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Escherichia coli ATCC 8739 was genetically engineered to increase electric current and 

Coulombic yield from glucose in a microbial fuel cell (MFC). Initial testing of strains was done 

using aerobic batch cultures. Deletion of genes for the ATP synthase stator stalk (atpFH) 

resulted in a 44% increase in rate of glucose utilization. With the higher rate of glucose 

catabolism, NADH reoxidation by the electron transport system (ETS) became limiting, despite 

increased levels of ETS proteins. The change in redox ratio led to acetate production as part of an 

overflow metabolism. To increase the rate of NADH oxidation and to minimize acetate 

production, ackA (encoding acetate kinase) was replaced by naoX from Streptococcus mutans, 

encoding a cytoplasmic, water-forming NADH oxidase. The arcA gene was deleted to remove 

redox sensitive controls. These modifications enabled the complete oxidation of glucose in 

aerobic cultures. In a poised potential MFC with a chemical mediator, the maximum current 

produced by the engineered strain JC93 was 19% higher than the wild type, with a Coulombic 

efficiency (percent theoretical yield of electrons) of 76% (versus 49% for wild type). The arcA 

deletion did not significantly affect current or Coulombic efficiency. However, deletion of arcA 

in an naoXSm
+
 background increased flux through the tricarboxylic acid (TCA) cycle during 

aerobic glucose metabolism.   
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Genes (omcA and mtrCAB) encoding c-type cytochromes of the Shewanella oneidensis 

MR-1 extracellular ETS were integrated into the chromosome of the engineered strain. 

Heterologous expression of these genes was investigated to allow mediatorless MFC operation 

and to establish the minimal sufficient set for extracellular electron transfer. Current production 

by the omcA-mtrCAB integration strains was low and further study is required.  

Successful optimization of the MFC biocatalyst is likely to shift the rate limiting steps 

back to the design of the MFC. An enhanced anode was designed to increase active surface area 

and decrease concentration overpotentials. The design incorporated single-wall carbon nanotubes 

and mixed-length carbon fibers and resulted in up to 3-fold higher average MFC current output. 

The practical adoption of MFC technology requires higher power densities, which can be 

achieved by combining MFC design optimization with biocatalyst improvement. 
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CHAPTER 1 

INTRODUCTION 

Bioelectricity 

Electrical energy production from renewable feedstocks and organic wastes has great 

potential as a component of a comprehensive strategy to offset the use of fossil fuels. 

Microorganisms are capable of transforming the stored chemical energy in organic materials 

such as cellulosic biomass and animal wastes to useful electrical energy. The most direct and 

theoretically efficient strategy to harvest microbially derived electrical energy is the use of a 

microbial fuel cell (MFC). Other strategies include microbially catalyzed production of liquid 

biofuels, methane or hydrogen. All of these biofuels require additional steps to convert the stored 

energy to electricity, thus lowering the overall efficiency of the process. Alternately, the stored 

energy in biofuels may be used to do work through combustion. A thorough lifecycle analysis of 

biofuel production and combustion for transportation shows this process to be less efficient than 

direct combustion of biomass to supply an electrical infrastructure (18). Most abiotic 

transformations of biomass to electricity involve combustion and other significant process losses. 

Even the promising route to bioelectricity from gasification combined with solid oxide fuel cells 

(105), while avoiding the inefficiency of combustion, requires significant energy inputs.  In the 

context of a global energy economy that is shifting towards increased efficiency and 

sustainability, the preferred process is one that is able to convert solar energy and waste streams 

to electrical energy most directly.  

Most of the effort in MFC research has been focused upon MFC design optimization, 

extracellular electron transfer and the microbial ecology of consortia colonizing the electrodes of 

wastewater-fed MFCs. Substantial gains in MFC electrical power output have been made (1, 23, 

141). However, few studies have reported attempts to complement these approaches with genetic 
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engineering of the MFC biocatalysts. No natural environments have been studied that are similar 

to that of an MFC. An ideal MFC biocatalyst is capable of rapidly and completely oxidizing any 

fuel and of efficiently transferring the liberated electrons to an electrode. While certain 

organisms have evolved to do some of these things well, no known ecological niche appears to 

select for all of the desired attributes. The greatest strength of genetic engineering is the ability to 

modify biocatalysts for tasks for which there has been no natural selection. Production of 

bioelectricity can only achieve its potential through metabolic optimization of the biocatalysts, in 

conjunction with MFC design efforts. 

Microbial Fuel Cells 

Microbial fuel cells employ microorganisms to convert stored chemical energy into useful 

electrical energy. The electrons liberated from the oxidation of organic material through the 

metabolic activity of these microbes are transferred to an anode in an MFC. The electrons flow 

through an external circuit across a load (such as a resistor, a motor, or a light) to the cathode, 

where they combine with an oxidant in the balancing half-cell reaction (Figure 1-1). Protons 

from the anodic reaction are conducted through the electrolyte and across a proton exchange 

membrane (or salt bridge, etc.) to the cathode, where they are reunited with the electrons in the 

cathode oxidation reaction. Figure 1-1 depicts a simple, two-chambered MFC using glucose as 

an electron donor. If the glucose is completely oxidized to CO2 by the microbial biocatalyst in 

the anode chamber, the anode half-cell reaction would be: 

C6H12O6 + 6H2O → 6CO2 + 24H
+
 +24e

- 
       (1-1) 

If oxygen was used as the oxidant in the cathode half-cell reaction (potassium ferricyanide is 

shown in the figure and is frequently used in laboratory experiments because of improved 

electrode kinetics) : 

24e
- 
+ 24H

+
 + 6O2 → 12H2O         (1-2) 
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The overall reaction in the MFC is the same as the one for the complete catabolism of glucose by 

a respiring cell: 

C6H12O6 + 6O2 → 6CO2 + 6H2O        (1-3) 

Figure 1-1 shows a mediator (a diffusible electron carrier) carrying electrons from the bacterial 

inner membrane electron transport chain to the anode. MFCs reroute electrons from microbial 

metabolism through an external circuit to capture a portion of the stored energy in the fuel as 

electricity. 

In heterotrophic organisms, the oxidation of organic material is coupled to storage of the 

released energy in high group-transfer potential compounds such as adenosine triphosphate 

(ATP). These compounds are subsequently used in cellular biosynthetic processes. This energy 

transformation involves the stepwise transfer of electrons up a reduction potential gradient to a 

terminal electron acceptor. This terminal electron acceptor can be an endogenous metabolite, as 

in fermentation, or an exogenous acceptor, in respiration. In an MFC, electrons can be 

transferred from the respiratory chain to the anode (as the terminal electron acceptor), or 

fermentation products may be oxidized by the anode. When electrons are captured from the 

respiratory chain, the transfer can be direct or indirect (via a soluble mediator). The soluble 

mediators involved in the indirect electron transfer can be endogenously produced or exogenous, 

supplied compounds.  

Since the discovery of microbes that are capable of electron transfer to an electrode (electrode 

reducers) without requiring added mediators (59), most MFC studies have used mediatorless 

MFCs to avoid the expense and toxicity issues associated with the use of added mediators. Much 

of the research has focused on MFC design and the mechanisms of electron transfer. However, 

low power density is the greatest challenge for the widespread adoption of MFCs as a means of 
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sustainable energy transformation (24, 36). The largest remaining gains in MFC power density 

are to be made through studying and engineering of microbial metabolism (88) to increase the 

rate of electron transfer (current) as well as the conversion efficiency from the fuel. 

History of MFC Research 

M. C. Potter is generally recognized as publishing the first study of the microbially 

catalyzed production of electricity from organic material in 1911 (96). In that study, he measured 

the electrical potential developed from the fermentation of sugars by Saccharomyces cerevisiae 

and by E. coli in a simple electrochemical cell with platinum electrodes. While Potter‟s 

preliminary experiments provided a proof of concept, few subsequent MFC studies were 

published for over half a century. In the 1960s, several MFC studies were published including an 

article describing the operation of a methane-oxidizing bacterial fuel cell employing 

Psuedomonas methanica at the anode (122). In 1993, Allen and Bennetto studied redox dye-

mediated MFCs using various bacterial strains and conditions (3). Kim et al. (59) revolutionized 

the field by describing a microbial fuel cell which used Shewanella putrefaciens (later changed 

to S. oneidensis) MR-1 to oxidize lactate with transfer of electrons to the electrode without the 

need for any added mediator. Many other microbes were subsequently found to be capable of 

this extracellular electron transfer. These organisms have been termed exoelectrogens (73). 

There is extensive but not complete overlap of the exoelectrogen group with the dissimilatory 

metal reducers, microorganisms capable of energy coupling electron transfer to metal oxides and 

oxyhydroxides. 

MFC Design and Applications 

All fuel cells share the same fundamental components: an anode, to which electrons from 

the fuel are transferred, a cathode, where the oxidation reaction occurs, and an electrolyte, which 

conducts positively-charged ions (cations) from the anode to the cathode for the completion of 
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the circuit. Electrons flow through the external circuit across the load to the cathode, but do not 

flow through an electrically insulating electrolyte polymer or membrane. MFCs are generally 

categorized as one or two-chambered. Biological fuel cells have aqueous anode chambers, 

whereas other fuel cells generally have solid electrolytes, sandwiched between the two 

electrodes. The liquid in the anode chamber (anolyte) of an MFC contains the nutrients required 

by the electron-providing microbes. It is kept anaerobic to prevent direct electron transfer to 

oxygen, which would decrease MFC power output and efficiency. Furthermore, many of the 

microbes used in MFCs are obligate anaerobes. The fuel (electron donor) is added to the anolyte, 

which may be stirred and operated in batch mode, or operated in flowthrough mode. Anaerobic 

conditions (and sometimes mixing) can be maintained by flowing gases such as argon or 

nitrogen/carbon dioxide into the anode chamber. A diffusible electron carrier (mediator) can be 

added to the anolyte, if necessary. 

A two-chambered MFC (Figure 1-1) has separate cathode chamber that is generally filled 

with an aqueous catholyte. The catholyte contains the oxidant. The oxidant can be oxygen, or it 

can be a surrogate such as the potassium ferricyanide (Figure 1-1), frequently used because of its 

favorable electrode kinetics. The two compartments and their contents may be separated by an 

ion permeable membrane, such as the proton-permeable Nafion from DuPont, or simply by a salt 

bridge.  

Single-chambered MFCs have an anode chamber and a direct air cathode. They commonly 

use a membrane electrode assembly, similar to those used in other types of fuel cells (68). The 

proton exchange membrane is laminated onto the cathode, which is exposed to the air outside the 

assembly. Single-chambered MFCs can also be membraneless. Membraneless MFCs are not 

separated from the anolyte by a membrane or a salt bridge. This design is made possible by the 
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unique properties of MFCs that use microbes that form a biofilm on the anode and do not require 

the addition of a mediator. Thus, electrons are primarily transferred to the anode and do not 

significantly decrease MFC efficiency by traveling to the cathode through the anolyte.  

MFC design has focused upon maximizing Coulombic efficiency and power density. 

Coulombic efficiency (CE, Eq. 1-4) is the percentage of total electrons in the fuel (theoretical 

Coulombic yield) that are recovered by the MFC (experimental Coulombic yield). 

CE = Coulombic yield (experimental)/ Coulombic yield (theoretical)    (1-4) 

The theoretical Coulombic yield from 1 mol glucose is 24 mol electrons (or 2.32 × 10
6 

C, based 

upon Faraday‟s constant (Eq. 1-5) 

F = 96,485 C mol
-1          

(1-5) 

Experimental Coulombic yield is calculated by measuring current produced over time by the 

MFC with a known quantity of fuel added. Integration of the area under the peak gives the total 

charge transferred to the electrode, which can be divided by the theoretical value to give the CE. 

The CE of an MFC is never 100%, due to biological and non-biological losses. Microbial 

biosynthesis and cellular maintenance reactions can require reduced cofactors and therefore 

decrease MFC Coulombic yields. Any incomplete microbial fuel catabolism resulting in 

fermentation or other side products further decreases Coulombic yield. In addition, any diffusion 

of competing electron acceptors into the anode chamber (oxygen, nitrate, etc.) from the cathode 

chamber or from outside the MFC will result in a lower CE. Therefore it is important to consider 

both the metabolic pathways used by the microbial biocatalyst and the MFC design when 

attempting to optimize electron recovery.  

Total energy recovery by an MFC is ultimately more informative than CE, because CE 

neglects the potential difference between anode and cathode. The total MFC energy recovery is 
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the electrical energy produced as a percentage of the total energy content of the fuel (heat of 

combustion). MFC power integrated over time gives the MFC energy recovery, just as MFC 

current integrated over time provides the Coulombic yield. Power is the product of the potential 

difference (MFC voltage) and the current produced. As the primary focus of our study was on 

improvement of current production and of Coulombic yield through metabolic engineering of the 

microbial biocatalyst, a poised potential electrochemical cell was used for most of the 

experiments. With this type of system, MFC voltage and power output (and by extension, total 

energy recovered) are not considered. 

As mentioned above, MFC power density is a critical factor for useful application of MFC 

technology. Power densities of MFCs have frequently been reported as a function of electrode 

surface area (W/m
2
). Many studies have reported current densities (mA/m

2
). The lack of 

convention has made direct comparison of MFC designs difficult. Some MFC researchers have 

agreed upon volumetric power (W/m
3
) as the most useful measure of MFC power density (21, 

71). Volumetric power takes into account most of the relevant factors involved in MFC 

operation, but notably ignores CE and operational longevity. These are very important 

parameters, as they constitute the primary advantages that MFC offer over enzymatic fuel cells, 

for example (along with lower cost). Enzymatic fuel cells (133) can achieve higher power 

densities than existing MFCs, but are subject to fouling from products and are not capable of 

self-repair and enzyme replenishment. Furthermore, enzymatic fuel cells cannot recover much of 

the energy present in more complex fuels. For example, a glucose oxidase fuel cell (57) recovers 

only two electrons per glucose (maximum theoretical CE is 8.3%). While these additional factors 

must be considered, volumetric power is an important MFC operational metric by which to 

compare different MFCs for most applications. 
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MFC power output is dependent upon the voltage (potential difference) across the load. 

The open circuit voltage is not simply the difference between the reduction potentials for the two 

half-cell reactions. For example, in the glucose-fed MFC with an oxygen cathode, the difference 

between the reduction potentials of the O2/H2O (Eq. 1-2) and glucose/CO2 (Eq. 1-1) couples is 

approximately 1.2 V (0.805 V - (-0.414 V), both vs. normal hydrogen electrode (116)). However, 

the actual MFC voltage would be lower. First, the anode chamber redox potential is ultimately 

determined not by the fuel, but by the potential of the immediate electron donor to the anode. 

That is the mediator, or perhaps an outer membrane cytochrome in a mediatorless MFC. Next, 

there are several reasons for voltage losses (ohmic losses and overpotentials) in an MFC (21, 24). 

Polarization curves are routinely used to evaluate MFC performance. Since voltage is inversely 

proportional to resistance, the external resistance can be changed to vary the voltage. The current 

is plotted as a function of voltage. A power curve can then be plotted based upon the the 

polarization curve (and the relationship between power, voltage and current, Eq. 1-6). 

P = V × I           (1-6) 

These types of curves provide both the maximum power production and the effect of the MFC 

internal resistance. Current varies in a nonlinear manner with voltage because of current-

dependent overpotentials. The relationship would be linear if there were no internal resistance 

(Eq. 1-7).  

I = V/ R            (1-7) 

However, the total resistance is the sum of external and internal resistance and it is the total 

resistance that must be used in the calculations. Internal resistance is dependent upon ohmic 

(conductive) losses as well as anodic and cathodic overpotentials . Types of overpotentials 

include activation overpotentials (due to electron transfer kinetics), losses due to bacterial 
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metabolism, and mass transfer losses (concentration overpotentials) due to substrate limitation of 

biocatalysis or at the electrode. Part of our study focused on overcoming anodic overpotentials 

due to metabolism and due to activation overpotentials using metabolic engineering and 

improvement of electron transfer kinetics. Activation overpotentials are greatest at lower current, 

while concentration overpotentials become a factor when current increases (72, 138). Our study 

also investigated optimization of anode design to minimize ohmic losses and concentration 

overpotentials. 

There are many potential applications for MFC technology. MFCs offer unique benefits for 

niche applications such as power for remote sensing equipment, power and waste recycling for 

space travel, small-scale distributed power generation in areas lacking infrastructure, and for use 

as biosensors. The larger scale applications that are currently being developed include MFCs for 

processing of wastewater and of food processing wastes.  

MFCs have been developed for use in providing electricity to low-power sensing and 

communications equipment in remote locations. Benthic unattended generators (BUGs) are 

examples of sediment MFCs (74, 115). BUGs have an anode, buried in seafloor sediment, that 

harvests electrons from the metabolic processes of the natural microbial ecosystem and couples 

the anodic half-reaction to the oxidation of a cathode located in the oxygenated seawater above. 

One could also imagine MFCs powering telemetry equipment in a forest or jungle, using tree sap 

or other readily and continuously available fuel to allow long-term, low-cost, maintenance-free 

operation. 

Exotic niche applications such as MFCs for space travel (83) and in foraging robotic 

systems (132) may be somewhat limited in scale, but these research efforts can help fund further 

MFC research for more widespread practical usage. Projects such as the gastrobot research effort 
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(131) and the slugbot, an autonomous (carnivorous) pest contol sytem (58), both powered by 

MFCs, generated headlines and awareness of the possibilities for MFC technology. Another 

MFC application that is attracting attention is the use of very simple, inexpensive MFCs (9) in 

third-world countries for small-scale distributed power. Several non-profit organizations are 

distributing plans and teaching the people in these areas to make these MFCs from cheap and 

locally available materials. 

Initial MFC applications that benefit from economies of scale include the treatment of 

industrial, agricultural, municipal and domestic sewage wastes. The organic material content of 

these wastes is currently released directly into the environment, or pretreated before release. 

