully 

dissolve as pH increases, starting from ~2.5. When solution starts to 

get transparent, add KOH carefully! 

• Dissolve the following: 

o 0.675 g FeCl3*4H2O [iron chloride] 

o 50 mg MnCl2*4H2O [manganese chloride] 

o 6.6 mg CoCl2 (12mg CoCl2*6H2O) [cobalt chloride] 

o 50 mg CaCl2*2H2O 

o 50 mg ZnCl2 

o 12 mg CuCl2*2H2O 

o 5 mg H3BO3 [boric acid] 

o 10.13 mg Na2MoO4 (12 mg Na2MoO4*2H2O) [sodium molybdate] 

o 0.5 g NaCl 

o 60 mg NiCl2*6H2O 

o 8.6 mg Na2SeO3 (13 mg Na2SeO3 *5H2O) [sodium selenite] 

• Filter sterilize an aliquot, leave rest of solution in +4C fridge 

• Dispense into STERILE centrifuge tubes and store working stock in anaerobic 

atmosphere 

 

Solution 4 - Selenite/tungstate solution (DSMZ medium 385) 

For 1000mL total 

• Dissolve the following: 

o 0.5 g NaOH 

o 3.0 mg Na2SeO3*5H2O [sodium selenite] 

o 4.0 mg Na2WO4*2H2O [sodium tungstate] 

• Filter sterilize an aliquot, leave rest of solution in +4C fridge 

• Dispense into STERILE centrifuge tubes and store working stock in anaerobic 

atmosphere 

  

Solution 5 - Sodium bicarbonate solution 

For 250 mL total 

• Dissolve 20 g NaHCO3 in 150 mL H2O 

o Solubility @ RT ~ 9.5% 

• Add enough water to make a total of 250 mL 

• Filter sterilize into STERILE centrifuge tubes, store working stock in 

anaerobic atmosphere, store rest at +4C 

  

Solution 6 - Crotonic acid solution (10% w/v) 
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For 100 mL total 

• Dissolve 10 g into 50 mL H2O 

• Fix pH to 5 with 10 M KOH 

o Sol'n will dissolve filter if not at 5 pH 

• Add enough water to make a total of 100 mL  

• Filter sterilize into STERILE centrifuge tubes, store working stock in 

anaerobic atmosphere, store rest at +4C 

 

Solution 7 - Sodium sulfide solution 

For 100 mL total 

• Dissolve 15 g sodium sulfide (Na2S*9H2O) in 50 mL H2O = 7.5 g sodium 

sulfide in 50 mL H2O 

o Solubility @ RT ~ 18.6% 

o Discard extra solution and powder into hazardous waste! 

• Add enough water to make a total of 100 mL 

 

• Filter sterilize into STERILE centrifuge tubes, store working stock in 

anaerobic atmosphere, store rest at +4C 

 

Solution 8 - Concentrated components solution 

** New notice ** OMIT sodium sulfide and cysteine from this solution, they 

precipitate and degrade over time. Add separately at inoculation‼! 

 

For every 1 L of final M5 medium OR 20 serum bottles 

• NOTE - Do NOT allow solution to rest in the glove box atmosphere (a couple 

hours?) - it leads to precipitation forming, getting caught in the filter, and not 

making it into the serum bottles. Make the solution as quickly as possible, filter 

sterilize it, and sparge it! From 5/11/2016 bottles Sacid 45 A and B. No growth 

in bottle B.  

• Working in the anaerobic glove box, mix the following together into STERILE 

50 mL centrifuge tubes 

o Better to dispense into 2x 50mL centrifuge tubes - SPLIT THIS 

RECIPE IN HALF 

o 10 mL Solution 2 (vitamin solution) 

o 1 mL Solution 3 (trace element solution) 

o 1 mL Solution 4 (selenite/tungstate solution) 

o 32 mL Solution 5 (sodium bicarbonate; 20 g / 257 mL) 

o 8.22 mL Solution 6 (crotonic acid solution; 10 g / 120 mL) 

o 2 mL Solution 7 (sodium sulfide solution; 15 g / 100 mL) [OMITTED 

as of 1/1/2017 - add as separate solution] 

o 1.71 mL 1M L-cysteine [OMITTED as of 1/1/2017 - add as separate 

solution] 

o Enough STERILE H2O to bring the solution to 60 mL 

  

Solution 8b - Concentrated components solution (for JJG-M5b) 
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Replace Solution 6 with 10 mL of Solution 9 (1 M benzoic acid). 

  

Solution 9 - 1 M benzoic acid 

This makes 100 mL of benzoic acid 

• 12.2 g per 100 mL 

  

L-cysteine 

To add 1.71 mL of 1M cysteine PER Liter - this is calculation for each serum bottle 

• This is 1.71 mmol / L = 0.0855 mmol / serum bottle = 0.010358 g / serum 

bottle 

• 100 mM L-cysteine has 0.0121 g/mL. 

• Need 0.856 mL of 100 mM L-cysteine / serum bottle 

  

Sodium sulfate (1.5 g / 100 mL) 

To add 2 mL of 15 g / 100 mL PER Liter - this is the calculation for each serum bottle 

• This is 0.3 g / L = 0.015 g / serum bottle 

• With 1.5 g / 100 mL stock = 0.015 g / mL 

• Need 1 mL of 1.5 g / 100 mL Na2S / serum bottle 
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A3.2 M6 medium for Methanospirillum hungatei 

Medium Base 

To make 1000 mL 

• Dissolve into 900 mL of DI H2O 

o 8.4 g NaHCO3 

o 2.5 g NaCl 

• Sparge media bottle for 30 mins using N2/CO2 

• Add the following, while still sparging 

o 10 mL Solution A 

o 2 mL Solution B 

o 2 g yeast extract 

o 2 g trypticase peptones 

• Continue sparging for 30 more minutes. 

• Verify pH between 7-7.3 

• Add the following, while still sparging 

o 2 mL Solution C 

o 10 mL ATCC trace mineral supplement 

• Fill serum bottles, while still sparging 

o Use one N2/CO2 gas line to replace air inside an empty bottle (next to 

get filled) for at least 1 min. 

o Dispense 50 mL into serum bottles, then cap. 

o Sparge serum bottles with N2/CO2 for 5 minutes to replace headspace. 

• Autoclave 

• To each serum bottle add 

o 1 mL Solution D (acetate) 

o 1 mL Solution E (formate) 

o 100 mM L-cysteine (0.1 mL for 10 mL bottle; 0.5 mL for 50 mL bottle) 

  

Solution A - 100x solution (10mL per L medium) 

To make 1000 mL 

• Fill media bottle with ~500 mL 

• Add the following 

o 100 g ammonium chloride 

o 100 g magnesium chloride hexahydrate 

o 40 g calcium chloride dihydrate 

• Adjust pH to 4.0 with HCl 

• Filter sterilize 

  

Solution B - 500x solution (2 mL per L medium) 

To make 1000 mL 

• Fill media bottle with ~500 mL 

• Add 200 g potassium dibasic phosphate trihydrate 

o OR 152.6 g potassium dibasic phosphate anhydrous 
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• Filter sterilize 

  

Solution C - 500x resazurin, 0.05% (2mL per L medium) 

To make 1000 mL 

• 0.5 g resazurin 

• Filter sterilize 

  

Solution D - 0.25 M NaOAc 

To make 200 mL 

• 4.1015 g sodium acetate 

  

Solution E - 2.5 M formate 

To make 200 mL 

• 34.0035 g sodium formate 
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A3.3 M7 medium for M. formicicum and S. zehnderi 

Recipe adapted from ATCC 1045 Methanobacteria medium 

 

Mineral Solution 1: 

• 6 g K2HPO4 

• 1 L DI water  

•  

Mineral Solution 2: 

• 6 g KH2PO4 

• 6 g (NH4)2SO4 

• 12 g NaCl 

• 2.4 g MgSO4∙7H2O 

• 1.6 g CaCl2∙2H2O 

• 1 L DI water  

 

Sodium Carbonate Solution: 

• 8 g Na2CO3 

• 100 mL DI water 

 

Mix the following then dispense into bottles in the glove box 

• 83.5 parts of DI water 

• 2.5 parts of Mineral Solution 1 

• 5.0 parts of Mineral Solution 2 

• 5.0 parts of Sodium Carbonate Solution 

• Resazurin (0.025% solution)........4.0 ml/L 

 

Autoclave 

 

Make a mastermix containing  

• 1.0 part of Wolfe's Mineral Solution 

• 1.0 part of Wolfe's Vitamin Solution 

 

Inject 

• 1 mL of min/vit mix 

• 1 mL 100mM cysteine 
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A3.4 TYG medium 

• Prepare Solutions 2-11 separately, and filter sterilize with syringe filter. 

o I prepared into 50 mL centrifuge tubes last time. 

• Make Solution 1, but only with ~500 mL. 

• Add in Solutions 2-11 into Solution 1. 

• Increase volume to ~950 mL, adjust pH to 7.3, and sparge with N2/CO2 for 2 

hours. 

 

Solution # Ingredient Per 1 

liter 

1 Trypticase (BBL) 10 g 

  Yeast Extract (Difco) 5 g 

  Sodium carbonate 1 g 

  Glucose (0.2% w/v) 2 g 

  Cysteine (free base) 0.5 g 

  Succinic acid (0.5% w/v) 5 g 

2 1 M Potassium phosphate buffer 
Make 1 liter of monobasic (KH2PO4) and 2 liters of dibasic (K2HPO4). 

Add the monobasic solution to the dibasic solution until pH is 7.2-7.3. 

80 ml 

3 TYG salts 

Ingredient Per 100 mL 

MgSO4 . 7H2O 0.05 gm 

NaHCO3 (bicarbonate) 1.0 gm 

NaCl 2.0 gm 
 

40 ml 

4 0.8% CaCl2 
0.8% = 0.8 g per 100 ml DI H2O 

1 ml 

  0.1% Vitamin K3 menadione 
1 mg/mL absolute ethanol = 40 mg per 40 ml absolute ethanol 

1 ml 

6 0.04% Ferrous sulphate 
40 mg per 100 ml DI H2O 

1 ml 

7 0.1% Hemin 
500 mg dissolved in 10ml of 1M NaOH, then dilute to final volume of 500 

ml with DI H2O. 

10 ml 

8 0.025% Resazarin (O2 and pH sensitive dye) 4 ml 
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25 mg per 100 ml DI H2O 

10 0.001% Vitamin B12 
1 mg per 100 mL DI H2O 

1 mL 

11 Mineral salts 

Component Per 1 liter 

NaCl 18 gm 

CaCl2 . 2H2O 0.53 gm 

MgCl2 . 6H2O 0.4 gm 

MnCl2 . 4H2O 0.2 gm 

CoCl2 . 6H2O 0.2 gm 

Water (MilliQ) 1 liter 
 

1 mL 

 

A3.5 Culturing Melainabacteria inoculum 

Melainabacteria were acquired as a mixed community fecal sample from Ruth Ley 

(Department of Microbiome Science, Max Planck Institute for Developmental 

Biology, Tübingen, Germany). The fecal samples we acquired were selected from a 

bank due to their enriched levels of Melainabacteria, but were not isolates of the 

microbe or purposeful enrichments. The fecal samples were stored at -80°C in their 

original form. When inoculated into serum bottles or reactors, approximately 0.1 g of 

fecal matter was dissolved into 15 mL of TYG medium, and 5 mL was inoculated into 

each mini-Juan 5000. 
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A3.6 qPCR 

qPCR and standards primers were obtained from literature for the various cultures 

tested or built via Primer-BLAST 

Name Sequence Reference 

S. aciditrophicus 

qPCR primers 

441f: 5'-GGT GGG AAG AAA TGT ATK 

GA-3' 

576R: 5'-CTC TTT ACG CCC AAT GAT-3' 

(Ziels, Beck et 

al. 2015) 

Standards primers 

152F: 5’-GGT GGG CTA ATA CCC GAT 

AAT G-3’ 

824R: 5’-GAT GTT CAC TAG GTG TTG 

AGG G-3’ 

 

M. hungatei 

qPCR primers 

MMB282F: 5’-TCG RTA CGG GTT GTG 

GG-3’ 

MMB832R: 5’-CAC CTA ACG CRC ATH 

GTT TAC-3’ 

(Shin, Lee et al. 