These processes involve significant costs, both financial and environmental. As an example, 

treatment of sewage wastewater (generally by aerobic bacteria in staged mixing tanks) in the 

United States costs over $25 billion annually (71). The energy in the organic wastes is not 

currently recovered. Removal of organic material via large-scale flowthrough MFCs could offset 

energy (and therefore operational) costs through the recovery of this stored energy as electricity. 

Progress is being made in MFC scale-up design and operation. Recently, a 1 m
3
 pilot MFC 

system began operation at a Foster‟s brewery in Queensland, Australia. The system was designed 

by and is operated by a group from the Advanced Water Management Centre at the University of 

Queensland, in cooperation with the brewery. A collaboration between the Center for 

Environmental Sciences and Engineering at the University of Connecticut and a private 

environmental engineering company has received funding to build and operate pilot-scale 

wastewater treatment MFCs in New York. These types of projects mark a new phase for MFC 

research, which is still quite young compared with most other energy harvesting technologies.  
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Dissimilatory Metal Reducing Bacteria 

The number of MFC studies increased dramatically after the discovery that some 

dissimilatory metal reducing bacteria were able to reduce an MFC anode (59). Some 

microorganisms are capable of transferring electrons to insoluble metal oxides and 

oxyhydroxides in an energy coupling manner (43, 75, 85). The use of extracellular metals as 

terminal electron acceptors to support growth is known as dissimilatory metal reduction. Bacteria 

that can respire on these metals are known as dissimilatory metal reducing bacteria (DMRB). 

Many DMRB can transfer electrons to an MFC electrode (70). While some archaea are capable 

of dissimilatory metal reduction (56), we will focus on dissimilatory metal reduction by 

eubacteria. 

Limitations of DMRB for Use in MFC 

Although DMRB possess desirable attributes for MFC application in that most are capable 

of reducing an electrode without requiring addition of an electron carrying mediator, these 

organisms have significant limitations. The DMRB can be present as isolates in MFCs, or more 

commonly, as members of a consortium in the anode containing chamber. DMRB such as 

Shewanella or Geobacter have a very limited substrate range and are incapable of using sugars 

as electron donors. MFCs using Shewanella are inefficient because they can only partially 

oxidize the fuel (primarily lactate is oxidized to acetate). Other DMRB have very low metabolic 

rates and grow slowly. One example of a DMRB that is capable of completely oxidizing sugars 

and transferring electrons to an electrode with a high Coulombic yield is Rhodoferax 

ferrireducens (22). Despite its ability to efficiently transform the chemical energy of sugars into 

electrical energy and to transfer electrons directly without the need for a mediator, the doubling 

time for this organism is more than a week and sugars are catabolized very slowly (22). This low 

catabolic rate translates to low current and power production. DMRB generally live in an 
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environment of low substrate availability and the electron donors present are often inorganic 

compounds or breakdown products from the catabolism of more complex organic substances by 

other organisms. Therefore, high metabolic rates and fast growth would not seem to offer a 

survival advantage, nor would complete oxidation of complex carbohydrates or other organic 

compounds. It is possible that these traits could be introduced and improved through genetic 

engineering and directed evolution. However, the necessary genetic tools have not been readily 

available for long and in many cases they are still lacking for DMRB. Furthermore, many of 

these organisms have additional nutrient requirements and are obligate anaerobes, both of which 

make culturing and genetic manipulation more difficult. 

The use of consortia in mediatorless fuel cells has been the most common approach since 

the first report of direct electron transfer to an electrode (59). The anodic chamber in these 

studies generally contains some type of organic wastewater with an ill-defined chemical 

composition and microbial flora already present in the source. A stable, electrical current-

producing consortium is then selected for through prolonged MFC or poised potential 

bioelectrochemical cell operation. The optimization of MFC design and operation in these 

studies has led to considerable increases in power output and densities. The challenges associated 

with these black box MFCs are that their complex interactions and metabolic networks are 

difficult to study and lessons learned from researching one system may not be applicable to 

another. A poor understanding of the underlying metabolic processes might make stable and 

reproducible MFC performance difficult and certainly complicates efforts to increase microbial 

current production via metabolic engineering. MFCs employing isolated organisms may limit 

power output over the short term, but the ability to study simpler systems has been integral to the 

understanding of fundamental principles. Isolated DMRB such as Shewanella oneidensis are 



 

28 

being used as model systems in extracellular electron transfer research. This research can provide 

the basis for the combination of efficient, mediatorless electron transfer with increased substrate 

range and current production in a single organism, via a genetic engineering approach. 

Shewanella oneidensis MR-1 

S. oneidensis strain MR-1 is a model organism for the study of dissimilatory metal 

reduction. Its genome has been sequenced and many studies have focused on its system for 

transfer of electrons to insoluble extracellular acceptors. S.oneidensis is a Gram-negative, 

facultative anaerobe belonging to the Gammaproteobacteria. S. oneidensis was first isolated 

from Lake Oneida (New York) sediment (126). Shewanella species, while primarily aquatic, 

may be found in many environments, from soil and sediment, to spoiled fish, to Antarctic 

seawater (15). While S. oneidensis does not appear to use simple or complex sugars and 

incompletely oxidizes growth substrates (64), it is capable of transferring electrons to many 

soluble and insoluble acceptors, including electrodes, without the need for exogenous mediators 

(43, 78, 128).  

S. oneidensis MR-1 central metabolism 

 S. oneidensis MR-1 contains most of the genes necessary for a complete Embden-

Meyerhoff Pathway (EMP), but is missing phosphofructokinase (64). It contains the genes 

encoding the complete pentose phosphate and Entner-Doudoroff pathways. However, S. 

oneidensis MR-1 does not use hexose or pentose sugars. One and three-carbon compounds serve 

(primarily) as carbon sources for growth. S. oneidensis MR-1 has a complete tricarboxylic acid 

cycle (TCA) under some conditions, but flux is limited and it generally does not completely 

oxidize carbon sources to CO2. 

S. oneidensis MR-1 is a facultative anaerobe and is capable of aerobic respiration. It is not 

known to be fermentative, but has most of the fermentative pathway genes. Terminal electron 
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acceptors that S. oneidensis MR-1 can use in the absence of oxygen include: dimethyl sulfoxide 

(DMSO), trimethylamine N-oxide (TMAO), sulfate, elemental sulfur, nitrate, nitrite, various 

metal oxides and oxyhydroxides, and carbon electrodes (78, 126). 

S. oneidensis extracellular electron transfer 

The mechanism of extracellular electron transfer used by S. oneidensis has not been fully 

elucidated. An electron transport chain linking cytoplasmic membrane-embedded cytochromes to 

soluble periplasmic and outer membrane cytochromes has been shown (Figure1-2) (108), along 

with evidence of conductive pili, called nanowires (42). The outer membrane decaheme, c-type 

cytochromes OmcA and MtrC are terminal reductases in the S. oneidensis MR-1 extracellular 

electron transfer system (26). OmcA and MtrC form a complex with MtrB in the outer 

membrane (102). MtrB is not a cytochrome and no direct role in electron transfer has been 

reported. MtrA is a periplasmic decaheme c-type cytochrome (94) that associates with MtrB and 

transfers electrons to the terminal reductases. All of these proteins, along with the inner 

membrane-bound tetraheme c-type cytochrome CymA, have been reproted to be necessary for 

extracellular electron transfer (108). S. oneidensis MR-1 has 46 c-type cytochromes (108), 

making it difficult to determine which are sufficient for insoluble metal (or electrode) reduction. 

Indirect electron transfer to insoluble acceptors was also reported, but until recently, the 

endogenous mediators used in this process were unidentified. It has now been shown that flavins 

are used by S. oneidensis as soluble electron carriers (78, 128).  

Escherichia coli 

E. coli is a Gram-negative, heterotrophic, facultative anaerobe belonging to the 

Gammaproteobacteria. It is the best-studied prokaryote, with minimal nutrient requirements and 

a short generation time. Excellent genetic tools are available and several complete E. coli strain 

genome sequences have been published and well annotated. These characteristics all contribute 
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to making E. coli an ideal organism for basic and applied research projects. E. coli has been used 

extensively by all types of researchers as a molecular biology tool, by microbiologists as a model 

system, and by the biotechnology industry for production of everything from pharmaceuticals to 

fuels. 

E. coli Central Metabolism 

The primary central metabolic pathways of E. coli that are involved in aerobic glucose 

catabolism (Figure 1-3) consist of glycolysis (Embden-Meyerhof-Parnas pathway), intermediate 

(pyruvate) metabolism, and the tricarboxylic acid cycle (TCA cycle, also called the Krebs or 

citric acid cycle).  E. coli has a wide substrate range and is capable, under aerobic conditions, of 

completely oxidizing a variety of organic compounds including: sugars (hexoses and pentoses), 

sugar alcohols, organic acids, fats, and proteins. E. coli can synthesize all amino acids, nucleic 

acids and cofactors needed for its growth and metabolism, and can be cultured in a mineral salts 

medium. It can respire anaerobically and can use nitrate, nitrite, DMSO, TMAO, or fumarate as 

terminal electron acceptors. However, E. coli is not generally capable of mediatorless 

extracellular electron transfer. There have been reports of strains of E. coli that have been 

serially transferred in MFCs to select for mediatorless extracellular electron transfer (97, 129), 

but further characterization of these strains has not been reported, nor have the initial reports 

been independently confirmed. In the absence of exogenous electron acceptors, E. coli 

metabolizes sugars via mixed acid fermentation. Primary fermentation products are lactate, 

acetate, formate and ethanol, accompanied by succinate and pyruvate as side products. Under 

these conditions, the TCA cycle is not complete and flux to succinate and α-ketoglutarate is via 

reductive and oxidative branches (respectively) of the split pathway. In addition, flux through the 

pyruvate dehydrogenase (PDH) complex, also important in aerobic catabolism, is greatly 
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diminished. The control of flux through these metabolic pathways is primarily exerted by the 

cellular ATP/ADP and NADH/NAD
+
 ratios. 

ATP/ADP ratio 

The ratio of ATP to ADP has been shown to be largely responsible for control of flux 

through glycolysis. By overexpressing the genes of the F1 sector (cytoplasmic ATPase portion) 

of the F1FO ATP synthase, Koebmann et al. determined that greater than 75% of glycolytic  flux 

control is exerted by ATP/ADP (63). Therefore overexpression of genes encoding glycolytic 

enzymes had little effect upon glycolytic flux. Other groups have reported that futile metabolic 

cycles (gratuitously consuming energy) increase the rate of glucose catabolism as well (67, 91). 

Disruption of the atp operon (encoding the subunits of the F1FO ATP synthase) eliminates 

oxidative phosphorylation, decreasing the ATP/ADP ratio and increasing the rate of glycolysis 

(52). The ATP/ADP ratio affects the rate of glucose catabolism through substrate limitation and 

by allosteric control of key glycolytic enzymes (20). Manipulation of the ATP/ADP ratio by the 

abovementioned means has been successfully used to increase production rates of compounds 

such as acetate (20) and pyruvate (19) in E. coli, and glutamic acid in Corynebacterium 

glutamicum (5). 

Cellular redox balance 

The cellular NADH/NAD
+ 

ratio is another critical factor in determining metabolic flux and 

routing in E. coli. In the context of the complete and rapid oxidation of glucose, this ratio must 

be kept low. Increased glycolytic flux without a similar increase in the rate of NADH reoxidation 

will result in the incomplete catabolism of the glucose. In the absence of oxygen or other 

exogenous electron acceptors, respiration is not possible and the NADH/NAD
+
 ratio is elevated 

(109). Fermentative pathways permit the reoxidation of the NADH via reduction of intracellular 

metabolites such as pyruvate and acetyl-CoA, but limit MFC yield and stable operation. Even in 
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the presence of an exogenous electron acceptor, the respiratory chain can become rate-limiting, 

leading to phenomena such as acetate overflow metabolism (76, 124). High glycolytic flux 

results in a high NADH production rate. If NADH cannot be reoxidized rapidly enough by the 

respiratory chain, NADH can limit flux through the TCA cycle and divert carbon to acetate via 

the phosphotransacetylase-acetate kinase (PTA-ACK) pathway. This shunting to acetate avoids 

the extra reducing equivalents that would otherwise be produced via the TCA cycle and helps to 

maintain redox balance. NADH exerts its negative control of TCA cycle flux primarily through 

transcriptional regulation, through allosteric inhibition of key enzymes, and through its inhibition 

of dihydrolipamide dehydrogenase (the E3 component of both PDH and α-KGDH). Overcoming 

the problem of rate and yield limitation due to redox imbalance requires either increasing the rate 

of NADH oxidation, or removing the negative controls of NADH over PDH and the TCA cycle. 

Both approaches have resulted in some success. Vemuri et al. have combined these approaches 

to address the problem of acetate overflow metabolism (124), using an engineered arcA deletion 

strain expressing a gene from Streptococcus pneumoniae encoding a water-forming NADH 

dehydrogenase. Veit et al. replaced the sdhC promoter region to eliminate repression of gltA 

(encoding citrate synthase) and of the sdhCDAB-sucABCD operon (123). The intergenic region 

between gltA and sdhC contains several ArcA-P binding sites (28), as well as binding sites for 

cAMP-CRP (cyclic AMP-bound catabolite repressor protein) and FNR. FNR and ArcA-P are 

redox sensitive (ArcA is the response regulator of the ArcAB system and is phosphorylated by 

ArcB under reducing conditions) transcriptional dual regulators (77). Kim et al. characterized an 

lpd (encoding dihydrolipoamide dehydrogenase) mutant whose PDH activity is less sensitive to 

NADH inhibition (62). Each of these strategies for increasing flux through intermediate 

metabolism and the TCA cycle has been shown to be beneficial and several are incorporated into 
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our study. However, the more global approach to solving this problem of increasing flux by 

directly addressing the reoxidation of NADH is simpler and may be more effective than trying to 

remove individual bottlenecks. This work will therefore focus upon maintaining a low 

NADH/NAD
+
 ratio to enable higher electron yields from glucose while increasing the catabolic 

rate by keeping the ATP/ADP ratio low. 

Electron Transport 

Unlike the DMRB, E. coli is incapable of extracellular electron transfer in the absence of 

exogenous electron acceptors. The electron transport chain is confined primarily to the inner 

membrane, with a few periplasmic proteins that function in nitrate and nitrite reduction. There 

are no outer membrane cytochromes in E. coli and therefore no conduit for the electrons from 

glucose metabolism to cross the outer membrane. Nor are there any confirmed reports of native 

E. coli producing diffusible electron carriers (such as the flavins of Shewanella species) for 

extracellular electron transfer. 

 The electron transport chain of E. coli can contain several different dehydrogenases and 

terminal oxidases, connected by the quinone pool (17). Our study primarily discusses the 

components normally involved in aerobic (and nitrate) respiration, with NADH as the primary 

electron donor. It is important to note, however, the presence (under the appropriate conditions) 

of dehydrogenases that accept electrons from: glucose, lactate, pyruvate, succinate, formate 

hydrogen, and glycerol-3-phosphate. Also, DMSO, TMAO, nitrate, nitrite and fumarate 

reductases can accept electrons from the quinone pool. 

With all of its dehydrogenases and terminal reductases, along with three types of quinones 

(ubiquinone, menaquinone, and dimethylmenaquinone) there are a number of possible 

combinations and therefore many possible electron transport chains. In reality, the cellular redox 

potential and energy state determine the path of the electrons. The greater the difference in 
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potential between the electron donor and the terminal electron acceptor, the more energy that is 

available from the overall reaction and the more proton-translocating coupling steps that are 

involved. Electron donor and acceptor pairs with small differences in potential, such as formate 

and DMSO, are not energy conserving transfer pathways, whereas NADH and oxygen (aerobic 

respiration) provide the greatest potential difference that can result in the most proton 

translocation for energy conservation. Therefore, when oxygen is available, the cell can derive 

more energy from using the aerobic respiratory chain than from respiration with any other 

acceptors. 

Engineered E. coli as a Clean Background Model for Dissimilatory Metal Reduction and as 

a Biocatalyst for Increased MFC Power Output 

Despite significantly improved models of extracellular electron transport systems in 

bacteria such as Shewanella and Geobacter species, much is still unknown about these systems. 

In particular, it has not been easy to determine which components are sufficient for the reduction 

of extracellular acceptors. This is primarily due to the large number of periplasmic and outer 

membrane cytochromes that are present in these DMRB. There is a complicated and redundant 

set of electron transfer pathways, with some leading to specific terminal electron acceptors and 

some pathways that can be used for reduction of many different types of acceptors. E. coli offers 

a clean background in which to assemble the minimal set of components to allow reduction of 

extracellular acceptors. The extracellular electron transport chain of S. oneidensis MR-1 is the 

best studied system and Pitts et al. have already demonstrated that the periplasmic MtrA, 

heterologously produced in E. coli, can accept electrons from the native NapC (94). Further, the 

outer membrane cytochromes OmcA and MtrC from S. oneidensis have been produced in E. coli 

and can localize to the outer face of the OM, permitting their reduction and oxidation by 
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chemical agents (34). However, the chain has not yet been completed and the minimal set of 

proteins (and other carriers) has not been determined. 

The establishment of mediatorless extracellular electron transport in E. coli could also be 

useful for production of bioelectricity in an MFC. Combining the broad substrate range, ease of 

genetic manipulation and high productivity of E. coli with an extracellular electron transport 

system would provide an excellent biocatalyst for robust and versatile MFCs. Such a strain could 

be readily engineered and adapted to provide high power output and high Coulombic efficiency. 
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Figure 1-1. Example of a simple two-chambered microbial fuel cell. The current (I) is shown 

counter to the flow of electrons (e
-
) by convention. Potassium ferricyanide is used as 

the oxidant in the cathode chamber in this example. Argon gas is used to maintain 

anaerobic anode chamber. Light rectangles represent microbial biocatalyst. Filled and 

open circles, oxidized and reduced diffusible mediator dye (respectively). 
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Figure 1-2. Simple model of extracellular electron transfer in Shewanella oneidensis. Light blue 

arrows represent electron transfer. Xred/ox, reduced/oxidized dehydrogenase 

substrate; DH, formate (or other cytoplasmic membrane-associated) dehydrogenase; 

Q, quinone pool; CymA, cytoplasmic membrane associated c-type cytochrome; 

MtrA, periplasmic c-type cytochrome, OmcA and MtrC, outer membrane associated 

c-type cytochromes; MtrB, protein of unknown function (complexes with OmcA and 

MtrC). Electron transfer to MtrA may be directly from CymA or via an (unknown) 

intermediate. Some putative components of system omitted. 
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Figure 1-3. Simplified view of central metabolism of aerobically cultured Escherichia coli 

ATCC 8739. Glyoxylate shunt (grayed, dotted lines) is not active and is omitted. 