2010) 

Standards primers 

176F: 5’- CTG GAA TGT TAT GCG AAC 

GAA AG-3’ 

969R: 5’-CCT CCT CTC AGC TAG TCA 

AGT A-3’ 

 

S. zhenderi 

qPCR primers 

Synm-678F: 5'-CCW GGT GTA GCG GT-

3' 

Synm-738R: 5'-TCA GGG YCA GTC 

CAG-3'  

(Ziels, Beck et 

al. 2015) 

Standards primers 

454F: 5’- AGA AGG CCT TAG GGT TGT 

AAA G-3’ 

1034R: 5’- AGG ATT CGC CAG ATG 

TCA AG-3’ 

 

M. formicicum 

qPCR primers 

MBT857F - 5'-CGW AGG GAA GCT GTT 

AAG T-3' 

MBT1196R - 5'-TAC CGT CGT CCA CTC 

CTT-3'  

(Ziels, Beck et 

al. 2015) 
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Standards primers 

564F: 5’- CCG TGA GAA TTG CTG GAG 

ATA C-3’ 

1371R: 5’- GAC TAT GGC CTC ATC 

CAA ACC-3’ 

 

Melainabacteria 

qPCR primers 

Cya-F - 5'-GCC CTT CGG GGT GTA 

AAG-3' 

Cya-R - 5'-CCA GTA AAG CGC TTW CG-

3' 
Correspondence 

with Sara Di 

Rienzi 

Cyanobacteria standards provided 

 

 
Fig A3.6.1 qPCR standard curve for S. aciditrophicus 
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Fig A3.6.2 qPCR standard curve for M. hungatei 

 

 
Fig A3.6.3 qPCR standard curve for S. zehnderi 
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Fig A3.6.4 qPCR standard curve for M. formicicum 

 

 
Fig A3.6.5 qPCR standard curve for Melainabacteria 
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A3.7 Oleate extraction and analysis 

Samples containing oleate were analyzed using a method adapted from a published 

method for long chain fatty acids in liquid samples (Neves, Pereira et al. 2009). 

• Samples were stored at -20°C until analysis. 

• ~5 mL glass vials with gas-tight screw caps (with septa) were thoroughly 

cleaned and fully dehydrated at 100°C before use. 

o Full cleaning with soap, water; ideally in a dishwasher. 

• For each sample reaction, mix (in no particular order): 

o 0.5 mL of oleic-acid containing sample 

o 0.5 mL Milli-Q water 

o 0.75 mL of HCl-propanol (25% v/v) 

o 1 mL dichloromethane (DCM) 

• Vortex aggressively (typically 30 seconds each). 

• Place tubes in 100°C oven for 3.5 hours to react 

o Ensure caps are screwed VERY tightly. A leak will allow DCM to 

evaporate during the bake. 

• Allow tubes to cool to the touch. 

• Add 1 mL of Milli-Q water to each tube. 

• Vortex aggressively (typically 30 seconds each). 

• Allow to sit for >30 minutes to settle phases. 

• Remove sample from BOTTOM of tube and place in GC tube. 

o Oleic acid will solubilize into the DCM, which is the denser phase. 

Water solubilized propanol which makes the DCM more concentrated 

with oleic acid. 

• Prepare GC as for aqueous samples, run method 4VFAJJ. Be sure to use DCM 

for solvent 1 and 2. 

o Oleic acid elutes at 26.2 mins. DCM elutes at 10.5 mins. 
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A3.8 Figures 

 
Figure A3.8.1 Copy number of (A) S. aciditrophicus and (B) M. hungatei from samples of the broth 

and the harvested electrode at the end of the experiment. Plotted on a log scale. 

 
Figure A3.8.2 Copy number of (A) S. zehnderi and (B) M. formicicum from samples of the broth and 

the harvested electrode at the end of the experiment. Plotted on a log scale. 
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Figure A3.8.3 OD (A) and pH (B) of the Melainabacteria-rich fecal sample in the long-term mini-Juan 

5000 test. 

 
Figure A3.8.4 Copy number of Melainabacteria in the long-term mini reactor test inoculated with 

Melainabacteria-rich fecal sample. 
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APPENDIX 4. METHODS 

A4.1 HPLC 

Angenent Lab HPLC Protocol - Aminex HPX-87H Column 

You need to be a registered user of the BRL with a valid BRL user login for 

computers to work with the HPLC. This protocol does not substitute for initial 

personal training on the HPLC. For now, Michaela, Miriam (mr625) and Hanno 

(HR95) are allowed to train you. For questions, you can also contact Jose Moran-

Mirabal (jmm248) from the Walker-lab.  

You need to sign up to use the HPLC at: http://www.my.calendars.net/brl_hplc 

NOTE: You should always check the method files you are using to be sure that they 

have all the steps you need!! If you are not sure what should be in the method file 

please ask Miriam or Michaela! 

 

Preparation and start-up 

1) Preparing the solvent. 0.005 M sulfuric acid (H2SO4).  

a. In a clean glass bottle add 0.278 mL HPLC-grade sulfuric acid (18M, 

99.999% pure)per one liter MILLI-Q water. Mix well. 

!! This is very dilute acid, but it is still hazardous! So obey all safety measures for 

handling acids. 

 

Put your name and date in the log-book 

2) Change solvent bottle (for most other applications water is used as the solvent, if 

anything else than water is used, rinse the liquid “suckers” before placing into the new 

solvent) and waste container (plastic container large enough to hold all solvent for the 

day). 

3) Turn on all units to be used in your protocol (one or two detectors, and fraction 

collector chiller if needed).  

4)Start the computer, login with BRL user account, start LCSolutions software, choose 

instrument 1 in the Operation tab. 

5) when system configuration window opens, make sure, that all detectors you want to 

use are added. After adding all components with the blue arrow pointing to the right, 

Click AUTO CONFIGURATION, click OK. 

6) Purge the pumps. 

 a) open pump drains by turning the valve 180o counter-clockwise.  

 b) turn the pumps off (“pump” button). 
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 c) push the “purge” button. Purging will automatically stop after 3 minutes. 

 d) close the drains, turn pumps on (“pump” button). 

6) Open method file “SystemPrep” (from the “Angenent Lab” folder under 

c:\LabSolutions\data\AngenentLab\SystemPrep) in the LC Realtime Analysis window. 

This method will purge all lines in the instrument (especially the autosampler [3x] and 

the RI detector) and allow you to install the guard and analytical columns (Micro-

Guard Cation H guard column and Aminex HPX-87H analytical column [the latter 

labeled with “Angenent Lab”] are stored in the refrigerator in the HPLC lab). 

7) Start the method. Wait until the initial high flow ramped down to 0.2 mL/min as 

programmed in the “System Prep” file (after about 60 minutes). 

8) Add the guard column, making sure that the flow is going in the proper direction. 

First connect the inlet, wait for drops to flow out (1-2 minutes), then connect the 

outlet. Be careful with the screw connections, the plastic threads can get stripped 

easily. 

9) Add the analytical column, making sure that the flow is going in the proper 

direction. First connect the inlet, wait for drops to flow out (1-2 minutes), then connect 

the outlet. Be careful with the screw connections, the plastic threads can get stripped 

easily. 

10) Since we are using a temperature of 65 C celsius, open and run the method 

“RampTemp25to65C&flow. This takes 40 min. 65 C temperature is recommended for 

our specific column and it helps avoiding bacterial/fungal growth and reduces the 

resistance to flow, but might give less resolution if you have a complicated sample 

mix. We had bad experience with running the column at room temperature (pressure 

became too high, pump shut down). This method also slowly increases the flow rate 

from 0.2 mL/min to the operating flow rate of 0.6 mL/min to protect the analytical 

column from fast pressure changes. You can also choose to run this method as the first 

thing in your batch table with injection of a plain water sample. This way you save 

yourself 40 min waiting before starting your batch run. 

11) Open your batch table (see below on constructing a batch table). Click start batch 

(green triangle) to start running your samples. 

 

Running samples 

Making a batch table: 

1) On the LCSolution entrance window, select offline editor. 

2) Select “batch processing” in the left panel. 

3) Select “wizard” in the left panel. 



 

232 

4) Do not set checkmarks in the first window at startup…shutdown etc. In the next 

window select standard and unknown. In the next window do not set any checkmarks 

(at create filenames, clear all calibrations,…). Select new folder, file name, (both 

labeled with the date). Specify your standard, sample, and tray information as 

prompted by the wizard. In the batch table, specify sample type “initialize calibration 

curve” for first std., and control for the following standards, if you do a one-point 

calibration. Specify the method file “Analysis_HColumn 65C_30min” (30 min proved 

to be a good run-time, if you need a shorter time, change the method file and save it as 

a new one), 40 microliter injection vol, tray number is 0 for standards and 1 for the 

samples. 

 

Note: If possible create one standard solution that contains all the components to be 

analyzed in your samples. Prepare 3-6 concentration levels of your standard. If you 

have many samples, repeat individual standards throughout your analysis to check for 

consistent analysis, e.g. every 10th sample measure a standard. 

5) Modify the table as necessary. 

6) Add one row at the end of the table, set the vial to “-1”, and select the method file 

“Shutdown Flow and Temp_HColumn”. This method will cool down the column and 

keep the instrument at a constant, low flow rate once your batch table has finished. 

Save this batch table and call it up in the LCSolutions realtime analysis window to 

start your analysis 

Loading samples: 

1) Load vials into the sample tray in EXACTLY the order shown in your batch table 

(standards go into the small tray (name “0”) on the right, samples into the big tray 

(name “1”). Make sure the sample tray “clicks in” when you replace it. 

 

Shut down 

1) If not already done in the batch table, run the method “Shutdown Flow and 

Temp_Hcolumn. It takes 30 min for the column to cool down. While pumping at a low 

flow rate, remove the analytical column, screw in the end caps and place it in its box 

in the refrigerator. 

2) Remove the guard column, screw in end caps and place in the refrigerator. 

3) Change the solvent back to Milli-Q water. Make sure to wash of the tubing and 

filters that go into the solvent so you do not contaminate the water with sulfuric acid. 

4) Switch the effluent tubes back into the big water effluent collection barrel (ensure 

that the barrel is not full). Neutralize your collected sulfuric acid effluent with sodium 
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bicarbonate (1 mol H2SO4 requires 2 mol bicarbonate), the neutralized solution can be 

flushed down the sink. 

5) Select the method file “SystemWash at End” and run it. This basically does the 

same thing as the start up program (purging autosampler and RI detector cell), but in 

reverse. 

6) When the method is finished, purge the pumps as in step 6 of set-up. 

7) Leave the pumps flowing at 0.05 mL/min, close LC solutions and log out. 

 

• make sure that you leave the workspace clean and in order. 

 

NOTE: You should always check the method files you are using to be sure that they 

have all the steps you need!! If you are not sure what should be in the method file 

please ask Miriam, Michaela or Hanno ! 

 

Data analysis: 

1. Go to the LCSolutions “Postrun analysis” window. 

2. To prepare calibration curves from your standards: Follow the steps outlined in 

the LCSolutions manual (page 28). Or do the following: 

• Check that the baseline is set properly and that the peaks are integrated 

properly: open each data file and if necessary adjust the baseline manually. 

Save the file. 

• click the “postrun” in the LCsolution launcher 

• click the (LC Data Analysis) icon in the (postrun) assistant bar. The (LC data 

analysis window appears). Pull down the chromatogram view window (it is 

hidden above the (Compound Table View). 

• Select [open data file] in the [file] menu and select a pre-measured data file 

(the standard with the highest level). The data file opens 

• Click the (wizard) icon in the assistant bar. The [compound table wizard] 

appears. 

• Make sure that appropriate peak integration parameters are set  

• detector A 

• Ch1 for RID detector (if only RID detector was used, if both detectors 

were used, RID might be detector B)  
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• width 5 sec 

• slope 20 uV/min 

• drift 0 uV/min 

• T.DBL 15 min 

• Min Area/Height 100 count  

• Calculated by Area 

• Register the retention time of the peaks to be identified and click [next]. Here 

are some examples for the RID detector, derived in April 22nd, 2010 at 65 C 

Celsius:  

RETENTION TIMES HPLC RUN T= 65 °C, 04/08/2010 

COMPOUND RT DETECTOR A (UV) RT DETECTOR B (RID) 

OXALIC ACID 7.0 7.3 

GLUCOSE _ 8.9 

FRUCTOSE 9.4 9.6 

SUCCINATE 10.7 10.9 

FUMARATE 11.4 11.7 

LACTATE 11.8 12.1 

FORMATE 12.9 13.1 

FORMALDEHYDE _ 13.4 

ACETATE 14.2 14.4 

ACETOIN 16.7 16.9 

ACETALDEHYDE 

Interferes with butanediol 
17.9 18.1 

BUTANEDIOL _ 17.8 / 18.5 

METHANOL 

Interferes with butanediol 
_ 19.0 

BUTYRATE 19.6 19.7 

ACETONE _ 20.7 

ETHANOL _ 21.5 
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• specify the quantitative calculation method and the calibration curve type and 

click [next]. Settings should be 

• external standard 

• calculated by Area 

• # of calibration levels = 1 (5, if you do a calibration curve for the first 

time, and have to verify linearity. Thereafter you only need one 

standard concentration, or one level). 

• Curve fit type: linear 

• Zero: do not force through 

• Weighting method: none 

• X-axis: Area/hight 

• Units: mM 

• Decimals: 2 

• Group type: not used 

• set how you want to identify peaks and click [next]. Settings should be: 

• Window/Band: Window 

• Window: 5 % 

• Peak selection: closest peak 

• Retention time update: none 

• the [Compound Table Wizard 5/5] screen appears. Provide detailed settings for 

the compound table and click [finish] 

• provide detailed settings (compound names, type: target, channel, 

concentration. The [compound table wizard] is completed. Click finish 

• click lc data analysis icon in the bar to the very left, you might have to go one 

level up. 

• Click the (apply to method) icon 

• Name the method file (e.g. “calibration curve HColumn 65C Hanno”). Save. 