Major fermentation pathways are not active and are shown in gray, with dotted lines. 

Inset shows simplified oxidative phosphorylation with the electron transport system 

(ETS) driving the net translocation of protons into the periplasmic space (Out) and 

their return to the cytoplasm (In) through the F1FO ATP synthase. Reducing 

equivalents are shown as electrons (e
-
) and ATP is shown as ~P for simplicity. Pi, 

inorganic phosphate. 
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CHAPTER 2 

PHYSIOLOGY AND METABOLISM OF AN E. COLI ATCC 8739 STRAIN LACKING THE 

STATOR STALK OF THE ATP SYNTHASE 

Introduction 

The F1FO ATP synthase of Escherichia coli is a well-studied molecular motor which 

couples the proton potential generated by electron transport through the respiratory chain with 

the phosphorylation of ADP. The complex is composed of two sectors, a cytoplasmic membrane-

bound FO sector and a catalytic F1 sector. The FO sector is made up of an a subunit, a ring of c 

subunits and two b subunits. The γ, ε, α, β and δ subunits comprise the F1 sector. The structure of 

the F1FO ATP synthase has been reviewed by others (41, 130). 

Functionally, the FO sector contains the channel (between the a and c subunits) through 

which protons are translocated across the membrane, causing the rotation of the c subunit rotor 

and its γ subunit shaft (16, 87).  The b and δ subunits make up the stator stalk (112), which 

tethers the α and β subunit complex of the cytoplasmic F1 sector to the a subunit of the FO sector 

and holds it steady against the rotation of the γ subunit.  This rotation drives the phosphorylation 

of ADP within the stator of the F1 sector.  The process is reversible, with ATP hydrolysis capable 

of pumping protons out of the cytoplasm (29). Thus the F1FO ATP synthase is able to tightly 

control the cytoplasmic pH over a wide range of conditions (140), in addition to its more 

commonly discussed role in oxidative phosphorylation. 

The eight genes encoding the structural subunits of the E. coli F1FO ATP synthase are part 

of a nine gene operon (atpIBEFHAGDC), where atpI does not code for a structural subunit of the 

F1FO ATP synthase, but may have a regulatory function (37) or might assist in assembly of the 

complex (90). The other genes encode, respectively (with subunit stoichiometry): a1, c10, b2, δ1, 

α3, γ1, β3 and ε1 (Figure 2-1).   
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Flux through glycolysis is increased through overexpression of F1 genes (63) or by 

disruption of the atp operon (20, 52, 86). The first approach lowers the cellular ATP/ADP ratio 

as a result of gratuitous cytoplasmic F1 ATPase activity.  Control of glycolytic flux is largely 

dependent upon this ratio (63). The lower ATP/ADP ratio in strains with deletions in the atp 

operon leads to an increase in glycolytic flux via activation of phosphofructokinase by ADP and 

AMP (32), AMP activation of pyruvate kinase (121) and inhibition of the gluconeogenic fructose 

bisphosphatase by AMP (7). The increase in ADP availability for phosphoglycerate kinase and 

pyruvate kinase is also stimulatory. This leads to an increased pyruvate pool and acetate 

overflow metabolism, since downstream steps become rate limiting (27). The primary reason for 

this rate limitation seems to be the inability of the respiratory chain to reoxidize the NADH 

produced by glucose catabolism (19). This respiratory limitation is partially alleviated because 

increased pyruvate levels inactivate the pyruvate dehydrogenase repressor (PdhR). PdhR has 

been found to negatively regulate transcription of ndh and cyoABCDE (encoding cytochrome 

bo3) (89). 

Mutation of the atp operon by insertion or deletion also lowers the ATP/ADP ratio by 

eliminating oxidative phosphorylation. Deletion of the atpFH genes physically uncouples the F1 

and FO sectors through the elimination of the second stalk and can further lower the ratio through 

a combination of the abovementioned effects (20). Other atp operon deletion strains are partially 

complemented with the F1 genes expressed from a plasmid (63). Previous work in our laboratory 

used atpFH deletion strains to produce acetate and pyruvate with high rates and yields (19, 20). 

These strains have high flux from glucose to acetate or to pyruvate when oxidative routes to 

acetate are eliminated. 
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Here I have made a detailed investigation of the physiology and metabolism of an atpFH 

deletion strain. Respiratory and overall electron transfer routes were examined by measurement 

of cytoplasmic membrane associated NADH oxidation and of dye reduction activities. Relative 

transmembrane proton conductance and membrane potentials were evaluated. I underscore the 

important role of the F1FO ATP synthase in pH homeostasis and in metabolic flux distribution for 

cellular redox balance. 

Materials and Methods 

Growth of Cultures and Media 

The strains used in this study are derivatives of E. coli ATCC 8739 (Table 1-1). Unless 

otherwise specified, cells were grown aerobically in NBS mineral salts (20), containing MOPS 

(4-morpholinopropanesulphonic acid, 0.1 M, pH 7.4) and glucose (50 mM glucose), using  

baffled flasks (50 ml broth in 250 ml flasks, 250 rpm, 37°C ). LB and LB agar plates were used 

only for plasmid and strain construction. Glucose was included (20 g/liter) for strains that 

contained deletions in the atp operon. Antibiotics were included as appropriate (kanamycin, 50 

mg/liter; ampicillin, 100 mg/liter; chloramphenicol, 40 mg/liter). Arabinose (20 g/liter) was used 

to induce expression of Red recombinase genes (strain construction).  

Anaerobic Batch Fermentation 

Fermentations were done in 500 ml vessels (250 ml working volume, 37°C, 150 rpm) 

under argon. Cells were grown in NBSM mineral salts with glucose (50 mM glucose). Samples 

were removed for the measurement of pH, optical density (cell mass), and fermentation products 

(by high pressure liquid chromatography, HPLC). 

Construction of ATP Synthase Gene Deletions  

E. coli ATCC 8739 was used as the parental strain for all modifications. PCR primers, 

plasmids and strains used in this work are listed in Table 1-1. Standard methods (103) were used 
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in PCR amplification, plasmid construction, and transformations. Deletions were made by Red 

recombinase (30) catalyzed integration of an FRT (FLP recognition target)-flanked cassette 

containing a selective antibiotic marker. This cassette was excised by a FLP recombinase-

catalyzed intramolecular recombination (95), leaving a single FRT-containing sequence artifact. 

FLP recombinase also enabled the removal of longer chromosomal sequences between similarly 

oriented FRT sites from two individual deletions. 

 A portion of atpD was deleted to produce JC10. Primers JMatpC-CKpnI and JMatpD-

NNdeI were used to amplify part of atpC through part of atpD from ATCC 8739 genomic DNA 

by PCR. The product was cloned into pCR2.1-TOPO (Invitrogen, Carlsbad, CA) to produce 

pLOI4135. The KpnI/NdeI atpCD‟ fragment was inserted into the corresponding sites within the 

multiple cloning site of pFLAG-CTC to produce pLOI4123. The EcoRI/SmaI FRT-kan-FRT 

fragment from pLOI2511 was ligated into the StuI/EcoRI-digested inside-out PCR product 

(JMatpD-StuI/ JMatpD-EcoRI primers, pLOI4123 template). The resulting plasmid (pLOI4125) 

was digested with KpnI/NdeI and used a template for PCR with JMatpC-CKpnI and JMatpD-

NNdeI primers. Construction of JC07 was by Red recombinase facilitated, double-crossover 

homologous recombination with the PCR product and ATCC 8739 transformed with pKD46 

(30). The successful integrants were selected for chloramphenicol resistance. The FRT-flanked 

chloramphenicol marker was removed via the FLP recombinase method previously described 

(79, 95) to produce JC10. 

Replacement of atpFH with FRT-cat-FRT in ATCC 8739 and JC10, followed by FLP 

recombination, resulted (respectively) in strains JC27 (ΔatpFH) and JC25 (ΔatpFHAGD). JC25 

resulted from an FLP recombinase-catalyzed excision of sequence between integration sites. 

JMatpFHdownKpnI and JMatpFHupNdeI primers were used for PCR cloning of atpFH 
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(pLOI4139) and for amplification of the fragment for integration (from pLOI4134). Primers 

JMatpFH-StuI and JMatpFH-EcoRI were used for inside-out PCR. The StuI/EcoRI FRT-cat-

FRT fragment from pLOI4131 was ligated into the StuI/EcoRI-digested inside-out PCR product 

(for pLOI4134).  

Dye Reduction Assay 

Electron transfer rates were determined during glucose catabolism using methylene blue 

(MB, colorless in reduced form) as the terminal electron acceptor (8, 84). Specific rates were 

measured using aerobically grown cultures (NBSM, 10 g/liter glucose) harvested in early 

exponential growth (approximately 0.33 gDCM/liter). Equal volumes (1.5 ml each) of culture 

and medium containing carboxymethylcellulose (10 g/liter) and MB (50 μM) were mixed in a 

stoppered cuvette. Carboxymethylcellulose was included to increase viscosity and minimize 

mixing of the oxidized surface. Change in A609nm was monitored at 37°C and used to calculate 

the specific rate of dye reduction. 

Enzyme Assays  

Cells were lysed and fractionated for the determination of membrane-associated NADH 

dehydrogenase, NADH oxidase, and TMPD (N,N,N‟,N‟-tetramethyl-phenylenediamine) oxidase 

activities. Aerobic cultures (50 ml) were harvested (0.33 gDCM/liter) by centrifugation and 

stored overnight at -20°C. Pellets were thawed on ice, washed with 10 ml ice-cold TM buffer (50 

mM Tris-HCl, 10 mM MgSO4, pH 7.5) and suspended to a cell density of 0.35 gDCM/liter in 

ice-cold TM buffer containing 10 μg/ml DNase I. Cells were disrupted by passage though a 

French pressure cell at 14,000 psi. Unbroken cells and debris were removed by two 

centrifugation steps (10 min each, 8,000×g, 4°C). Supernatant volumes were adjusted to 10 ml 

with TM buffer and membrane pellets prepared by ultracentrifugation (1 h, 165,000×g, 4°C). 

Membrane pellets were homogenized (vortex mixing and Teflon homogenizer) in 1 ml of TM 
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buffer. Both the supernatants (cytoplasmic fractions) and membrane fractions (membrane 

vesicles, MVs) were held on ice and used immediately for enzyme assays. Enzyme activities 

were measured at room temperature (22°C). Values reported are from triplicate determinations of 

two independent samples. Activities are expressed as nmol min
-1

 mg protein
-1

.  

Total membrane-bound NADH oxidation activity was determined spectrophotometrically 

(340 nm) using the molar extinction coefficient of NADH (6220 M
-1

 cm
-1

). Reactions were 

initiated by adding MVs (30 μg protein) to a 1 ml assay mixture containing TM buffer and 0.25 

mM NADH (110). Deamino-NADH (d-NADH) oxidation was used to measure the NADH 

oxidase activity from the proton-translocating NADH dehydrogenase (NDH-1) in a similar 

manner. Note that deamino-NADH is a substrate for NDH-1, but not for NDH-2 (81). 

Membrane-bound NADH dehydrogenase activity was measured spectrophotometrically 

(110) using potassium ferricyanide as the electron acceptor. KCN was included in the reaction 

mix to inhibit cytochrome oxidase activity. NADH (0.5 mM, final) was used as substrate to 

measure combined NDH activities. The deamino-NADH (0.5 mM, final) was used to measure 

NDH-1. Reactions were initiated by addition of MVs (30 μg protein). 

Cytochrome oxidase activity was measured as the oxidation of TMPD (53) at 609 nm 

using the molar extinction coefficient for oxidized TMPD (12,200 M
-1

·cm
-1

). Reactions were 

initiated by adding MVs (30 μg protein). 

SDS Electrophoresis and Immunoblotting  

MVs (approximately 5 μg protein) were incubated for 1 h at room temperature in reducing 

SDS sample buffer (46) and resolved by electrophoresis using 12% polyacrylamide slabs (200 V 

for 35 min) with Tris-glycine running buffer (65). Protein was transferred to a polyvinylidene 

fluoride (PVDF, Hybond) membrane (44) and blocked with 5% (w/v) nonfat powdered milk. 

Primary rabbit antisera against subunits a and c (provided by Dr. Robert Fillingame) were diluted 
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(1:5,000 and 1:10,000, respectively), combined and incubated with the PVDF membrane (1 h at 

ambient temperature). Alkaline phosphatase-conjugated goat anti-rabbit secondary antibody was 

diluted (1:10,000 in TBS-Tween20) and incubated with the PVDF membrane (40 min at ambient 

temperature). The washed membrane was then developed as previously described (44) with 

bromochloroindolyl phosphate/nitro blue tetrazolium (BCIP/NBT) as a substrate, rinsed in 

deionized water and dried for imaging. 

Analyses 

Glucose and organic acids concentrations were measured by HPLC using an HP 1090 

Series II equipped with refractive index and UV(210 nm) detectors, a Bio-Rad HPX-87H column 

and with a 4 mM H2SO4 mobile phase (20). Cell mass was estimated by measuring optical 

density at 550 nm using a Bausch & Lomb Spectronic 70 spectrophotometer (1 OD550 is 

equivalent to 0.33 gDCM/liter). Protein concentration was determined using the bicinchoninic 

acid method (BCA Protein Assay Kit, Thermo Scientific, Rockford, IL), with bovine serum 

albumin as a protein standard. 

Results 

Construction of JC25 and JC27 Through Targeted Deletions in atp Operon 

Two isogenic strains were constructed using ATCC 8739 by making targeted deletions in 

the atp operon (Table 2-1, Figure 2-1). Both of the deletion strains lacked the genes encoding the 

b and δ subunits of the stator (peripheral) stalk (SS) of the F1FO ATP synthase (33 bp of atpF, 

encoding the first 11 amino acids of the b subunit, remained in JC25 and JC27). In addition, 

JC25 lacked the F1 sector genes (atpC remained). These strains provided a clean genetic 

background and a means to compare the metabolic and physiological effects of removal of each 

of these major F1FO ATP synthase structural elements, in vivo.  
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The membrane proteins from aerobically grown ATCC 8739 and  JC27 were 

electrophoretically separated by SDS-PAGE and subjected to immunoblotting to determine 

whether or not subunits a and c were present in the membrane of JC27 (Figure 2-2). Subunit c 

was present in the membrane fraction of JC27, but subunit a was absent. The band that migrated 

just above subunit a was due to nonspecific labeling, as confirmed by its presence in the 

membrane fraction of an FO
-
 strain (Figure 2-2, lane 3). This result is consistent with previous 

reports of incomplete FO assembly in the absence of the b subunit (46). In particular, JC27 lacks 

codons for residues that have been found to contact the a subunit (82). These results show that 

JC27 is functionally FO
-
 and should not allow FO sector-mediated proton transduction across the 

inner membrane. The FO transmembrane proton channel has been reported to be at the interface 

between a and c subunits (113). While the JC25 membrane fraction was not analyzed, it likely 

contained only the c subunits of the FO sector, since it (like JC27) was missing the b subunit. The 

only genotypic difference between JC27 and JC25 is the presence of the genes for the subunits of 

the F1 (ATPase) sector in the former. Therefore, both stains were expected to lack oxidative 

phosphorylation and any phenotypic difference should have resulted from gratuitous ATP 

hydrolysis in JC27 (20).   

Comparison of Aerobic Growth Rates and Yields  

The maximum specific growth rates (μ), cell densities and biomass yields from glucose 

(Yg) of the strains ATCC 8739, JC25, and JC27, grown aerobically in a mineral salts medium, 

were compared in order to characterize the effects of each deletion in the atp operon (Table 2-2). 

The growth rate and Yg of JC27 were approximately 30% and 50% lower, respectively, than 

ATCC 8739.  Growth rates and cell yields of the JC25 and JC27 strains were similar.  



 

47 

Product Formation and Specific Rates of Glucose Consumption  

Both strains with deletions in the atp operon had approximately 44% higher specific rates 

of glucose consumption (Jgluc) vs. the wild type, when the cultures were grown aerobically 

(Table 2-2). The higher glucose consumption rates were consistent with those reported for other 

atp mutants (20, 52, 86). 

 There have been few studies of the product profiles of E. coli strains with targeted atp 

operon deletions grown aerobically in glucose mineral salts medium (20, 86). However, the 

accumulation of acetate by the modified strains (Figure 2-3) was not unexpected, given the 

increased glycolytic flux and the well-established phenomenon of overflow metabolism to 

acetate (123, 124). Furthermore, others have used engineered atp strains to produce high titers of 

acetate and pyruvate from glucose (20, 135). JC25 produced 22.3 mM acetate from 50 mM 

glucose by 11 h, after which the acetate levels decreased slightly to 14.3 mM by 24 h. JC27 

accumulated 21.1 mM acetate by 11 h, which decreased to 15.5 mM by 24 h. In contrast, the 

wild type strain transiently produced a small amount of acetate (3.2 mM) by 8 h, which was 

undetectable by 9 h. JC25 and JC27 transiently produced a small amount of pyruvate and trace 

amounts of lactate. Most of the acetate produced in the mutant strains was not subsequently 

catabolized by the cells, presumably due to energetic constraints. Both of the primary acetate 

assimilation pathways require one ATP per acetate for conversion to acetyl-CoA. In the absence 

of oxidative phosphorylation, there is no net energetic benefit in catabolism of acetate, because a 

maximum of one ATP per acetyl-CoA can be gained via the TCA cycle.  