The [select method parameters] screen appears. Don’t make any changes, just 

click OK. 
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3. Run a batch table to create the calibration curve: 

• Make sure that the HPLC is done with the analysis, you should close the real 

time analysis window, it’s even best to log out and restart the postrun 

application. If you don’t do it, the batch table for your calibration curve might 

not run, you might get the error message “file read closed” . 

• In the postrun application click “batch processing” in the assistant bar 

• Select “new batch file” in the file menu 

• Drag and drop the data files which are set as the calibration levels from the 

data explorer to the batch table 

• Specify the method file that you just created in the method file field for all 

lines of the batch table, make sure both I-T and Q-T are shown in the analysis 

type screen 

• Set the [sample type] cells, set the first line to “standard-initialize calibration 

curve”; set the following lines to “standard-add calibration level”; set the level 

for each line 

• Save the batch table under new name, e.g. “batch table calibration curve”. 

RUN the file. 

• Viewing the calibration curve: open the most recently processed standard 

sample data file (the last file in your calibration curve batch table). When you 

open a previous one, an incomplete calibration curve is displayed. Make sure 

that the baseline is set properly, the integration is not messed up. 

• Note: if you are using both detectors (RI and UV-Vis), you will have to 

prepare a calibration curve for each detector – choose between detectors in 

main menu bar. 

4. Analyzing your data: 

• check all data files that the peaks have been integrated well, if necessary, 

adjust the baseline manually and save the data file. 

• Create a new batch table in the “Postrun analysis” window from the menu list 

on the left. Drag all sample results files from the Explorer Window into your 

batch file. Choose your calibration file as the method file for all your samples. 

Save this analysis batch file. “Run” the batch file by pushing on the start 

button. Note: if you are using both detectors (RI and UV-Vis), you will have to 

run the analysis with the calibration files for each detector. Make sure, again, 

that the integration is OK. 

5. For retrieving the data:  
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• close the postrun window and open the browser window from the LCsolution 

start window 

• Choose “LC quant browser” from the menu on the left 

• drag your sample data files into the batch table window, make sure that correct 

detector is selected. 

• make sure you chose the right detector in the bar on top of the page. 

• you can see your results for each data file and compound by highlighting the 

line of the data file in the batch table and highlighting the compound in the 

compound table. The concentration for the highlighted compound appears in 

the batch table. Verify that integration/baseline are OK.  

6. For export of summary data tables with all analytical data (no chromatograms), 

open your analysis batch file in the Browser Window and export the data into a .txt 

file which can be opened in Excel on your own computers. Make sure you chose 

detector B (RI detector) in the bar on top of the window. Note: if you are using both 

detectors (RI and UV-Vis), you will have to export the results files for both detectors 

(switch between detectors in main menu bar). 

7. Lastly, move your exported data files from the LCSolutions data folder on the 

HPLC computer to your own “Enterprise” account folders!!! Data files will be deleted 

automatically from the HPLC computer to prevent data overflow – methods files will 

remain stored! No external storage devises are allowed with the HPLC computer. You 

can retrieve your data from Enterprise via external devise or email on any of the laptop 

computers in the BRL office area. 
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A4.2 GC 

 

Standard Operating Procedure for GC evaluation of individual Volatile Fatty 

Acids (VFAs) 

Updated June 15, 2015 by Lauren Harroff 

 

Sample Preparation and Storage: 

 

1. Centrifuge samples and filter (0.2 μm) to remove any suspended solids. 

2. Undiluted samples (no formic acid added) may be stored in 4° C refrigerator or 

freezer for subsequent analysis. Depending on the sample, it may need to be 

centrifuged and/or filtered again after thawing. If there is any possibility of 

suspended solids, make sure to refilter or centrifuge. 

3. Each sample vial will contain: 3 mM 2-ethylbutytric acid (internal standard), 

sample (diluted to <7 mM for individual VFA of interest), and 2% formic acid 

(to raise total volume to 1 mL or 500μL) 

a. Add appropriate volume of sample to obtain <7 mM of the specific VFA of 

interest. If measuring multiple VFAs, multiple dilutions may be needed.  

b. Add stock internal standard. There should be a stock of 30 mM 2-ethylbutryic 

acid diluted in 2% formic acid. If using 1 mL total volume in the vial, add 100 μL of 

this stock solution. If using 500 μL total volume, add 50 μL stock solution. 

c. Add 2% formic acid to bring total volume to either 500 μL or 1 mL. 

d. Close vial immediately after adding formic acid. 

*** Note: Final pH of sample must be approximately 2 in order to in order 

to push the fatty acids in the sample into the undissociated form. 

Depending on the alkalinity of the sample, this will restrict options for 

choosing dilutions. If sample contains very low concentrations of VFAs, a 

more concentrated formic acid solution can be used for dilutions to allow 

lower pH at higher sample concentration.  

 

Standard Preparation: 

 

The stock solution of volatile fatty acids (stored in the refrigerator in B68) contains 10 

mM each of: formic, acetic, propionic, iso-butyric, butyric, iso-valeric, valeric, iso-

caproic, caproic, and heptanoic acids. 

 

Make at least 5 standards of varying dilutions to create a standard curve. Typically a 

curve is created with 1, 2, 3, 5, and 7 mM. Choose appropriate concentrations based 

on expected concentrations in samples. If sample concentrations are low, the GC can 

detect accurately down to about 0.1 mM, but the standard curve needs to include 

points in this range. Standards cannot be created above 7 mM because the pH will not 

be sufficiently low to volatilize the fatty acids.  
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Make additional “check standards” of known concentration to mix in the run with 

samples. This provides quality control because the measured concentrations can be 

compared to the known concentrations. (See below in “Loading Samples” for more 

details.) 

 

Make several blank vials of only 2% formic acid. These will be run as the first vial, 

after the set of standards, after every 5 samples, and as the final vial. 

 

Start-up: (GC 1, closest to fume hoods) 

 

1. FIRST turn on the compressed air, helium, and hydrogen cylinders by opening 

the main cylinder valves. 

2. Locate the ball valves that open the gas lines to the individual GCs. Valves for 

most gases can be found on manifolds at the center of the lab bench where the 

GCs are located. Valves for hydrogen are located next to the hydrogen gas 

cabinet. Open the appropriate ball valves for each gas (air, helium, and 

hydrogen) labeled as GC 1. 

3. Add name, date, and planned number of samples to the logbook. 

4. If the septum has not been changed for over 50 injections (recorded in 

logbook), change it now. 

a. Remove the injector tower by lifting straight up off of the support rod. Place 

injector tower on the top of GC 2 or on shelf.  

b. Remove the nut (green in photo) at injection site.  

c. Remove green septum and discard. Septum may be lodged inside the nut. 

d. Place in new septum and replace nut. Only finger tighten the nut. It does not 

need to be overly tight.  

e. Replace injector tower by aligning metal support rod with appropriate port on 

the bottom of the tower.  

5. If the glass injector sleeve has not been replaced for over 150 injections 

(recorded in log book), replace now. If acetate measurements are important, 

check the glass injector sleeve for contamination even if it has been recently 

replaced.  

 . Remove injector tower. 

a. Open top door of the GC.  

b. Use wide wrench located on bench next to the GCs to loosen the larger nut 

underneath septum nut. 

c. Squeeze pointed forceps together and insert into injection port.  

d. Allow forceps to expand and pull straight up to remove glass injector sleeve. 

e. If contamination is visible, place used injector sleeve in glass Nalgene bottle 

labeled 25% H2SO4 and containing other glass sleeves. Use forceps to remove clean 

sleeve from bottle.  

f. Rinse new sleeve with ethanol followed by DI water.  

g. Dry with compressed air from the lab bench.  
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h. Use forceps to drop new, clean sleeve into injection port with flared end at the 

top.  

i. Tighten nut with wrench. Again, does not need to be overly tight but this one is 

a bit harder than the septum nut. 

j. Replace injector tower. 

6. Turn the switch on the bottom left corner of the front face of the machine on. 

7. Turn on the communication module (box located to the left of the GC). 

8. On the Windows 98 computer, open “Instrument 1 (online)” from the desktop. 

If “Instrument 1 (offline)” is already open, close that before opening the online 

program.  

9. After Chemstation loads on the GC, check that the oven, front injector, and 

front detector are all on and temperatures are set to 70, 200, and 275° C, 

respectively.  

10. Empty waste vials and methanol (Solvent A) from the injection tower into the 

GC waste bottle (stored under the right-hand fume hood when back is to the 

windows). 

11. Refill Solvent A with fresh methanol (found under the right-hand fume hood in 

B68A). 

12. Empty and refill Solvent B vial with DI water.  

***Both Solvent A and Solvent B should be filled completely! The needle only 

lowers down to about the 2 mL mark, so if the vials contain less than 2 mL of 

liquid, the needle will not be cleaned. 

13. Remove and clean needle. 

a. Open door on the injection tower. 

b. Swing open the tab located about halfway up the syringe barrel that is holding 

the needle in place 

c. Unscrew the nut holding the plunger and slide nut up. 

d. Pull needle forward from point D on the photo and then lift up to remove. 

(Otherwise the needle tip will get caught on the bottom stand.) 

e. Remove plunger and clean the plunger and syringe barrel using ethanol, soap, 

and DI water. Check that the plunger moves smoothly through the barrel.  

f. Fill a small beaker with DI water and check that the needle takes up and 

dispels water properly.  

g. Replace needle properly. Hold needle at an angle and align needle tip with 

position on gray stand. Then slide into position at point D. Rescrew the nut a point C 

and replace the tab at point B.  

Loading Samples (this can be performed while waiting for the GC to warm up) 

 

1. Load your samples into the autosampler trays. Ensure that the “Vial 1” position 

on the tray is aligned with the “1” position on the autosampler. 

2. Include a blank vial containing only 2% formic acid as the first vial, after the 

set of standards, after every 5 samples, and as the final vial.  

3. Approximately every 10 vials add one of the “check standards” created during 

“Standard Preparation”. 
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4. As best as can be predicted, try to load the samples in order from most dilute to 

most concentrated.  

5. For quality control, recommended run length is a maximum of 50 vials 

including blanks and standards. After a long period of time, the GC 

measurements tend to fluctuate. 

6.  

Loading Sequence on the Computer 

 

1. From the “Online” computer program (Instrument 1 or 3 depending on which 

machine is being used), click “New Sequence” from the “Sequence” menu. 

2. Open “Sequence Table” from the “Sequence” menu. 

3. Open “Insert/FillDown Wizard”. 

4. For “Starting location” enter “1” to indicate the location of your first vial. 

5. For “Number of lines to insert” enter the total number of vials you are running 

(standards + blanks + samples) 

6. For “Method name” enter “VFAISTD” for GC 1 or “3VFAISTD” for GC 

3.  

7. For “Inj./Location” enter “1” to indicate the number of times each vial will be 

sampled. 

8. Scroll to the right, and enter “3” For “ISTD Amount” to indicate that each vial 

contains 3 mM of the internal standard.  

9. For “Inj. volume” enter “1”. 

10. Leave other fields blank and press “OK”.  

11. “Cut” the first line if it was left blank.  

12. Under “Sample Name” enter the individual sample name for each vial. 

13. For every formic acid blank, change “Inj/Location” to “3” and change “ISTD 

Amount” to blank (Do not enter “0” or you will receive an error.) 

14. Click “OK”. 

15. Open “Sequence Parameters” from the “Sequence” menu. 

16. Enter your initials for “Operator Name”. 

17. Enter the folder name where you will find your data for “Subdirectory”. We 

typically use initials followed by the date. (Ex: LH140428 for a run on April 28, 

2014).  

18. Click “OK”. 

19. A message will be displayed asking permission to create the subdirectory you 

have named. Click “OK”. 

20. If you will use the same or similar sequence in the future, save your sequence 

under “Save Sequence as” from the “Sequence” menu. 

 
 

Starting Injections 
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1. Check that the method displayed on the main screen of the online program 

reads “VFAISTD.M” for GC 1 or “3VFAISTD.M” for GC 

3.  

2. Check that the box above “Start” and “Stop” buttons is green and reads 

“Ready”. 

3. Once it is ready, press “Start”. 

4. Wait for the GC to run through the syringe and needle cleaning process and 

inject the first blank before walking away. Most problems occur during this 

first injection. 

5. If the computer displays a plunger error or injector error message, check that 

the plunger of the syringe moves freely and takes up and dispels water 

appropriately. Clean the needle and syringe again if necessary and restart the 

sequence.  

6. If possible, create a standard curve and check for a linear relationship as soon 

as the standards have finished running. (See “Data Analysis” for instructions.) 

This step allows potential errors to be identified before all samples have been 

run. 

 

Shutting Down: (GC 1, closest to fume hoods) 

 

1. Close the “Instrument 1 (Online)” program on the computer, and turn off the 

communication module. 

2. On the front of the GC, push the “Oven” button and turn the temperature off. 

Do the same for “Front Inlet” and “Front Det”. 

3. Once each component has cooled to at least 100° C, turn off the GC. 

4. Turn off the helium, hydrogen, and compressed air cylinders ONLY if none of 

the other GCs are running.  