Methylene Blue Reduction Rates  

The rates of net electron transfer from glucose catabolism in aerobically grown cultures 

were evaluated on the basis of the specific rates of reduction of MB (vredMB). MB is a membrane 

permeable, water-soluble phenothiazine redox dye with a standard biological midpoint potential 
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of +0.011V. It has been used as an indicator of bacterial metabolism in the food industry (2) and 

to quantitate viable E. coli cells on the basis of total reducing power (8). The dye changes from 

blue in its oxidized form (absorbance max at 609 nm) to colorless when reduced, in a two-

electron transfer. The oxidative phosphorylation-deficient strains showed higher vredMB values 

than the wild type strain (Figure 2-4). Strain JC27 (ΔatpFH) had a vredMB that was over six-fold 

higher than that of the wild type (100.3 vs. 16.3 nmol min
-1

 mgDCM
-1

, respectively). JC25 

(ΔatpFHAGD) lacked the F1 sector and exhibited a vredMB that was five-fold higher (82.0 nmol 

min
-1

 mgDCM
-1

) than ATCC 8739.  These results suggest that elimination of oxidative 

phosphorylation is responsible for most of the increase in vredMB observed for the strains with 

deletions in the atp operon. The slightly higher rate of MB reduction shown by JC27 (vs. JC25) 

may have been due to the effect of gratuitous ATP hydrolysis. While the glucose-dependent 

reduction of MB allowed the measurement of the rate of production of reducing equivalents, it 

did not show which pathways were used for reoxidation of reduced cofactors in these strains. 

Anaerobic vs. Aerobic Growth Rates and Metabolism  

Strains lacking oxidative phosphorylation were expected to grow similarly in the presence 

or absence of oxygen. To test this hypothesis, ATCC8739 (wild type) and JC27 ( atpFH) were 

grown anaerobically in glucose minimal medium and their growth rates compared with the 

aerobic cultures (Figure 2-5). As mentioned above, the absence of oxidative phosphorylation led 

to the lower growth rate of JC27 under aerobic conditions. As expected, the growth rate of the 

wild type was lower (0.604 h
-1

, 59% of aerobic culture growth rate) in the absence of oxygen. 

However, a surprisingly lower growth rate (0.357 h
-1

, 48% of aerobic culture growth rate) was 

seen in JC27 anaerobic cultures. The difference cannot be attributed to a lower ATP yield in 

JC27. Therefore, it is likely to be the result of limitations imposed by the lower cellular redox 
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potential and the need to maintain the PMF via ATP hydrolysis-driven proton pumping by the 

F1FO ATP synthase (ATPase). 

Anaerobic growth, under tested conditions, was not glucose-limited for either of the 

strains. While ATCC 8739 consumed all glucose (50 mM initial conc.) by 30 h, it reached its 

maximum cell density of approximately 0.90 gDCM/liter
 
by 13 h. JC27 cultures had only 

consumed 19 mM glucose and reached a maximum cell density of approximately 0.17 

gDCM/liter by 30 h. The pH of the medium dropped from an initial value of 7.2 to 5.0 by 30 h in 

the ATCC 8739 culture, whereas the the pH of the medium in JC27 cultures only decreased to 

6.7 by 30 h. By the time JC27 growth reached a maximum (16 h) the total concentration of 

reduced products measured (lactate, succinate and ethanol) was 8.5 mM. Total acids produced 

(pyruvate, succinate, lactate, formate and acetate) were 16.1 mM, from 7.1 mM of consumed 

glucose. These results indicate that the anaerobic growth of JC27 was limited by its inability to 

maintain an optimal cytoplasmic pH and the necessary proton motive force due to the lack of an 

ATP-driven proton pump.  

NADH Oxidase and NADH Dehydrogenase Activities  

Membrane vesicles were used to measure membrane-associated NADH oxidation (Table 

2-3). The rate of oxidation of NADH by JC27 MVs was 2.5-fold higher than ATCC 8739. Rates 

of d-NADH oxidation were at least 30-fold lower than NADH oxidation, suggesting that very 

little NDH-1 activity was present and that NDH-2 (non-proton translocating) was primarily being 

used in the aerobic respiratory chains, under tested conditions. 

As the rate of NADH oxidation by JC27 MVs was higher than the parent, it was important 

to measure NDH-2 NADH dehydrogenase activities in the MVs to determine whether higher 

NDH-2 levels were responsible for the elevated rate of NADH oxidtion by the entire electron 

transport chain. Potassium ferricyanide was used in the NADH dehydrogenase assays as the 
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electron acceptor and cyanide was included to inhibit the terminal oxidases. NADH 

dehydrogenase activity of JC27 MVs was 1.7-fold that of ATCC 8739 (Table 2-3). The higher 

NADH dehydrogenase activity in JC27 is consistent with previous findings with an atpA mutant 

(86). 

Cytochrome Oxidase Activity 

There are two types of enzymes of the E. coli aerobic respiratory chain that are involved in 

the transfer of electrons from NADH to molecular oxygen (54, 118). The first is an NADH 

dehydrogenase (NDH-1 or NDH-2) and the second is a cytochrome oxidase (cytochrome bo, 

cytochrome bd-I, or cytochrome bd-II). These two complexes represent the two energy coupling 

sites in the aerobic electron transport chain (Figure 2-6). Different levels of either type of 

enzyme could have been responsible for the higher rate of NADH oxidation observed for JC27. 

Having determined that NDH levels were likely to be a major factor in the difference, MV 

cytochrome oxidase activity was measured using TMPD as the substrate. TMPD oxidase activity 

in JC27 MVs was approximately 1.3-fold higher than that of the parent strain MVs (Table 2-3). 

The higher TMPD oxidase activity in JC27 MVs is probably due to higher levels of cytochrome 

bd (86). 

Discussion 

Deletions (or other disruptions) in the atp operon eliminate oxidative phosphorylation, 

lowering the ATP/ADP ratio and increasing the rate of glucose catabolism as a result. Targeted 

deletion of atpFH in ATCC 8739 increased the rate of glucose catabolism, but resulted in 

accumulation of acetate in aerobic batch cultures. Acetate overflow metabolism is thought to 

result from a redox imbalance, which makes additional flux through the TCA cycle (and its 

production of extra reducing equivalents) undesirable (124). Flux is shunted from acetyl-coA 

through the PTA-ACK pathway to acetate, providing one ATP per acetyl-CoA, but avoiding 
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production of additional reducing equivalents. This suggests that despite its higher rate of NADH 

oxidation, the respiratory chain of JC27 may still be rate-limiting. However, the experimental 

evidence presented here does not clearly support that hypothesis. The JC27 MV NADH 

oxidation rate (2.5-fold that of the parent) should be sufficient to reoxidize the elevated rate of 

glucose catabolism (1.4-fold that of the parent). Perhaps, in vivo, even the higher rate of 

reoxidation of NADH by the JC27 respiratory chain is rate-limiting. The absence of the F1FO 

ATP synthase in the proton circuit of JC27 (Figure 2-6) may allow a higher respiratory rate, as 

reported in other atp mutants (52, 86). Although there are other components of the 

transmembrane proton circuit (such as transporters and flagella) that can dissipate the gradient 

formed by electron transport, JC27 can be viewed as having a “short” circuit (or at least lower 

resistance) because the “load” (the F1FO ATP synthase) is missing. Higher NADH 

dehydrogenase activity provides a higher rate of electron transport, in conjunction with higher 

levels of terminal oxidase activity. Increases in NDH and cytochrome oxidase activity were 

reported to be primarily due to higher levels of non-proton translocating NDH (NDH-2) and 

cytochrome oxidase (cyt-bd) in another atp mutant (86). These changes could allow higher 

respiratory rates without being limited by an excessive proton gradient. However, in vivo 

electron transport may not be able to compensate for the higher rate of glucose catabolism in 

JC27. 

Alternatively, pyridine nucleotide transhydrogenase (such as UdhA) activity (104) may 

limit the TCA cycle (NADP limitation of isocitrate dehydrogenase). The TCA cycle is subject to 

complex regulation and there may be other explanations for the observed flux to acetate in JC27. 

However, reports of using cofactor engineering (manipulating NADH/NAD
+
) to overcome the 

acetate overflow problem (124, 125) support the hypothesis that respiratory chain NADH 
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reoxidation limits the TCA cycle. This work aims to test this hypothesis in ATCC 8739, as part 

of the overall goal to transform the stored energy in glucose to useful electrical energy, with high 

rate and yield. 
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Table 2-1. Strains, plasmids, and PCR primers 

Strain/plasmid/primer Relevant features Reference/source 

E. coli   

ATCC 8739 Parent strain ATCC 

JC07 ATCC 8739, ΔatpD::FRT-kan-FRT  

JC10 ATCC 8739, ΔatpD::FRT This study 

JC22 JC10, ΔatpFH::FRT-cat-FRT  

JC24 ATCC 8739, ΔatpFH::FRT-cat-FRT This study 

JC25 ATCC 8739, ΔatpFHAGD::FRT This study 

JC27 ATCC 8739, ΔatpFH::FRT This study 

Plasmids   

pCR2.1-TOPO Cloning vector, bla, kan Invitrogen 

pKD46 pSC101 rep. (temp. cond.), bla, gam, bet, exo (30) 

pFTA pSC101 rep. (temp. cond.), bla, tetR, flp (79) 

pLOI2511 bla, FRT-kan-FRT (120) 

pLOI4123 bla, „atpDC‟ This study 

PLOI4125 bla, „atpDC‟::FRT-kan-FRT This study 

pLOI4131 bla, FRT-cat-FRT (51) 

pLOI4133 bla, atpFH‟ This study 

pLOI4134 bla, atpFH‟::FRT-cat-FRT This study 

pLOI4135 bla, kan, „atpDC‟ (PCR) in pCR2.1-TOPO This study 

pLOI4139 bla, kan, atpFH‟ (PCR) in pCR2.1-TOPO This study 

Primers   

JMatpC-CKpnI AAGGTACCGCCGTGAGAGCTGCTAAT This study 

JMatpD-NNdeI AACATATGCCGCGCAGCACCTTCCTA This study 

JMatpD-StuI AACAGGCCTTACATGGTCGGTTCCATC This study 

JMatpD-EcoRI AACGAATTCCTGACGGCTCAGTACCAC This study 

JMatpFHdownKpnI AAGGTACCGTCTGCAAGGCGCTCAAG This study 

JMatpFHupNdeI AACATATGGAAGGCGCAGCGCGTCAA This study 

JMatpFH-StuI AACAGGCCTTGCCGCACTGAGTGAACA This study 

JMatpFH-EcoRI AACGAATTCTGGCCTGGCCGAGGATTG This study 
Primer sequences are 5‟ to 3‟, with relevant restriction endonuclease recognition site underlined. Apostrophes before 

or after genes indicate truncation.  
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Table 2-2. Growth and glucose consumption of atp deletion strains 

Strain 

Growth rate                          

(μ [h
-1

] ) 

Max. cell density 

(gDCM·L
-1

) 

Biomass yield        

(gDCM·mmol
-1

) 

Glucose flux                          

(mmol·gDCM
-1

·h
-1

) 

ATCC 8739 1.028 ± 0.013 4.75 ± 0.10 0.095 ± 0.002 10.82 ± 0.18 

JC25 (F1
-
) 0.732 ± 0.014 2.34 ± 0.04 0.047 ± 0.001 15.61 ± 0.19 

JC27 (SS
-
) 0.746 ± 0.007 2.40 ± 0.02 0.048 ± 0.000 15.53 ± 0.02 

All values are reported as mean ± SD, n = 3 
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Table 2-3. Respiratory chain activities 

 

Strain 

NADH oxidase 

(nmol·min
-1

·mg
-1

) 

d-NADH oxidase 

(nmol·min
-1

·mg
-1

) 

NADH dehydrogenase 

(nmol·min
-1

·mg
-1

) 

d-NADH dehydrogenase 

(nmol·min
-1

·mg
-1

) 

TMPD oxidase 

(nmol·min
-1

·mg
-1

) 

ATCC 8739 458.8 ± 46.2 14.9 ± 5.3 1938.0 ±   90.6 467.2 ± 23.9 71.0 ± 11.1 

JC27 1128.1 ± 35.8 24.7 ± 8.3 3315.8 ± 215.4 774.2 ± 37.2 94.7 ±   8.3 
All values are reported as mean ± SD, n = 3 
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Figure 2-1. Genetic organization and gene products of the atpIBEFHAGDC operon with subunits 

shown above coding genes. Dotted lines represent region deleted from operon in the 

listed strains. 
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Figure 2-2. Immunoblot of membrane fractions separated by SDS-PAGE (12%, Tris-glycine). 

Rabbit antisera against subunits a and c were used together as 1° antibodies (1:5000, 

1:10,000, respectively) and goat anti-rabbit-AP 2° antibody was used, with 

NBT/BCIP substrate for detection. Lane 4 contains BioRad Kaleidoscope prestained 

protein standards. 
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Figure 2-3. (A) Growth of aerobic cultures in glucose mineral salts medium. ATCC8739 (wild 

type), squares; JC25 (F1
-
), triangles; JC27 (SS

-
), inverted triangles; JC16 (F1

-
, Fo

-
), 

diamonds; JC29 (Fo
-
), circles. Product formation and glucose consumption by (B) 

ATCC 8739, (C) JC25 and (D) JC27. In (B) through (D): glucose, squares; acetate, 

triangles; lactate, inverted triangles; pyruvate, diamonds; succinate, circles. Error bars 

represent standard error of the mean of triplicate values. 
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Figure 2-4. Net electron transfer from glucose as determined by methylene blue (MB) reduction 

by aerobically grown whole cells of E. coli strains indicated. Initial rates of reduction 

measured by decrease in A609, background subtracted, calculated with MB standard 

curve and normalized by dry cell mass. Error bars represent standard error of the 

mean of quadruplicate values. 
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Figure 2-5. Growth rates of aerobically (open bars) and anaerobically (closed bars) grown 

cultures of E. coli strains indicated. Error bars represent standard error of the mean of 

triplicate values. 
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Figure 2-6. Circuit models for aerobically grown strains with glucose as carbon source. 

Thickness of arrows represents relative flux. NDH, NADH dehydrogenase; Cyt bo, 

Cyt bd, cytochrome bo- or bd-type oxidase; X, proton transporter. The large complex 

shown to the right side of the top panel represents the F1FO ATP synthase of which 

only the c subunit ring is present in the inner membrane of the strains represented in 

the bottom panel. 
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CHAPTER 3 

DEVELOPMENT OF GENETIC TOOLS FOR STREAMLINING CHROMOSOMAL 

MODIFICATION OF E. COLI  

Introduction 

 Development of a strain capable of efficient production of reducing equivalents at high 

rates required several chromosomal modifications within a single genome. Chromosomal 

engineering approaches previously used in our laboratory were not optimal for construction of 

strains with multiple modifications. We constructed tools for use in a streamlined chromosomal 

engineering method based upon Red recombinase-catalyzed homologous recombination and 

levansucrase counterselection. 

Chromosomal Engineering Background  

Genetic engineering through modification of chromosomal DNA has been central to many 

basic and applied studies. Manipulation of genomes through targeted integration or deletion has 

made predictable and stable genotypic alteration possible. Other tools such as random 

chromosomal mutagenesis and gene expression from plasmids have been used with success. 

However, random mutagenesis, using chemicals, transposons, or other means (such as UV 

radiation), is not precise and involves much screening for the desired change. Furthermore, these 

methods can introduce additional unintended changes which can complicate research efforts and 

negatively affect project goals. Plasmids can facilitate introduction of recombinant material and 

permit high levels of expression, but are often difficult to stably maintain over many generations.  

A commonly used approach to making single gene deletions by homologous 

recombination in E. coli is a Red recombinase-catalyzed, “one-step” PCR-based method (30). 

Approximately 50 bp sequences, homologous to regions flanking the site for deletion, are 

included in the 5‟ end of PCR primers. These primers are used to amplify an antibiotic resistance 

marker and the product is used to transform the strain for deletion. The phage λ Red recombinase 
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genes gam, bet and exo are expressed from a helper plasmid with a conditional replicon in the 

strain that is to be modified. The Gam protein (γ) prevents degradation of the linear, dsDNA 

PCR product by E. coli nucleases (55) in the transformed cells. Exo is an exonuclease that 

creates 3‟ ssDNA overhangs which are bound by the Bet protein (β). β catalyzes the homologous 

recombination with the target sequence on the chromosome. Double-crossovers result in the 

replacement of the targeted chromosomal sequence with the PCR-amplified sequence containing 

the antibiotic resistance marker. The Red helper plasmid is cured from the deletion strain to 

prevent undesired effects from low-level expression of the Red genes in the absence of inducer. 

The antibiotic resistance marker can be removed later, by the activity of FLP recombinase (127) 

which can be expressed from another helper plasmid. FLP recombinase recognizes the FRT (FLP 

recognition target) sites that flank the antibiotic resistance gene and catalyzes a site-specific 

excision of the intervening sequence. An 82- to 85-bp scar sequence is left behind, which 

contains a single FRT site, along with stop codons in all reading frames. 

An alternative to FLP-catalyzed antibiotic marker removal is the use of a cassette 

containing selective and counterselective markers. The cassette is integrated into the target by 

homologous recombination, as described above. A second Red recombinase-catalyzed 

recombination event is used to remove or replace the cassette, depending on whether seamless 

deletion or introduction new sequence is desired. Clones that lack the cassette are then recovered 

by counterselection. Counterselective markers used in this type of approach include tetAR (14), 

tolC (33) and sacB (66, 116). The sacB gene encodes a levansucrase, which transfers a fructosyl 

group from sucrose to make levan. In its native organism, Bacillus subtilis (and other levan 

producers), the levansucrase is secreted and the polymerization occurs outside the cell. In B. 

subtilis strains that are engineered to lack the ability to secrete the enzyme, the levan polymer 
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accumulates in the cytoplasm and leads to cell lysis. Levansucrase counterselection is effective 

in E. coli, as it cannot secrete the levansucrase.  

The two-step homologous recombination strategy using selection and counterselection 

offers two significant advantages over the FLP-catalyzed marker removal. The first is the ability 

to make seamless deletions. The FRT-containing scar sequences that are left behind by FLP-

catalyzed marker removal can be problematic, particularly if multiple deletions are to be made. 

Multiple FRT sites in the chromosome can result in rearrangement or excision events (30). Also, 

the FRT scar sequence can serve as a target for undesired integration of FRT-flanked marker 

sequences when deletions or replacements are attempted at other loci (30). Finally, for some 

applications, it is desirable to limit the amount of foreign sequence introduced into the 

chromosome in order to comply with governmental or industrial regulations. 

The selection-counterselection method also permits replacement of chromosomal 

sequences. The popular one-step PCR-based deletion method provides a quick and simple means 

of making single deletions, but it is not suitable for more involved metabolic engineering 

projects. These projects may require multiple deletions and benefit from the ability to introduce 

new genes or regulatory elements into specific target sequences. Our study required multiple 

deletions to alleviate negative control of complete glucose oxidation and to eliminate 

fermentation pathways. We wanted to integrate naoX from S. mutans into the E. coli ATCC 8739 

chromosome to increase the rate of electron transfer to an electrode via a diffusible mediator dye. 

Finally, we wanted to integrate S. oneidensis extracellular electron transfer genes to permit 

mediatorless electron transfer to an electrode. A streamlined method for making chromosomal 

gene replacements or seamless and nonpolar deletions was needed. Much time and effort is spent 

on the planning and construction of plasmids for specific deletions and replacements. pLOI4162 
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was designed to provide a versatile tool to make this process faster and easier. Use of the cassette 

from this plasmid, in conjunction with a two-step Red recombinase-catalyzed homologous 

recombination procedure allows targeted gene deletions that leave behind a minimal sequence 

artifact (18 bp) containing stop codons in all reading frames (Figure 3-1). Alternately, a seamless 

deletion can be made, by using a different second recombination step. A new sequence can be 

used to replace the cassette in the second step, via a simple cloning step.  

While the above tools were designed to simplify new deletions and replacements, our lab 

had many strains with multiple FRT scar sequences in their chromosomes from prior 

chromosomal engineering. We were interested in removing these sequences because they were a 

source of chromosomal instability and further modification was unsustainable because of the 

effects discussed earlier. Also, some of these strains were being used in industrial processes 

where the amount of foreign sequence in the chromosome needed to be minimal, due to 

regulatory requirements. One approach that we could have used to remove these sequences 

would have been to delete them using the same two-step strategy described above, using the 

selective, counterselective cassette from pLOI4162. Another option was to construct a plasmid 

from which circular DNA, containing a single FRT site and lacking an origin of replication, 

could be made easily. This circular DNA would contain both selectable and counterselectable 

markers and would be used to integrate into FRT sites in the chromosome, catalyzed by the FLP 

recombinase (30). Then the FRT-flanked cassette could be removed in a Red-catalyzed 

homologous recombination step. For this purpose, pLOI4151 was constructed and used to 

remove scar sequences from lactate-producing strains (139). 

   



 

66 

Construction of Plasmids 

Construction of pLOI4162 Containing a cat-sacB Cassette for Markerless Gene Deletions 

To facilitate sequence replacement and sequential deletions in chromosomal DNA, plasmid 

pLOI4162 (Figure 3-2) was constructed with a removable cat-sacB cassette and the option to 

include an 18 bp segment of synthetic DNA with stop codons in all reading frames. This plasmid 

is composed of synthetic sequences and parts of plasmids pLOI2228 (79), pLOI2511 (120), and 

pEL04 (66, 116). Using pEL04 as a template, inside-out PCR was performed with the 

JMpEL04F1/R1 primers to eliminate unwanted SmaI and BamHI sites between the cat and sacB 

genes. The amplified product was digested with BglII (within both primers) and self-ligated to 

produce pLOI4152. Plasmid pLOI4131 was constructed by ligation of the FRT-cat-FRT 

fragment (Klenow-treated BanI, ClaI) from pLOI2228 into compatible sites of pLOI2511 

(Klenow-treated NheI, ClaI). Plasmid pLOI4131 was subsequently digested with EcoRI and self-

ligated to remove the FRT-cat-FRT fragment to produce pLOI4145, retaining single KasI and 

XmaI sites.  A polylinker segment (SfPBXPS) was prepared by annealing complementary 

oligonucleotides (SfPBXPSsense and SfPBXPScomp). After digestion with KasI and XmaI, this 

segment was ligated into corresponding sites of pLOI4145 to produce pLOI4153. The modified 

cat-sacB cassette in pLOI4152 was amplified by PCR using the JMcatsacBup3/down3 primer 

set. After digestion with BamHI and XhoI, this cassette was ligated into corresponding sites of 

pLOI4153 to produce pLOI4146.  To create an 18-bp region (5‟GCCTAATTAATTAATCCC3‟) 

with stop codons in all six reading frames, pLOI4146 was digested with PacI and self-ligated to 

produce pLOI4154 (not shown), removing the cat-sacB cassette. Two additional bases (T and A) 

were inserted between the SfoI and PacI sites of pLOI4154 using mutagenic primers 

(JM4161sense/comp) and linear plasmid amplification to produce pLOI4161 (not shown). 
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Finally, the PacI digested fragment from pLOI4146 containing the cat-sacB cassette was ligated 

into the PacI-digested site of pLOI4161 to produce pLOI4162 (GenBank accession EU531506).   

Construction of pLOI4151 for Removal of FRT Sites  

The cat-sacB cassette was PCR amplified from pEL04 (66, 116) with the 

JMcatsacBupNheI and JMcatsacBdownNheI primers.  pLOI4151 (Figure 3-3) was constructed 

by ligating the NheI-digested cat-sacB PCR product into pLOI3421 (134). 

pLOI4162-based Chromosomal Modification Procedure 

The two-step recombination method for making targeted chromosomal modification using 

the cat-sacB cassette from pLOI4162 is generally described in this study (Figure 3-1) and in a 

previous report (51). However, as the method may be useful to those less familiar with the 

techniques involved, a few aspects are emphasized here. Careful design saves time later when 

designing PCR primers and planning construction of tools for gene deletions and replacements.  

The pLOI4162 method allows much flexibility in the selection of the chromosomal sequence to 

be deleted or replaced. Unlike the one-step PCR method (30), where practical oligonucleotide 

synthesis limits the length of the homologous flanking sequence used for recombination to less 

than 100 bp, the flanking region can be much longer. Longer homologous flanking sequence 

provides greater recombination efficiency and decreases the likelihood of integration into an 

undesired location. Flanking sequences of approximately 200 to 500 bp are generally used with 

this method. The product yield from the inside-out PCR step during plasmid construction may be 

negatively affected by designing very long flanking sequences. The pCR2.1 vector, which is 

used for PCR cloning the region of interest, is 3.9 kbp. Therefore flanking sequences of 1 kbp 

each would require PCR amplification of a 6 kbp sequence, for example. While such reactions 

are done routinely, using much longer flanking sequences might make plasmid construction and 
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recombination fragment preparation more difficult, without significantly affecting the efficiency 

or fidelity of recombination.  

The multiple cloning sites containing the SmaI and SfoI restriction sites used to remove the 

cat-sacB cassette from pLOI4162 contain extensive secondary structure, which may partially 

block restriction enzyme access. Yields from the double digest are generally around 50%. The 

inefficiency of the restriction digest makes it important to scale up to avoid the need for 

repetition. Gel purification at this step may help ligation efficiency, but is unnecessesary for 

downstream steps due to selection for desired transformed ligation products. Transformants 

containing the first step plasmid (cat-sacB cassette ligated into the inside-out PCR product) can 

be selected for with a combination of kanamycin and chloramphenicol and screened for sucrose 

sensitivity. After PacI digest and self-ligation (for deletion) or ligation with replacement gene, 

LB (no NaCl) kanamycin plates containing 6% sucrose should be used to select for transformants 

lacking the cat-sacB cassette. 

Sucrose sensitivity with a single chromosomal copy of sacB is not strong enough to permit 

plate-based selection without liquid-based selection first. High copy number (pUC-based 

plasmid) allows plate-based sucrose selection and counterselection during plasmid construction. 

It is important to have a sufficient number of doublings prior to sucrose selection to allow 

complete chromosomal segregation. Outgrowth time depends on the growth rate of each strain, 

likewise time before plating from LB-sucrose liquid-based selection. Low second-step efficiency 

is generally due to problems in construction or due to high frequency of recombination (or lack 

of complexity) in target sequence region. If few of the colonies from the cat-sacB replacement 

step have the desired genotype, reanalyze target sequence region and design new primers for 

reconstruction of tools. Target sequence problems aside, given enough time for chromosomal 
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segregation and sucrose (liquid) selection, the second step cat-sacB replacement is highly 

efficient. 

Applications of pLOI4162 Method 

 The above-described pLOI4162 method was used in all chromosomal gene deletions and 

replacements in our study, with the exception of the atp deletion strains. Additionally the method 

has been used for improvement of a succinate producing strain of E. coli (51). Several other 

projects in our laboratory, including those focusing on production of malate and ethanol are also 

using this method in their strain constructions. Recently, two papers were published describing 

the application of the pLOI4162 method in the modification of Enterobacter asburiae for the 

production of ethanol (13) and of optically pure D(-)-lactic acid (12) demonstrating the utility of 

the method  in the engineering of other, related organisms. Other research groups have requested 

pLOI4162 since the publication of the method in the succinate production improvement paper  

(51). Plasmid pLOI4162 promises to be a broadly applicable tool for facilitating chromosomal 

modification for basic and applied research. 

Applications of pLOI4151 

 The pLOI4162 method has been widely adopted by our lab for current and future 

chromosomal engineering efforts. However, prior to the introduction of pLOI4162, we used the 

FLP recombinase-catalyzed removal of FRT-flanked antibiotic markers (30). That method left 

FRT-containing “scar” artifacts in the chromosomal sequence. These sequence artifacts 

complicated further chromosomal engineering efforts and also created problems due to some 

governmental regulations and industry preferences limiting the amount of foreign DNA sequence 

in biocatalyst strains. The pLOI4162 method can be used to remove the sequence artifacts if the 

genomic context is known. However, in a few cases, due to rearrangement or other issues, this 

context was not known and another approach was desired. pLOI4151 was designed to provide 
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either a cat-sacB or a sacB-aac cassette-containing, non-replicating circle, upon removal of the 

origin of replication and unwanted antibiotic resistance gene. These circles are then used in a 

FLP-recombinase catalyzed, single-crossover homologous recombination, to integrate the 

cassette into the site. If the exact location in the genome is unknown, cassette-specific primers 

can be used to sequence the flanking regions. A library of the genomic DNA from the integration 

strain can be made for isolation of a plasmid containing the cassette, scar and flanking sequence. 

Inside-out PCR and self-ligation can be used to remove the cassette and scar sequence. The 

resulting plasmid can be used in a manner identical to the second step recombination of the 

pLOI4162 method, for removal of the cassette and scar sequence from the chromosome. The 

pLOI4151-based circle method was used to remove all foreign DNA sequence from a lactate 

producing strain of E. coli (139). pLOI4151 also served as selectable and counterselectable 

marker sequence donor for modified use in the metabolic engineering of E. coli for succinate and 

malate production (50), as well as for production of L-alanine (137) and other compounds. 
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Table 3-1. Plasmids and PCR primers 

Plasmid/ 

primer Relevant features Reference/source 

Plasmids   

pEL04 cat-sacB (116) 

pLOI2228 FRT-cat-FRT (79) 

pLOI2511 bla,FRT-kan-FRT (119) 

pLOI4131 bla,FRT-cat-FRT (51) 

pLOI4145 bla,FRT-cat-FRT (51) 

pLOI4146 bla, cat-sacB (51) 

pLOI4151 bla, FRT-cat-sacB-aac-FRT (Figure 3-3) (137) 

pLOI4152 bla, cat-sacB (51) 

pLOI4153 bla, SfPBXS polylinker (51) 

pLOI4154 bla, PacI digested pLOI4161, self-ligation (51) 

pLOI4161 bla, cat-sacB PacI cassette (51) 

pLOI4162 bla, cat-sacB PacI cassette (Figure 3-2) (51) 

Primers   

JM4161sense ACCGCATCAGGCGCCTAATTAATTAATCCC

GG 

(51) 

JM4161comp CCGGGATTAATTAATTAGGCGCCTGATGCG

GT 

(51) 

JMpEL04F1 CAGCAGATCTAAGTAAATCGCGCGGGTTTG (51) 

JMpEL04R1 CAGCAGATCTAGCGGCTATTTAACGACCCT (51) 

JMcatsacBup3 TGTGCTGCAAGGCGATTAAG (51) 

JMcatsacBdown3 TTCGATCACGGCACGATCAT (51) 

SfPBXSsense ATGTAGGCGCCATTAATTAATGGATCCACT

ATCTCGAGATTAATTAATCCCGGGACTAT 

(51) 

SfPBXScomp ATAGTCCCGGGATTAATTAATCTCGAGATA

GTGGATCCATTAATTAATGGCGCCTACAT 

(51) 

Primer sequences are 5‟ to 3‟ 
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Figure 3-1. A simple method for making chromosomal deletions or replacements. Steps 1 

through 4 describe the integration of the cat-sacB cassette into the region for deletion 

or replacement. The cat-sacB cassette is produced by digesting pLOI4162 with SmaI 

and SfoI. The inside-out PCR uses a proofreading polymerase that leaves blunt ended 

products. Steps 5A and 6A describe an option for the second recombination step in 

which a deletion can be made, leaving a 18 bp sequence containing stop codons in all 

reading frames.  If a gene replacement is desired, the gene of interest can be amplified 

by PCR with PvuI recognition sequences in the primers. PvuI digestion provides 

compatible cohesive ends for ligation into the PacI-digested plasmid.  Steps 5B and 

6B describe another option, which produces a seamless deletion. From (51), p. 886 

(Figure 1), with permission.  
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Figure 3-2. Plasmid map of pLOI4162. Ap, beta-lactamase gene; cat, chloramphenicol 

acetyltransferase gene; sacB, levansucrase gene. The complete sequence for this 

plasmid is available from GenBank (accession number EU531506). 
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Figure 3-3. Plasmid map of pLOI4151. bla, beta-lactamase gene; cat, chloramphenicol 

acetyltransferase gene; sacB, levansucrase gene; aac, apramycin acetyltransferase 

gene.
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CHAPTER 4 

METABOLIC ENGINEERING OF E. COLI ATCC 8739 FOR INCREASED CURRENT AND 

COULOMBIC EFFICIENCY IN AN ELECTROCHEMICAL CELL 

Introduction 

Microbial fuel cell technology offers many advantages as a means of converting stored 

chemical energy from organic materials into electrical energy. Due to global concern about 

limited fossil fuel resources and about the environmental impact of current practices, there is 

growing interest in energy efficiency and sustainability. MFCs can be important tools for 

creating a more efficient and sustainable energy infrastructure. Direct, microbially catalyzed 

conversion of stored energy from almost any organic material into useful electrical energy 

provides versatility and a shorter carbon cycle. MFCs can increase efficiency through the 

elimination of the energy wasting intermediate steps required by most current methods of 

electricity production from stored chemical energy. However, widespread adoption of MFC 

technology is presently limited by low power output (92). Even for stationary generation of 

electricity from low or negative value feedstocks, such as wastewater treatment, low power 

output makes cost justification difficult.  

Much work is being done to improve MFC design to increase power output (1, 38, 69, 100, 

101). While MFC design optimization is important, a major rate-limiting factor in MFC power 

production is microbial catabolism of the substrate (88), coupled with the transfer of liberated 

electrons to the electrode. Since the discovery of mediatorless electron transfer to electrodes 

(59), very little work has been published on thorough study and engineering of MFC microbial 

biocatalyst metabolism. The bulk of the biological studies have focused on classification of the 

electrogenic microbial consortia enriched for in an MFC (49, 60, 61, 93, 99). MFC power 

increases should be possible through the engineering of microbial metabolic pathways and 

electron transport systems for MFCs, particularly in conjunction with MFC design optimization. 
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Our study endeavors to develop E. coli as a model for such improvements. E. coli was selected 

for its broad substrate range, ease of genetic manipulation, minimal nutrient requirements, and 

extensive background of physiological and genetic information.  

E. coli is capable of rapid catabolism of glucose, particularly under fermentative 

conditions. When no external electron acceptor is present, E. coli derives ATP from substrate-

level phosphorylation and achieves redox balance by reducing endogenous metabolic 

intermediates such as pyruvate in a fermentative metabolism. High glycolytic flux compensates 

for the lower ATP yield in the absence of oxidative phosphorylation. If electrons are harvested 

from reduced cofactors (such as NADH) in a microbial fuel cell (MFC), this high glycolytic flux 

can produce high electrical current. However, under anaerobic conditions, E. coli incompletely 

oxidizes glucose, resulting in a low electron recovery (low Coulombic efficiency) and side 

product formation, which can limit the long-term stability of MFC operation. For an MFC, both 

high rate and high Coulombic efficiency are desired.  