 

 

Data Analysis 

 

1. Open “Instrument 1 (offline)” for GC 1 or “Instrument 3 (offline)” for GC 3 

2. Open “Load Signal” from the “File” menu.  

3. Under the folders “HPCHEM”, “1” (or “3” for GC 3), and “DATA”, find the 

folder with the subdirectory name that you created previously from “Sequence 

Parameters”.  

4. Select the first standard vial. Usually the file name will read “002F0201.D” 

because the first vial was a blank. The first number (“002”) indicates the 

location number of the vial. Click “OK”.

 
5. Check that the method displayed on the main screen is “VFAISTD.M” or 

“3VFAISTD.M”.  
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6. Click the integration button. If an error or warning message is displayed, click 

“OK”. Those errors will be fixed later. 

7. Click the manual integration button. 

8. Remove and unwanted peaks by dragging the mouse above the peak. 

9. Select “New Calibration Table” from the “Calibration” menu.  

10. For “Default Amount” enter the mM concentration of the first standard, 

usually “1”. Click “OK”. If asked to overwrite the existing calibration table, 

select “Yes”.  

11. On the table, name the compound for each peak. There should be 10 peaks that 

come out in the following order: 

1. Acetic acid (Ac) 

2. Propionic acid (Pr) 

3. iso-Butyric acid (iB) 

4. Butyric acid (Bu) 

5. iso-Valeric acid (iV) 

6. Valeric acid (Va) 

7. Internal Standard (ISTD) 

8. iso-Caproic acid 

(iC)  

9. Caproic acid (Ca) 

10. Heptanoic acid (Hep) 

12. For peak #7 (“ISTD”), on the column named “ISTD” change the drop-down 

back from “No” to “Yes”. 

13. Click the blank box immediately to the right from the “#” column and enter 

“3” for “ISTD Amount”. Click “OK”. The remaining rows for the “#” column 

should fill in with “1” to indicate the ISTD that you have just named.  

14. Load the next standard vial by selecting “Load Signal” from the “File” menu. 

The computer will automatically recognize the correct peaks identified in the 

calibration table, so steps 6 and 7 do not need to be repeated for the remaining 

vials.  

15. Select “Add Level” from the “Calibration” menu.  

16. Enter the concentration of the standard for “Default Amount” and click “OK”. 

17. Repeat steps 14 and 15 to load all standards. 

18. At this point, the curves will look approximately like a straight vertical line 

because the ISTD concentrations are incorrect. On the calibration table, change 

the “Amt[mM]” values to “3” for all levels of the internal standard.  

19. The computer will create a standard curve for each individual VFA. Check that 

all curves have a strong linear correlation (~ 0.995 or higher) by clicking on 

each compound name on the table. 

20. Save the standard curve as a method. From the “File” menu, select “Save As” 

and then “Method”. Change the method name to something you will recognize. 

We typically use the same name as the subdirectory (Ex: LH140428). Click 

“OK”, leave “Comment for method history” blank, and click “OK” again.  
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21. From the “Batch” menu, select “Load Batch”. In the right-hand box, select the 

subdirectory name you used for “Sequence Parameters”. Open the folder 

“hpchem”, “1” for GC 1 or “3” for GC 3, “data”, and then double click the 

subdirectory name. In the box on the left click the batch name. There should 

only be one listed. It will either be called “DEF_GC.B” or another name that 

you gave it when creating the sequence. Click “OK”. 

22. Under “Method to Process Batch Data”, click “Other Method”, and select the 

method name that you just saved in step 20. Under “Select Runs for Batch 

Processing” click “Select All”. Click “OK”. 

23. Wait for the batch to load. Click the “Start” button with a green arrow located 

towards the bottom of the screen. 

24. Wait for the program to analyze each data file. Depending on the number of 

samples this may take 5-15 minutes. When the “Start” button is highlighted 

again, then the batch is 

finished.  

25. From the “Batch” menu select “Output Batch Report” to export the data report 

to Excel.  

26. The Excel report can be found under My Computer/Local Disk (C:)/ 

HPCHEM/ 1 or 3 (depending on GC used)/ DATA/ your subdirectory name 

(LH1404228). In that folder you will find a folder with data for each sample 

that was analyzed. At the end of those folders is an Excel file called 

“REPORT01.xls” that contains all of the analyzed results. 

27. Open the Excel file. Select the “Labels” worksheet. Select cells E3:E25 and 

copy them. Select the “Data” worksheet. Select cell C1, “Paste Special”, and 

“Transpose” to insert the correct column names. The first column for each VFA 

shows the retention time of the peak measured. The second column gives the 

concentration in mM calculated based on the created standard curves.  
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A4.3 Cone reactor construction 

Bond Lab Reactor Manual 

 

Design, parts, manufacture 

Version: v02; 6/1/2015 

Posted at the Angenent Lab website: http://angenent.bee.cornell.edu/bond.html 

 

Purpose 

This document will provide an overview of the features of the Bond Lab Reactors, a 

suggested method of construction, and materials necessary to construct them. For 

simplicity in this document, the Bond Lab Reactors will be referred to as “reactors.” 

 

Reactor Description 

This reactor was originally designed and used by the Bond Lab (Daniel Bond, U. 

Minnesota) for the study of microbial electrochemistry in an effort to minimize 

oxygen diffusion into the reactor. The reactors, as designed here, feature the 

following: 

• 15 mL internal volume (can likely be used at 5-20mL, depending on electrode 

choice) 

• ports for electrodes (working, counter, and reference) 

• ports for gas (in and out) 

• 1 port for sampling and inoculation 

• Autoclavability 

• Potential for additional ports to allow continuous flow 

 

Reactor Parts 

The reactor consists of parts that are custom manufactured and available off-the-shelf. 

Refer to the “Parts list” Excel file for detailed descriptions, quantities, prices, and 

suggested vendors. 

 
Custom manufactured Off-the-shelf 

Lid Parts for fastening (screws, washers, nuts) 

Washer O-rings 

Ring Luer fittings 

Electrode cap Glass cone 

Glass electrode housing  

 

Suggested methods of construction 

The method and parts presented in this document to produce the lid, washer, and ring 

assume a machine shop with lathing and slicing capabilities. The lid, washer, and ring 

will be produced from a single rod of 2.75” OD PEEK. The electrode cap will be 

manufactured from a 0.5” OD PEEK rod. In short, a lathe will be used to etch the 

necessary shapes into the face of the rod, and a band saw will slice off the end of the 

rod to produce one piece at a time. To improve productivity, we suggest cutting the 
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original PEEK rod into multiple pieces, and flipping the pieces in the lathe to improve 

workflow. We have provided a package of PDFs including engineering drawings (“3D 

drawing”) which can guide a machinist to precisely manufacture these pieces without 

much/any reengineering. Since the dimensions here are customized for practices in the 

Angenent Lab, customization may be necessary for different applications. 