In order to develop an improved E. coli strain for bioelectricity production, we have used 

the targeted gene deletion and replacement strategies described in the previous chapter to 

increase the rate and efficiency of reducing equivalent production. We focused on lowering 

cellular ATP/ADP and NADH/NAD
+
 ratios in order to increase flux through the central 

metabolic pathways, while eliminating acetate overflow metabolism and pathways competing for 

NADH. In addition to the targeted chromosomal modification approach, aerobic batch transfers 

in a pyruvate mineral salts medium were used to select for increased flux through the PDH 

complex and through the TCA cycle. 
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Materials and Methods 

Growth Conditions and Media 

Unless otherwise specified, all working cultures of E. coli ATCC 8739 (51) and its 

derivatives were grown in a minimal MOPS (4-morpholinopropanesulphonic acid, 0.1 M, pH 

7.4) buffered NBSM medium previously described (20), containing 0.05 M glucose. Baffled 250 

ml flasks were used for aerobically grown batch experiments with 50 ml culture volume at 37°C 

and 250 rpm agitation. In aerobic pyruvate transfer experiments, 0.1 M sodium pyruvate was 

used in place of glucose. LB broth and LB agar plates were used during plasmid and strain 

construction. Glucose was added (20 g/liter) to the LB broth and plates in most cases in strains 

containing the atpFH deletion. L-arabinose was included (20 g/liter) in the medium to induce 

expression of the Red recombinase genes on pKD46. LB broth with NaCl omitted and containing 

100 g/liter
 
sucrose was used in selection for loss of sacB (encoding levansucrase). Similarly 

plate-based selection for removal of sacB used LB, no NaCl, 60 g/liter
 
sucrose. Antibiotics were 

included, as necessary, during plasmid and strain construction (kanamycin, 50 mg/liter; 

ampicillin, 100 mg/liter; chloramphenicol, 40 mg/liter).  

Genetic Methods 

Construction of strains used in this study was carried out as described previously (51) and 

in the preceding chapter, using the cat-sacB cassette from plasmid pLOI4162 and two step, Red 

recombinase catalyzed double crossover homologous recombination for markerless deletions and 

integrations. Additional bacterial strains, plasmids and PCR primers, discussed in this section 

and not listed earlier, are listed (Table 4-1).  

To eliminate pathways that could compete for NADH and limit current production, pflB, 

adhE, and ldhA were deleted from JC27 ( atpFH) to produce JC62. Briefly, each gene was 

amplified by PCR from ATCC 8739 genomic DNA and cloned into pCR2.1-TOPO. Each of 
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these plasmids was used as template for an inside-out PCR (Pfu polymerase) with gene-specific 

primers which resulted in a product consisting of linearized vector sequence, flanked by the 5‟ 

and 3‟ ends of the gene, with the interior of the gene sequence eliminated. The cat-sacB cassette 

from pLOI4162 was ligated into the inside-out PCR product and the ligation was transformed 

into TOP10F‟. Desired clones were kanamycin and chloramphenicol resistant and sensitive to 

sucrose. This plasmid construct was linearized with an appropriate restriction enzyme, diluted 

1000-fold, and amplified by PCR, using the original gene cloning primers. The product was 

electroporated into the parent strain, which was induced for expression of the Red recombinase 

genes from pKD46. Successful integrants were chloramphenicol resistant and ampicillin 

sensitive, after curing of pKD46 at 39°C or 40°C. The cat-sacB cassette-containing plasmid 

construct was PacI digested to remove the cassette and self-ligated. The resulting plasmid was 

digested, diluted and PCR-amplified for use in a second homologous recombination step, to 

remove the cat-sacB from the chromosome. The replacement of the cassette resulted in an 18-bp 

sequence containing stop codons in all reading frames. The same procedure as used to delete 

ackA from JC62 to make JC66, to prevent flux to acetate via phosphotransacetylase and acetate 

kinase.  

The native lpd (encoding dihydrolipoamide dehydrogenase) in JC101 was replaced by a 

copy (lpd101) (62) containing a single nucleotide substitution, making an acidic to basic amino 

acid change (E354K). ATCC 8739 genomic DNA was used as the template for PCR 

amplification of lpd. The product was cloned into pCR2.1-TOPO to produce pLOI4179. 

Complementary mutagenic oligonucleotides JME354Ksense and JME354Kcomp were used to 

introduce the lpd101 mutation using linear plasmid amplification (51), to produce pLOI4180. 

Several of the resulting clones were verified by sequencing. The mutated gene was amplified by 
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PCR and used to replace the cat-sacB cassette as described above.  The lpd101 mutation in the 

new strain, JC80, was verified by sequencing.  

Reoxidation of NADH during aerobic respiration can be rate-limiting and it is likely to be 

more so in an MFC, with a less positive (than oxygen) electron acceptor. The gene encoding a 

water-forming NADH oxidase from Streptococcus mutans (naoXSm) (80) was PCR amplified 

with primers containing PvuI restriction sites on their 5‟ ends (JMnaoXF1 and JMnaoXR1) and 

cloned into pCR2.1-TOPO. The gene was integrated into two chromosomal loci, providing 

different levels of transcription from chromosomal promoters (or from its own promoter). A 

variation of the two-step homologous recombination procedure (described above) was used in 

the integrations. During construction of the plasmid for the second recombination step (cat-sacB 

replacement), PvuI digested naoXSm PCR product was ligated into the PacI digested (cat-sacB 

cassette removed) vector. In this way, naoXSm was integrated into ackA in JC62 to produce JC68 

and in JC80 to produce JC85. The integrated naoXSm in JC68 was oriented in the opposite 

orientation to ackA, such that the gene was not transcribed from the ackA promoter. JC85 had 

naoXSm integrated into ackA so that it could be transcribed from the ackA promoter. To increase 

expression levels of naoXSm, it was also integrated into pflB in JC85 (under focA-pflAB operon 

promoter transcriptional control) to produce JC93. 

Electrochemical Analytical Methods 

Coulombic yields from glucose were measured using a three electrode, poised potential 

electrochemical cell (Figure 4-1). The cell was a bulk electrolysis cell (BASi, West Lafayette, 

IN) with a reticulated vitreous carbon working electrode, a platinum wire counter electrode in a 

fritted glass chamber and an Ag/AgCl reference electrode. The anode potential was poised at 

+100 mV vs. Ag/AgCl using eDAQ (Colorado Springs, CO) EA161 potentiostats connected to 

an eDAQ e-corder 821 and Chart software. The anolyte was stirred with a small magnetic stir bar 
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at 250 rpm and the headspace of the working electrode chamber was continuously flushed with 

100 ml/min argon, to maintain anaerobic conditions. 

The anolyte was composed of NBS medium (20) containing 0.1 M MOPS and 0.1 M 

NaCl, with 0.001 M  thionin. Measurement of current began with 60 ml anolyte. Aerobically 

grown cells (50 ml) were harvested (5000×g, 5 min, 22°C) at stationary phase (16.5 h culture 

from 3 mg/liter initial cell density). The cells were washed once (30 ml anolyte, lacking thionin), 

centrifuged again and resuspended to a cell density of 50 mg in 15 ml anolyte. The cell 

suspension was added to the working electrode chamber (upon stable current baseline) and the 

current was monitored until all charge transfer from endogenous reserves completed and a stable 

baseline (no change for at least 30 min) or an arbitrarily determined 1 mA threshold level was 

reached. At this point, anolyte containing 0.01 M glucose was added by syringe and the resulting 

current was measured over time until it returned to the starting level of the first glucose pulse and 

the next pulse was added. In this way, multiple pulses of glucose were added and the Coulombic 

efficiencies determined by integrating the area under each peak above the threshold value (the 

current immediately before addition of glucose) and dividing by the theoretical Coulombic yield 

from the amount of glucose added in each pulse. All additions to the working electrode chamber 

were pre-sparged with at least 100 volumes of argon and were transferred anaerobically to the 

vessel using a stoppered flask and positive argon pressure to initiate the transfer (argon-sparged 

glucose transferred by 1 ml syringe). 

NADH Oxidation Assay 

Total cytoplasmic NADH oxidase activity was measured to determine the effect of 

integrations of naoXSm into ackA and pflB. Aerobically grown cells (20 ml of a 25 ml, ~0.33 

g/liter, culture in a 250 ml flask) were harvested (5000×g, 5 min, 4°C) after chilling briefly on 

ice. The cells were washed once with cold TM buffer (0.05 M Tris-HCl, 0.01 M MgCl, pH 7.5) 
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and resuspended in TM buffer (1 ml, containing 0.01 mg/liter DNase I). The cells were lysed by 

mechanical disruption using a Fast Prep 24 system from Molecular BioProducts (San Diego, 

CA).  

 NADH oxidase assay reactions contained NADH (0.25 mM) in TM buffer. The reaction 

was initiated by the addition of cell lysate (0.1 ml in a 1 ml reaction vol). NADH oxidation was 

followed at A340 at room temperature. Protein concentration of the lysates was determined using 

the bicinchoninic acid method (BCA Protein Assay Kit, Thermo Scientific, Rockford, IL) with 

bovine serum albumin as a protein standard. Specific activity (nmol min
-1

 mg protein
-1

) was 

calculated using the molar extinction coefficient for NADH (6220 M
-1

cm
-1

). 

Results 

Elimination of Competition for NADH 

In the presence of an electron acceptor with a sufficiently positive reduction potential,  

NADH should be reoxidized quickly enough to prevent the involvement of fermentative 

pathways during sugar metabolism in E. coli. The fermentative enzymes are affected by cellular 

redox state through regulation of their gene expression, through direct or indirect inactivation of 

catalytic activity, and through Km values for NADH that are lower than the NADH 

dehydrogenases. Ideally, NADH reoxidation should not be rate limiting in an MFC. However, 

the anode potential is not as positive as oxygen, due to overpotentials, and it is subject to 

fluctuation if it is not kept constant with a potentiostatic system. Production of fermentation 

products in an MFC lowers Coulombic efficiency and their accumulation can limit long-term 

current stability. Therefore, it is desirable to eliminate the primary fermentation pathways 

through targeted gene deletion. Genes encoding alcohol dehydrogenase (adhE), lactate 

dehydrogenase (ldhA), and pyruvate formate-lyase (pflB) were deleted to produce JC62 (Figure 

4-2), using the markerless gene deletion method described in a previous chapter. This method 
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left only an 18-bp sequence (containing stop codons in all reading frames) in each deleted region 

and was developed to permit multiple chromosomal modifications within a single strain, without 

increasing the likelihood of undesired rearrangements and without hindering the introduction of 

further modifications. Gene deletions were verified by PCR and by phenotype. Deletion of adhE, 

ldhA and pflB did not have a significant effect upon growth or product formation (data not 

shown) under aerobic conditions, nor did it significantly affect current production or Coulombic 

yield in poised potential electrochemical cell testing (Table 4-2). 

Deletion of ackA 

The higher rate of glycolysis in atpFH deletion strains leads to increased acetate 

production under aerobic conditions. This overflow metabolism is due to the inability of the 

respiratory chain to maintain redox balance. The redox imbalance limits flux through the PDH  

complex and through the TCA cycle. Production of acetate, via phosphotransacetylase and 

acetate kinase activity, yields one ATP per pyruvate and prevents the buildup of reducing 

equivalents that would otherwise occur through further oxidation of pyruvate via the TCA cycle. 

Glucose catabolism to acetate by this pathway yields four reducing equivalents, while complete 

oxidation of the glucose by the TCA cycle adds eight more. This overflow mechanism results in 

almost ten percent of glucose carbon going to acetate in aerobically grown JC27 cultures. That 

much incompletely oxidized side product represents a six percent reduction in Coulombic yield. 

The decrease in Coulombic yield due to acetate production could be even greater under MFC 

operating conditions.  

An ackA deletion was made (in JC62) to decrease acetate production, resulting in JC66. 

This strain produced less acetate. However, the downstream rate limitation remained and 

pyruvate accumulated as a result of rate limitation at the PDH complex node (data not shown). 

Elimination of the phosphotransacetylase/acetate kinase pathway created the backup of carbon to 
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the pyruvate node because available catabolic pathways from pyruvate caused a redox 

imbalance. Oxidation of pyruvate to acetate via pyruvate oxidase yields no ATP and involves the 

transfer of electrons to ubiquinone. This process would decrease the amount of ubiquinone 

available to reoxidize NADH (catalyzed by NADH dehydrogenase) from glycolysis. Flux 

through the PDH complex and the TCA cycle would provide one ATP per pyruvate, but would 

also create a redox imbalance through production of excess reducing equivalents. Excess NADH 

limits flux through this pathway through the negative control of the PDH and α-KGDH 

complexes (62) and of other TCA cycle enzymes, particularly citrate synthase (4). 

Heterologous Expression of naoXSm 

The water-forming NADH oxidase from S. mutans catalyzes the reoxidation of NADH in 

the cytoplasm via a two-electron transfer to molecular oxygen (48). Heterologous expression of a 

gene (from S. pneumoniae) encoding a water-forming NADH oxidase in E. coli increases flux 

through the PDH complex and TCA cycle by helping to overcome the rate limitation of NADH 

reoxidation by the respiratory chain (124, 125). Initially, naoX from S. mutans was cloned into 

pCR2.1-TOPO and expressed in JC62 to evaluate its effect on growth and metabolism (Figure 4-

3). The control strain (JC62/pCR2.1) produced a maximum of 17.7 mM pyruvate and 23.9 mM 

acetate from 50 mM glucose in aerobic NBSM batch culture, while JC62 transformed with 

pLOI4174 (naoXSm) accumulated a maximum of 3.9 mM pyruvate and 23.9 mM acetate. This 

result suggested that expression of naoXSm in JC62 allowed increased flux through the PDH 

complex and to a lesser extent, through the TCA cycle, consistent with the previous studies (124, 

125). However, much of the acetyl-CoA was still converted to acetate, indicating that citrate 

synthase remained as a rate-limiting step for complete glucose oxidation via the TCA cycle.  

JC62 retained an intact Pta/AckA pathway. In order to be able to harvest all electrons from 

glucose through its complete oxidation by the TCA cycle, the carbon flow to acetate needed to 
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be redirected. ackA was replaced with naoXSm by chromosomal integration to eliminate the 

primary route to acetate, while simultaneously enabling higher flux through the PDH complex 

and perhaps the TCA cycle. The resulting strain, JC68, grew slightly faster than JC66 (ΔackA), 

presumably due to higher flux through the TCA cycle (Figure 4-4). The ATP available via 

succinyl-CoA synthetase of the TCA cycle could help to offset the ATP that was no longer 

available from acetate production in the ΔackA strains. Despite the growth rate difference, both 

JC66 and JC68 accumulated similar concentrations of pyruvate. Without the overflow pathway 

to acetate, a redox imbalance was likely caused by higher flux through the TCA cycle. The 

NADH produced by the TCA cycle was not reoxidized fast enough, despite the presence of the 

water-forming NADH oxidase in JC68. A high NADH/NAD
+
 ratio negatively controls PDH 

activity (62) and the negative redox feedback control circuit caused the pyruvate accumulation. 

Different levels of naoXSm expression were tested by integrating the gene in different 

orientations in ackA and by integrating an additional copy into pflB (gene replacement). JC68 

had naoXSm replacing ackA, but in the opposite orientation, so that it was not transcribed from the 

ackA promoter. Expression of naoXSm in JC68 was presumed to be from its own promoter. The 

gene was replaced in the other orientation during construction of JC85, to allow its transcription 

from the ackA promoter. Next, an additional copy was used to replace pflB, under the control of 

the focA promoter, resulting in JC93. NADH oxidase (NOX) activity of the soluble fractions 

from these strains was measured to assess the relative expression of naoXSm (Figure 4-5). JC68 

and JC92 (JC85, ΔpflB::cat-sacB) soluble fractions had almost twice the NOX activity of JC62, 

and JC93 had approximately three-fold higher NOX activity than JC62. The NOX activity 

measured for the JC62 soluble fraction may have been due to other soluble dioxygenases or from 

other native activities. As will be described, JC85 and JC93 had additional chromosomal 
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modifications and their progenitors had been selectively transferred, making direct metabolic 

comparisons of JC92 and JC93 with JC68 difficult.  

Aerobic Batch Transfers in Pyruvate for Increased TCA Cycle Flux  

The pyruvate accumulation in aerobically grown JC68 cultures was indicative of negative 

control of PDH by an elevated NADH/NAD
+
 ratio. The preferred solution to this problem would 

be to more rapidly reoxidize NADH, by using the water-forming NADH oxidase. The NADH 

oxidase activity in JC68 was not sufficient. JC68 was therefore serially transferred in NBSM 

pyruvate (aerobic batch cultures) to select for changes that would permit higher flux through the 

TCA cycle despite the high NADH/NAD
+
 ratio. This selection was based upon the extra ATP 

available per pyruvate oxidized via the TCA cycle. Initial doubling times of the JC68 cultures 

grown in pyruvate were approximately 16 h (Figure 4-6A). After 20 transfers the doubling time 

had decreased to just over 3 h and the resulting strain was named JC100. After construction of 

JC72 (ΔarcA), doubling times increased to 7 h. Another 20 transfers (no significant change after 

transfer 10) brought the generation time down to that of JC100 (Figure 4-6B). The resulting 

strain (JC101) was tested in aerobic batch culture and found to completely oxidize glucose 

without the accumulation of pyruvate observed for the previous strains. 

Introduction of lpd101 for Lower Sensitivity of PDH and α-KGDH Complexes to NADH 

Kim et al. (62) describe a mutation in lpd (encoding dihydrolipoamide dehydrogenase) 

which causes the PDH complex to be less sensitive to NADH. Since dihydrolipoamide 

dehydrogenase is also a part of the α-ketoglutarate dehydrogenase (α-KGDH) complex, the 

mutation (lpd101) may also allow greater flux through the TCA cycle when NADH levels are 

elevated. Evolved strain JC101 lpd was sequenced to determine whether such a mutation could 

explain the higher flux observed through the PDH complex. The lpd sequence of JC101 was 

identical to that of ATCC 8739.  
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A single nucleotide substitution (G to A) was made in ATCC 8739 lpd by an oligo-directed 

mutagenesis method, resulting in an E354K amino acid change. The mutated copy was used to 

replace the native copy in JC101, resulting in JC80. Aerobic JC80 batch culture growth and 

glucose catabolism was similar to the parent (data not shown). This was expected, because 

JC101 was already capable of completely oxidizing glucose aerobically, with no significant 

product formation. The lpd mutation could not provide any additional benefit under these 

conditions, but might under more reducing conditions (such as in an MFC). 

Deletion of arcA 

An additional approach used to circumvent negative control by NADH was to delete arcA. 

Since the phosphorylated ArcA negatively regulates expression of the genes encoding the PDH 

complex (as well as many TCA cycle genes) under reducing conditions, deletion of arcA can 

allow higher aerobic flux through PDH and the TCA cycle in conjunction with heterologous 

expression of naoX (125). JC72 was constructed by deleting arcA from JC100. JC72 

accumulated a small amount of pyruvate during aerobic growth on glucose. The pyruvate 

accumulation was eliminated by aerobic transfers in pyruvate mineral salts medium (JC101). 

Comparison of Contribution of Individual Genetic Modifications to Complete Aerobic 

Glucose Oxidation 

Starting with JC85, individual chromosomal modifications were repaired one at a time to 

provide an isogenic set for determination of the relative contribution of each change to the 

observed phenotype. JC86 grew similarly to ATCC 8739, due to repair of the atpFH deletion 

(Figure 4-7). Repair of the arcA deletion (JC91) resulted in increased pyruvate accumulation 

during aerobic growth on glucose (Figure 4-8B). Repair of the ackA deletion (JC89) resulted in 

accumulation of acetate, as expected (Figure 4-8C). Apparently, integration of naoXSm into ackA 

(JC85 vs JC84) had little effect (Figures 4-7 and 4-8), consistent with the NADH oxidase assay 
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results (Figure 4-5). The lpd101 mutation (JC85 vs JC90) had no effect under the tested 

conditions. 

Current Production and Coulombic Efficiencies Using Engineered Strains in Poised 

Potential Electrochemical Cell 

The engineered strains were tested in a three-electrode, poised potential electrochemical 

cell, with glucose as the electron donor (and sole carbon source) and using thionin as a diffusible 

mediator. The poised potential, bulk electrolysis cell system was chosen to limit non-biological 

variables. A high surface area RVC electrode and excess mediator were used to further ensure 

that bacterial activity would be limiting. As glucose was catabolized by the bacterial cells, 

electrons were transferred to the anode (via the thionin) from reduced cofactors in the cells. The 

resulting current was measured over time (Figure 4-9A-F) and used to compare maximum 

current and Coulombic efficiencies of the strains (Table 4-2). Maximum current values from 

ATCC 8739, JC27 and JC62 were similar. CEs were also similar (approximately 50%). 

Maximum current and CE values for all tested strains with the naoXSm integration (JC85, JC91 

and JC93) were similar. Maximum current values for these strains were approximately 20% 

higher than wild type and CEs were 75%. 

Discussion 

We have constructed a strain (JC93, Figure 4-10) that is capable of significantly higher 

current output and Coulombic efficiency in the conversion of the stored energy in glucose to 

electricity. While an atpFH deletion (JC27) increased the rate of glycolysis, downstream rate 

limitation prevented the complete oxidation of glucose. The incomplete oxidation of glucose by 

JC27 was evident in aerobic culture (Figure 2-3) with the production of acetate. In the 

electrochemical cell, the incomplete catabolism of glucose was observed as a low Coulombic 

yield. We attempted to overcome the downstream metabolic rate limitations through several 
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targeted chromosomal modifications and via aerobic transfers in a pyruvate minimal medium. 

We initially tested the modified strains in aerobic batch culture. We hypothesized that these 

conditions might be similar to an anaerobic electrochemical cell (EC) environment with a 

sufficiently positive reduction potential and the aerobic batch cultures were simpler for 

preliminary investigations. The poised potential electrochemical cell experiments were in good 

general agreement with the results obtained from the aerobic batch experiments. Integration of 

naoXSm into ackA appeared to have the greatest effect upon redirecting flux through the TCA 

cycle and upon increasing the Coulombic yield. No significant change in current of CE was 

observed upon integration of an additional copy of naoXSm. However, the additional NOX 

activity could be beneficial under different conditions. The increase in MFC current with NOX 

activity suggests that reduction of thionin via the native electron transport chain was limiting and 

that the cytoplasmic NADH oxidase helped to overcome that limitation. Similarly, the 

elimination of aerobic overflow metabolism upon introduction of the cytoplasmic NOX 

implicates a respiratory limitation as the primary cause of the overflow.  

Interestingly, deletion of arcA appeared to result in higher flux through PDH and the TCA 

cycle under aerobic conditions (Figure 4-8B), but did not significantly affect maximum current 

and CE in the electrochemical cell (Table 4-2). ArcA-P is known to repress transcription of some 

genes involved in anaerobic respiration while it activates transcription of genes involved in 

aerobic metabolism. It is possible that some of the genes involved in anaerobic respiratory 

metabolism are important under the tested EC conditions. It would be interesting to determine 

whether restoring arcA in JC93 provides any benefit. The metabolic engineering of JC93 was 

done in a way that complicated comparison of the effects of individual modifications. In 

particular, the aerobic pyruvate transfers that were done in between targeted modifications made 
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the genetic backgrounds of subsequent strains uncertain. The decreases in generation times 

resulting from the transfers were likely due to subtle flux redistributions and readaptation to 

mineral salts medium culture conditions after chromosomal modifications were made (in rich 

media). In order to make strain comparisons, it was necessary to restore individual modifications 

in JC85. It may be useful to return to JC62 and integrate naoXSm into ackA and into pflB (or 

another site that would provide a higher level of expression). Transfers could be made (to select 

for higher CE, if necessary) after the changes were made in the cleaner genetic background. 

The results of our study suggest that oxygen is not necessary for the complete oxidation of 

glucose, only sufficiently oxidizing conditions are required. It also provides further evidence that 

the respiratory chain limits PDH complex and TCA cycle flux and leads to overflow metabolism 

when the glycolytic rate is increased (here due to ΔatpFH). The higher rate of NADH oxidation 

(by oxygen or by thionin) catalyzed by the cytoplasmic NOX from S. mutans alleviates negative 

control of downstream catabolic steps in JC93 and allows a higher Coulombic yield at a high 

metabolic rate. These attributes make JC93 an attractive candidate for application in a mediated 

MFC or in a mediatorless MFC after introducing heterologous genes for extracellular electron 

transfer. 
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Table 4-1. Strains, plasmids, and PCR primers 

 

 

Strain/plasmid/primer Relevant features Reference/source 

E. coli   

JC62 JC27, ΔpflB, ΔadhE, ΔldhA This study 

JC66 JC62, ΔackA This study 

JC68 JC62, ΔackA::naoXSm (opposite orientation) This study 

JC72 JC100, ΔarcA This study 

JC80 JC101, lpd101 This study 

JC84 JC85, ΔackA::cat-sacB This study 

JC85 JC80, ΔackA::naoXSm This study 

JC86 JC85, atpFH
+
 This study 

JC89 JC85, ackA
+
 This study 

JC90 JC85, lpdwt
+
 This study 

JC91 JC85, arcA
+
 This study 

JC92 JC85, ΔpflB::cat-sacB This study 

JC93 JC85, ΔpflB::naoXSm This study 

JC100 JC68, 20 transfers +O2, NBSM pyruvate This study 

JC101 JC72, 20 transfers +O2, NBSM pyruvate This study 

Plasmids   

pLOI4147 adhE in pCR2.1 This study 

pLOI4148 adhE::cat-sacB (from pLOI4162) This study 

pLOI4149 adhE::6RFstop This study 

pLOI4158 ackA in pCR2.1 This study 

pLOI4159 ackA::cat-sacB (from pLOI4162) This study 

pLOI4160 ackA::6RFstop This study 

pLOI4163 pflB in pCR2.1 This study 

pLOI4164 ldhA in pCR2.1 This study 

pLOI4165 ldhA::cat-sacB (from pLOI4162) This study 

pLOI4166 ldhA::6RFstop This study 

pLOI4171 pflB::cat-sacB (from pLOI4162) This study 

pLOI4172 pflB::6RFstop This study 

pLOI4175 ackA::naoXSm This study 

pLOI4176 arcA in pCR2.1 This study 

pLOI4177 arcA::cat-sacB (from pLOI4162) This study 

pLOI4178 arcA::6RFstop This study 

pLOI4179 lpdA in pCR2.1 This study 

pLOI4180 lpd101 This study 
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Table 4-1. Continued  

Plasmid/primer Relevant features 

Reference

/source 

pLOI4181 lpdA::cat-sacB (from pLOI4162) This study 

pLOI4182 naoXSm in pCR2.1 This study 

pLOI4184 ackA::naoXSm This study 

pLOI4185 ackA::naoXSm (opp. orient.) This study 

pLOI4190 pflB::naoXSm This study 

Primers   

JMadhEup TCGCTGAACTTAACGCACTC This study 

JMadhEdown ACGACCGTAGTAGGTATCCA This study 

JMadhEiodown2 GACCGTACTGCTGCTAAGAT This study 

JMadhEioup2 GTGTCGTCTTCAGACAGAAC This study 

JMackAF1 GCCTGAAGGCCTAAGTAGTA This study 

JMackAR1 GCACGATAGTCGTAGTCTGA This study 

JMackAdown1 GCCGCAATGGTTCGTGAACT This study 

JMackAup1 GTTGAGCGCTTCGCTGTGAG This study 

JMpflBF1 CCGGTTACGATCGGCAACAT This study 

JMpflBR1 TCGAAGGCTACGTCGAGTCT This study 

JMpflBdown1 ATGCACGGTCGTGACCAGAA This study 

JMpflBup1 GGAAGCAACAGCGGTGTCAA This study 

JMldhAF1 AAGGTTGCGCCTACACTAAG This study 

JMldhAR1 GCGATGATGCTGTAGCTGTT This study 

JMldhAdown1 CGCGTCAAGGTCGACGTTAT This study 

JMldhAup1 TCTCAGGCAGCAATTGAAGC This study 

JMarcAF1 GCTCAACTCTGCCGATAGC This study 

JMarcAR1 CAACTTATTACGCGGTGCGA This study 

JMarcAdown1 TATCGCTTCTGCGGTGATCT This study 

JMarcAup1 CGTGTTACCAACTCGTCTTC This study 

lpdA-A first 18 bases of lpdA ORF Sigma 

lpdA-C last 18 bases of lpdA ORF Sigma 

JME354Ksense CGTCCATCGCCTATACCAAACCAGAAGTTGCATGG This study 

JME354Kcomp CCATGCAACTTCTGGTTTGGTATAGGCGATGGACG This study 

JMlpdAdown1 TTCTGGCCGTGCTATCGCTT This study 

JMlpdAup1 AGCAGGCGTTCTGGTACTTC This study 

JMnaoXF1 CACGATCGGCTAGCAATCAGGAGCTTAT This study 

JMnaoXR1 CACGATCGGCTGTGGTTCTCTTAGAAGT This study 

Primer sequences are 5‟ to 3‟ 
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Table 4-2. Coulombic efficiencies and maximum current from engineered strains in glucose-fed 

bulk electrolysis cell (BEC) testing 

Strain 

Coulombic efficiency 

(%) 

Maximum current 

(mA) 

ATCC 8739 48.6 ±   2.8 3.90 ± 0.23 

JC27 (ΔatpFH) 55.9 ± 10.1 3.96 ± 0.67 

JC62 (JC27, ΔldhA, ΔadhE, ΔpflB) 53.0 ±   4.3 3.65 ± 0.19 

JC91 (JC62, ΔackA::naoXSm) 81.5 ± 16.2 4.48 ± 0.26 

JC85 (JC91, ΔarcA) 74.7 ±   9.7 4.71 ± 0.34 

JC93 (JC85, ΔpflB::naoXSm) 76.0 ±   6.6 4.64 ± 0.26 
All values are reported as mean ± SD, n = 3   
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Figure 4-1. Photograph (A) and expanded schematic (B) of the bulk electrolysis cell used in this 

study for electrochemical measurements. Adapted from BASi product literature 

(Bioanalytical Systems, Inc., West Lafayette, IN). 
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Figure 4-2. Summary of strain construction. ΔackA::naoX*, naoXSm not transcribed from ackA 

promoter. 
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Figure 4-3. Decreased pyruvate accumulation with overexpression of naoX from Streptococcus 

mutans in JC62 (ΔatpFH, ΔldhA, ΔadhE, ΔpflB) (A) vs. JC62 with empty vector (B). 
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Figure 4-4. Partial restoration, through naoXSm integration (JC68) and pyruvate transfers 

(JC101), of JC62 (ΔatpFH, ΔldhA, ΔadhE, ΔpflB) growth rate after deletion of ackA 

(JC66). 
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Figure 4-5. Cytoplasmic NADH oxidase activity from aerobically grown strains with different 

naoXSm integrations. JC62 (ΔatpFH, ΔldhA, ΔadhE, ΔpflB), JC68 (JC62, 

ΔackA::naoXSm, transcription from native naoXSm promoter), JC92 (ΔackA::naoXSm, 

naoXSm transcription from ackA promoter), JC93 (JC92, ΔpflB::naoXSm, naoXSm 

transcription from focA promoter. 
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Figure 4-6. Aerobic batch culture transfers of JC68 (ΔatpFH, ΔldhA, ΔadhE, ΔpflB, 

ΔackA::naoXSm, transcription from native naoXSm promoter) (A) and JC72 (JC100, 

ΔarcA)(B) in pyruvate mineral salts medium for shorter generation times. Final 

transferred strain designation indicated with an arrow. 
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Figure 4-7. Growth curves of aerobic glucose mineral salts medium cultures of isogenic set of 

strains with restoration of each chromosomal modification present in JC85. ATCC 

8739 growth is included as a reference. 
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Figure 4-8. Glucose utilization and product formation of aerobic cultures (glucose mineral salts 

medium) of isogenic set of strains with restoration of each chromosomal modification 

present in JC85. 
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Figure 4-9. Current production over time with glucose-fed (5 μmol glucose per peak) cells in 

bulk electrolysis cell (poised potential at +100mV vs Ag/AgCl). 

 

 

 



 

102 

 
Figure 4-10. Simplified metabolic overview of JC93. Uncoupled electron transfer to exogenously 

supplied redox dye (blue and white circles) via the native electron transport system 

(ETS) and NADH oxidase from S. mutans and proton leakage across cytoplasmic 

membrane shown in inset panel. Electron (e
-
) and ATP (~P) maximum theoretical net 

yields from substrates are given for JC93. 
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CHAPTER 5 

HETEROLOGOUS EXPRESSION OF GENES ENCODING EXTRACYTOPLASMIC 

CYTOCHROMES FROM DISSIMILATORY METAL REDUCING BACTERIA IN E. COLI 

FOR EXTRACELLULAR ELECTRON TRANSFER 

Introduction 

MFC operation using E. coli as the biocatalyst requires the addition of exogenous, soluble 

electron carriers. The E. coli outer membrane lacks the terminal reductase cytochromes of the 

DMRB and prevents direct contact between insoluble exracellular electron acceptors and the 

electron transport chain. E. coli does not produce its own soluble electron carriers as do 

Shewanella (78, 128) and Pseudomonas (47, 98) species, for example. Due to these limitations, 

mediatorless E. coli MFCs do not produce significant electrical current. There have been a few 

reports of evolved populations of E. coli in MFCs which were capable of mediatorless electrode 

reduction (129, 136), but no independent confirmation has been reported. One study found 

quinones in the anolyte and concluded that selection for extracellular electron transfer had led to 

production and secretion of small molecule electron shuttles (97). However, it is also possible 

that the low levels of these compounds were present because of cell lysis. More evidence is 

needed to confirm extracellular electron transfer by evolved strains of E. coli. 

Another approach to enabling mediatorless electron transfer by E. coli is the heterologous 

expression of electron carrier-encoding genes from DMRB. S. oneidensis extends its electron 

transport chain to the extracellular environment via several multiheme-containing cytochromes. 

The periplasmic decaheme cytochrome MtrA from S. oneidensis is capable of accepting 

electrons from the native NapC (a cytoplasmic membrane-located c-type cytochrome involved in 

periplasmic nitrate reduction) in E. coli and reducing soluble ferric compounds (94). A separate 

study showed that S. oneidensis outer membrane terminal reductase OmcA can localize to the 

outer membrane of E. coli B and can be oxidized by insoluble ferric oxide (34). Proper 
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localization of OmcA was absent in a K12 strain of E. coli. E. coli K12 strains do not express the 

necessary gsp genes encoding the components of the type II secretion system (T2SS) under any 

tested conditions (39). The gsp genes in E. coli K12 strains (and in ATCC 8739) are organized 

into two divergently transcribed operons (Figure 5-1). The histone-like nucleoid structuring 

protein (H-NS) reportedly binds to the region between the operons and represses their 

transcription (39).  

The T2SS of E. coli is responsible for secretion of some exotoxins (114) and chitinase 

(39). It is similar to the Pul (pullulunase secretion) system of Klebsiella strains (31), the Out 

(pectate lyase secretion) system of Erwinia chrysanthemi (45) and the Gsp system of S. 

oneidensis (responsible for secretion of outer membrane cytochromes) (107). While T2SS 

systems from various bacteria share organizational and functional characteristics, most are 

specific for their substrates. Surprisingly, E. coli Type II secretion is sufficient and necessary for 

functional localization of the heterologously produced OmcA (34). Reconstitution of a functional 

S. oneidensis MR-1 extracellular electron transport system in E. coli would establish the minimal 

set of genes needed for reduction of insoluble acceptors. We attempted to achieve this goal and 

to enable mediatorless electrode reduction through genetic engineering of JC85 (Figure 5-2).  

Materials and Methods  

Growth Conditions and Media 

E. coli cultures were grown as described elsewhere in this study, unless otherwise 

specified. Antibiotics were included in growth medium, where appropriate, to maintain plasmids. 

S. oneidensis MR-1 was acquired from ATCC (ATCC 700550) and grown aerobically at 30°C, 

in LB broth, for genomic DNA extraction using the Qiagen DNeasy procedure. 
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Integration of Heterologous Genes and Replacement of gsp Promoters 

A combinatorial approach was used in the chromosomal integration of omcA and mtrCAB 

from S. oneidensis MR-1 into adhE and pflB of JC85. S. oneidensis MR1 genomic DNA was 

used as a template for PCR amplification of the region containing omcA and mtrCAB with the 

primer set JMomcAF2/JMmtrBR2 (all strains, plasmids and primers introduced in this chapter 

are listed in Table 5-1). The product was used for nested PCR to amplify the entire region (with 

primer set JMomcAF1/JMmtrBR1), omcA (JMomcAF1/R1), and mtrCAB (JMmtrCF1/mtrBR1). 