Additionally, CNC machining is an option, is not discussed here, and will likely 

require selection of PEEK in sheet form instead of a rod. We will be happy to share a 

CAD file used to produce the “3D drawing” package upon request. 

 

Necessary materials for construction 

The lid, washer, and ring are entirely produced from a 2.75” OD rod of PEEK. A 

quote for the PEEK rod we sourced from Boedeker Plastic is included in “Quotes” 

Excel file in the design package. The theoretical minimum length of PEEK rod used 

per reactor is ~0.5”, meaning that after losses from slicing and smoothing, we expect 

at least 1 reactor per 1”, making these reactors highly affordable.  

Previously, sealing gaskets were manufactured using silicon sheets with holes punched 

in them. We have moved away from these due to manufacturing imperfections leading 

to reactor leaks, and now use o-rings; part numbers are provided in the “Parts list” 

Excel file. 

 

Setting up the reactor 

To set up the reactor, we start with the ring piece, and screw in three 6-32 thread 3” 

long screws as legs so that the reactors can freely stand. The glass cone can be placed 

through the ring. An o-ring should be inserted into the channel in the bottom of the lid, 

and secured the cone. At this point, five 6-32 thread 5/8” length screws are used to 

tighten the lid to the ring, making a hand-tight seal. Two notes: tighten in an 

alternative pattern like that used for changing the nuts on a car tire, and only hand 

tighten the screws. 

 

Next, electrodes can be installed through the ports. Smaller o-rings are attached to the 

pieces going through the ports, and the washer is tightened with a screw, which 

compresses the o-rings to make a gas-tight seal. The new revision includes a slight 

(and un-measured) taper in the holes for the electrodes – this was achieved using a 

larger drill bit to drill a slight angle. 

 

Glass electrode housings are used for holding the Ag/AgCl reference electrode and Pt 

counter electrode wires. These housings are made by a glass-blower shop, and contain 

a ceramic frit at the bottom. To hold the electrode wires, a smaller PEEK rod (0.5” 

diameter) was machined, as shown in “Electrode cap.” A 0.25” OD rubber septa was 

inserted into the hole, and the wires were inserted through the septa. Teflon tape is 

wrapped around the narrower section of the electrode cap for a tight fit. 

 

All sampling and gas ports use a SS 10-32-to-Plasti-Mate luer fitting from S4J 

Manufacturing (in “Parts list”). A septa fitting made from a PVDF Luer fitting from 

Nordson Medical with a septa from Fisher Scientific inserted into threaded end 
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provides a gas-tight seal. For reaching the liquid inside the reactor, a 3.5” long 22-

gauge needle from VWR is inserted through the septa fitting. The top of this needle 

additionally gets a septa fitting to allow for sterile sampling and injections. 
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A4.4 Reduced gas detector GC 

 

Standard operating procedure 

POC: Juan Guzman; jjg276; 508-353-9514 

Version 2.0; 10/6/2015 

 

 

Capabilities 

Can measure H2 from 100ppm (0.01%) down to ~20ppb. Calibration for CO has not 

been performed yet. 

 

Startup 

• Turn on RGD gas. Verify flow at ~20 mL/min. Note tank pressure on sheet. 

o The RGD uses ultra-high purity N2 gas. Typically uses 100psi per 

week during continuous use. 

• Set operating temperatures 

o Gow-Mac GC: COLUMN temp = 105C, INJECTOR temp = 125C 

▪ Be careful between switching between “SET” and “ACTUAL” 

modes – switches are getting old and might get stuck, giving 

you the wrong output. 

o Trace Analytical RGD2 detector: Turn on HEATER unit, NOT the 

PHOTOMETER 

• Wait at least 4 hours to allow temperatures to reach steady state. Typically, the 

setup will be running continuously. It’s OK to startup and let temperatures 

settle overnight. 

• 15 minutes prior to running samples, turn on PHOTOMETER on RGD. 

• You’re good to go! 

 

Sample prep & procedure 

• Collect ~3mL of gas sample if possible. Best to collect into a 3mL syringe with 

a Luer stopcock and septa fitting, as shown in Figure A4.4.1. 

• If running samples for first time, you must verify your samples will be 

<1%ppm H2. Run sample in the H2 GC (GC3) first to verify. Ideally, samples 

should be below 100ppm to be run in the RGD (Figure A4.4.2). 

• Take >500uL of sample from the 3mL syringe, depressurize and release extra 

volume in a sparged gas line, as shown in Figure A4.4.3. 

• Inject 500uL sample into RGD, and activate Timebase (stoplight) 4 in 

Peaksimple. Data is output in Channel 1 (don’t ask why…). 

• Additionally, fill out the form to keep track of how many injections were made 

through the septa. 
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Figure A4.4.1. 3mL syringe with luer-lock stopcock and septa fitting for sample 

handling outside of the glove box. 

 

 
Figure A4.4.2. H2 calibration curve. Low concentration standards below 0.1% have 

high linearity. Higher concentrations lead to deflated readings. 

 

 
Figure A4.4.3. Sparging gas line setup. N2 is continuously bubbled through the line. 

Syringe that needs to be depressurized is stuck into the red septa and allowed to 

depressurize and lower to the correct volume. 
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Sample output 

H2 peak @ ~0.48 min. CO is not characterized yet. View Figure A4.4.4 for reference. 

 
Figure A4.4.4. Example output for a 100ppm H2 sample. 

 

Saving files 

Make sure to select the “1” radio button. Not “4”! If you don’t do this, you will save 

an empty file! 

  
Figure A4.4.5. File saving window. Make sure to select Channel 1 in the radio 

buttons, NOT any of the other channels. 
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Standard curves 

Standard curves are using a 100ppm gas standard diluted for each order of magnitude. 

5 different concentrations at each order of magnitude are tested by injecting different 

volumes of gas: 500, 400, 300, 200, and 100 uL. Currently, strong calibration curves 

have been performed between ~0.5ppm – 100ppm. Concentrations below ~0.5ppm are 

difficult to quantify.  
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Important notes 

• DO NOT inject water into the RGD! This results in a huge peak ~8 minutes 

which interrupts future injections for ~30 minutes. Depressurize samples in a 

sparged gas line. 

• RGD measurement uses a consumable mercury bed. This requires samples to 

have low H2 concentrations – high H2 concentrations will consume the Hg bed 

quickly (and readings are not linear!) 

• Unknown gas concentrations MUST be run in the H2 GC first – this GC has 

sensitivities down to 0.1%. 

• Max concentrations in RGD should stay below 0.1%. Anything above that 

concentration will result in deflated reading (Fig. 2) 

• An unidentified third peak is showing up around XXX minutes. Be careful to 

miss this peak when running samples. 