These primers contained PvuI restriction sites and PvuI digests left ends that were compatible 

with PacI digested (cat-sacB cassette removed) pLOI4171 and pLOI4148. Ligation of each PvuI 

digested product into each PacI digested plasmid resulted in pLOI4192 and pLOI5009 through 

pLOI5013. These plasmids were linearized with an appropriate restriction enzyme, diluted and 

PCR-amplified for use as integration fragments to replace the cat-sacB cassette in the second 

step of the two-step chromosomal sequence replacement strategy described previously (51). The 

entire omcAmtrCABSo region was integrated into pflB and adhE (JC94 and JC123, respectively). 

In another strain, omcASo was integrated into pflB and mtrCABSo into adhE (JC121). For 

construction of JC122, omcASo was integrated into adhE and mtrCABSo into pflB. 

The gspA and gspC promoters in strains JC94, JC121, JC122 and JC123 were replaced 

with constitutive promoters. The entire intergenic region between gspA and gspC (containing the 

divergent promoters PgspA and PgspC and the H-NS binding region) was replaced (in the same 

manner as the replacements of adhE and pflB) by a construct containing divergent constitutive 

promoters (Pbla and Pcat). Inside-out PCR was used (JM41XXcatmodF2/R1 primer set) to 

amplify pLOI5000, omitting Pcat. The primers contained NheI sites and the product was self-

ligated after digest to produce pLOI5001. pLOI5000 was digested with NdeI and NheI, Klenow 

fragment-treated and self-ligated to produce pLOI5003. Plasmid pLOI5003 was amplified by 



 

106 

PCR (JM41X5promF1/R1 primers), digested with NheI/ClaI and ligated into compatible ends of 

PCR- amplified (JM41X3blamodprodF1/R1 primers) pLOI5001. The resulting plasmid 

(pLOI5002) contained bla and cat genes, divergently transcribed, with a minimal sequence 

between them. 

The 5‟ ends of gspA and gspC and the intergenic region between them were amplified by 

PCR (JMgspCAF2/R2 primers) from ATCC 8739 genomic DNA and cloned into pCR2.1-TOPO 

(resulting in pLOI5006). Appropriate constructs were made (in the manner described above and 

using primers JMgspAup1/JMgspCup2 for the inside-out PCR) for the two-step replacement of 

the gspA/gspC intergenic region with the Pbla/Pcat sequence. 

SDS-PAGE and Heme Staining 

Cultures for analysis by SDS-PAGE with heme staining were grown (250 ml flasks, 30 ml 

LB broth, 30°C, 120 rpm) to stationary phase (48 h, 0.5 gDCM/liter), harvested (25 ml, 8,000×g, 

4°C) and stored at -20°C. Cells were disrupted by two passages through a French pressure cell 

(14,000 psi). Unbroken cells were removed (5,000×g, 4°C) and a crude membrane fraction was 

prepared from 1.5 ml supernatant (16,900×g, microcentrifuge, 4°C ). Crude membrane fraction 

samples were incubated for 1h  at room temperature in SDS sample buffer (46) and resolved on a 

4 to 15% gradient polyacrylamide gel with Tris-glycine running buffer (65) for 35 min at 200 V. 

The heme staining procedure was modified from the method of Francis and Becker (40). Gels 

were washed with 12.5 % trichloroacetic acid for 30 min with rocking, followed by a 30 min 

rinse with deionized water. The gel was developed using a peroxidase staining method. The gel 

was developed in (final concentrations): 10% acetic acid, 1 g/liter o-dianisidine, and 0.06% 

hydrogen peroxide in 0.05 M citrate buffer, pH 4.4.  
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Electrochemical Analytical Methods 

Recording of current output over time with the engineered strains was done with the poised 

potential BEC system described in the previous chapter, with the following modifications. 

Riboflavin (10 µM) and homogentisic acid (HGA, 0.1mg/ml) were included in the anolyte (first 

trial) to facilitate electron transfer. A second trial used each compound at half concentration. 

Glucose (10 µmol) was added to the anolyte (without cells) upon reaching a stable baseline and 

bacterial cells (grown to late stationary phase at 100rpm, 0.67g/liter, final in BEC) were added 

approximately 1 h after glucose addition. 

Results and Discussion 

Chromosomal Integration of omcASo and mtrCABSo and Replacement of gsp Promoters in 

JC85 

The omcA and mtrCAB genes from S. oneidensis MR-1 were integrated into the 

chromosome of JC85 by targeted gene replacement to construct a functional extracellular 

electron transfer system. JC85 was chosen as the parent strain because while the presence of the 

cytoplasmic water-forming NADH oxidase (from S. mutans) might be beneficial (for oxygen 

scavenging), higher-level expression (JC93) would be unnecessary in the mediatorless system. A 

combinatorial approach was used for integration into the native adhE or pflB to increase the 

probability of finding the optimal expression pattern of the heterologous genes. JC94 and JC123 

had the entire gene cluster (omcAmtrCAB) integrated into pflB or adhE (respectively). Since 

omcA and mtrCAB are transcribed separately in S. oneidensis MR-1 (10), omcA transcription was 

from the pflB or adhE promoters, while the mtrCAB was transcribed from its own promoter. For 

JC121 and JC122, omcA and mtrCAB were integrated into the sites separately. Integrations were 

confirmed by PCR and by DNA sequence analysis. The chromosomal sequence between the gsp 

operons (of JC94, JC121, JC122 and JC123) was replaced with constitutive promoters (Pbla and 
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Pcat). Replacement of the gsp promoters resulted in strains JC128 through JC131. Cell pellets 

from strains with integration of the heterologous genes were observed to be a darker orange color 

than the parental strain, characteristic of cytochrome c production (34).  

Preliminary SDS-PAGE (with heme-staining) results suggested that the integrated 

cytochrome genes from S. oneidensis MR-1 were expressed in the tested strains (Figure 5-3). E. 

coli requires expression of cytochrome c maturation genes (ccmABCDEFGH) to make functional 

c-type cytochromes (117) such as the native NapC (or MtrA, MtrC and OmcA from S. 

oneidensis MR-1). The ccm genes are normally only expressed under nitrate-respiring 

conditions, so strains were transformed with pEC86 (constitutive expression of ccm genes) for 

testing. There appeared to be high molecular weight staining for the integration strains (lanes 1-

4) that corresponded with the heme-staining seen for S. oneidensis MR-1 (lane 5). The poorly 

resolved high molecular weight staining was from outer membrane cytochromes OmcA and 

MtrC (75 kDa) (106). No 35 kDa band for MtrA (periplasmic decaheme cytochrome c) (94) was 

visible in any of the E coli samples. No heme staining at all was seen for the parent strain sample 

(lane 6). The heme staining high molecular weight bands from the integration strain samples 

were faint and the results were not consistently reproducible. Expression levels may have been 

suboptimal due to copy number or induction conditions. Other studies reporting heterologous 

expression of the S. oneidensis MR-1 cytochrome c genes used similar induction conditions 

(aerobic cultures grown at 30°C to late stationary growth phase), but the genes were 

overexpressed from plasmids (34). Further study using higher expression levels and anaerobic 

respiratory growth conditions may be beneficial.   

Production of Current by JC131 

The EC testing (with addition of riboflavin and homogentisic acid) results were also 

inconclusive. Based upon the preliminary heme staining observations, JC131 (transformed with 



 

109 

pEC86) was selected for comparison of current production with JC85/pEC86. In the first trial, 

JC131/pEC86 produced 50% higher average current from glucose versus the parent, but the 

average current produced by each was low (40 µA vs. 10 µA, respectively, baseline corrected). 

The CE values were extremely low, less than 7% and 2% (respectively). The average current 

produced by JC131/pEC86 in a second trial (5µM thionin, 0.05 mg/ml HGA) was 76µA 

(baseline corrected) vs. 66 µA for JC85/pEC86. CEs were 3.7% and 3.5% (respectively).  

At the end of the experiments the JC85/pEC86-containing anolyte (Figure 5-4B) was 

observed to be darker (brown) in color than the anolyte containing JC131/pEC86 (Figure 5-4A). 

Oxidized homogentisic acid polymerizes to form pyomelanin, a brown pigment (25). The lighter 

pigmentation observed in the JC131/pEC86 MFC anolyte indicated that the homogentisic acid 

was being kept in a more reduced state (less pyomelanin formed), possibly by extracellular 

electron transfer from JC131. Overall, the results show that electron transfer from the cells was 

inefficient and that it was limiting MFC current production. Further investigation and 

optimization of expression are necessary. It is also possible that the gsp genes were not properly 

expressed, leading to problems with secretion of the outer membrane cytochromes.  
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Table 5-1. Strains, plasmids, and PCR primers 

Strain/plasmid/primer Relevant features Reference/source 

Escherichia coli   

JC94 JC85, ΔpflB::omcAmtrCABSo 
This study 

JC95 JC85, ΔpflB::omcASo 
This study 

JC96 JC85, ΔpflB::mtrCABSo This study 

JC99 JC85, ΔadhE::cat-sacB This study 

JC121 JC95, ΔadhE::mtrCABSo This study 

JC122 JC96, ΔadhE::omcASo This study 

JC123 JC85, ΔadhE::omcAmtrCABSo This study 

JC128 JC94, Δ(PgspC/ PgspA)::Pbla/ Pcat This study 

JC129 JC123, Δ(PgspC/ PgspA)::Pbla/ Pcat This study 

JC130 JC121, Δ(PgspC/ PgspA)::Pbla/ Pcat This study 

JC131 JC122, Δ(PgspC/ PgspA)::Pbla/ Pcat This study 

Shewanella oneidensis 

MR1  

ATCC (700550) 

Plasmids   

pEC86 cat, ccm (6) 

pLOI4192 bla, kan, pflB::omcAmtrCABSo This study 

pLOI5000 bla, cat, self-ligation of (Klenow-treated) 

pLOI4151, SapI/NotI frag. removed 

This study 

pLOI5001 bla, cat (Δ Pcat) This study 

pLOI5002 bla, cat (divergent Pbla/ Pcat) This study 

pLOI5003 bla (Δ Pbla), cat  This study 

pLOI5006 bla, kan, PgspC/ PgspA in pCR2.1 This study 

pLOI5007 Δ(PgspC/ PgspA)::cat-sacB This study 

pLOI5008 Δ(PgspC/ PgspA)::Pbla/ Pcat (divergent) This study 

pLOI5009 bla, kan, pflB::omcASo This study 

pLOI5010 bla, kan, adhE::omcASo This study 

pLOI5011 bla, kan, pflB::mtrCABSo This study 

pLOI5012 bla, kan, adhE::mtrCABSo This study 

pLOI5013 bla, kan, adhE::omcAmtrCABSo This study 

Primers   

JM41XXcatmodF2 CGCTGCTAGCAAGGAAGACCTGCGATG

GAGAAAAAAATCACTGG 

This study 

JM41XXcatmodR1 CGCTGCTAGCTTAGACGTCAGGTGGCAC

TT 

This study 

JM41X5promF1 CGCTGCTAGCGTCTCATGAGCGGATACA This study 

JM41X5promR1 CGCTATCGATGCTTCCTTAGCTCCTGAA This study 
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Table 5-1. Continued 

Primer Relevant features Reference/source 

JM41X3blamodF1 CGCCATCGATAAGGAAGGCTCTTCATGA

GTATTCAACATTTCCG 

This study 

JM41X3blamodR1 CGCTATCGATCTAAGCTAGCAAGGAAGA

C 

This study 

JMgspCAF2 CTGCCACGGGATTTGCATCT This study 

JMgspCAR2 TATGCGGCGGTGATTCAGGT This study 

JMgspAup1 CGCCATCGATAAGGAAGTTCTATGTCTA

CGAGAAGAG 

This study 

JMgspCup2 CGCTGCTAGCTCCTTCCTTACATCGTGCC

CACACTACGTTTCC 

This study 

JM41X5promFPvuI CGCTCGATCGGTCTCATGAGCGGATACA This study 

JM41X5promRPvuI CGCTCGATCGGCTTCCTTAGCTCCTGAA This study 

JMomcAF2 ACCTCTCGCGCTTAACAATG This study 

JMmtrBR2 TATCAAGGCGCTCAGTGGTA This study 

JMomcAF1 CACGATCGAGGCCTGCAACTGCCAAT This study 

JMomcAR1 CGTTCGATCGCGACTTAGTTACCGTGTG

CTTCCA 

This study 

JMmtrCF1 CGTTCGATCGCCCTTGTGGTTTAACTACC This study 

Primer sequences are 5‟ to 3‟ 
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Figure 5-1. Arrangement of gsp (general secretory pathway, T2SS) genes in representative 

strains. H-NS (histone-like nucleoid structuring protein) is shown binding to the 

operator region between gspA and gspC of E. coli K12, blocking transcription from 

divergent promoters 
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Figure 5-2. A model for extracellular electron transfer by an engineered E. coli strain producing 

periplasmic (MtrA) and outer membrane cytochromes (MtrC, OmcA) from 

Shewanella oneidensis MR-1 
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Figure 5-3. Heme-stained crude membrane fractions (after SDS-PAGE) of JC128/pEC86, lane 1; 

JC129/pEC86, lane 2; JC130/pEC86, lane 3; JC131/pEC86, lane 4; S. oneidensis 

MR-1, lane 5; JC85/pEC86, lane 6; MW markers (BioRad Kaleidoscope protein 

standards), lane7 
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Figure 5-4. Electrochemical cell (EC) anolytes (post-run) from the first trial with JC131/pEC86 

(A) and JC85/pEC86 (B). Anolytes contained riboflavin (5µM) and homogentisic 

acid (1 mg/ml). ECs were disassembled and electrodes (top) were removed from the 

anode chamber in the photo 
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CHAPTER 6 

OPTIMIZATION OF ELECTRON TRANSFER TO THE ANODE IN A MICROBIAL FUEL 

CELL USING SINGLE WALL CARBON NANOTUBES AND MIXED LENGTH CARBON 

FIBERS  

Introduction  

Microbial fuel cells are devices that transform stored chemical energy in organic materials 

into electrical energy for useful work. The MFC uses microbial whole cell biotransformation, 

versus the immobilized enzyme biocatalysis used in other types of biological fuel cells. Using 

whole cells has advantages, particularly low cost of materials and the potential for indefinite 

stability and regeneration of biocatalyst. This approach also brings challenges, primarily the 

lower power densities achieved versus enzymatic and non-biological fuel cells. The important 

roles of microbial metabolic rates and transfer of electrons across biological membranes in MFC 

power output was addressed in previous chapters. We anticipated that once the biological current 

production and efficiency of electron transfer to the exterior of the bacterium were optimized, it 

would be important to minimize overpotential losses. Single-walled carbon nanotubes (SWNT) 

(35) and mixed-length bulk carbon fibers (111) were therefore tested in the anode compartment 

of a dual-chambered MFC, using E. coli W3110 as the whole cell biocatalyst and methylene blue 

as the diffusible electron-carrying mediator. These micro and nanoscale carbon structures were 

included in a suspended, conductive network in order to decrease overpotentials due to mediator 

diffusion and anode reduction limitations. Minimization of losses downstream of bacterial 

electron transfer through anode optimization would complement the genetic engineering efforts. 

SWNTs are cylindrical structures whose walls consist of a graphitic sheet of carbon atoms 

(one atom thick). SWNT diameters can be as small as 0.5 nm, while their length depends upon 

the method of synthesis, but provide high aspect ratios and surface areas. This geometry, along 

with their high electrical conductivity, make SWNTs ideal for increasing MFC anode surface 
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area and decreasing diffusional distance of the mediator. The SWNT suspension density could be 

optimized to maximize conductivity without limiting bacterial loading. It is also possible that the 

hydrophobic SWNTs could infiltrate the E. coli membranes and allow direct electron transfer to 

the anode. 

Micro-scale carbon fibers can also be used to limit concentration overpotentials. While 

nanotubes have higher aspect ratios, surface area densities, and conductivities (in some cases), 

their synthesis and purification are still more difficult and expensive than the larger carbon 

fibers. It is important for MFCs to be constructed with inexpensive materials and to be scalable, 

which would be difficult (at this time) with SWNTs. Bulk carbon fibers may help to optimize 

electron transfer to the electrode, are less expensive than SWNTs and are available in large 

quantities. 

Single-walled carbon nanotubes or mixed length carbon fibers were suspended in the 

anode compartment of a two-chambered MFC for the purpose of increasing stable current 

production.  The MFC employed E. coli W3110 as the microbial biocatalyst in the anode 

compartment and methylene blue as the redox mediator. Current produced from glucose 

catabolism was measured over time and the performance of the SWNT MFCs compared with the 

control MFCs, containing only a graphite felt electrode. The effect of SWNT or CF inclusion on 

the magnitude and stability of electrical current production under different MFC operating 

conditions was evaluated.  

Materials and Methods  

Materials, Instrumentation and MFC Assembly  

The basic MFC assembly (NCBE, The University of Reading, UK) consisted of Perspex 

(acrylic) chambers, neoprene gaskets, carbon fiber electrodes (cut to 2.4 cm × 3.3 cm) and a 

cation-exchange membrane. Assembly of these components was performed as outlined by the 
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supplier and as described by Bennetto (11). In addition, platinum wire (from Mini-Subcell GT 

electrophoresis apparatus electrodes, BioRad, Hercules, CA) was used to connect the carbon 

fiber electrodes to the external circuit, consisting of a 1000 ohm resistor and an ammeter (46-

Range Digital Multimeter with PC interface and data-logging MeterView 1.0 software, 

RadioShack, Fort Worth, TX), in series.  Argon was bubbled into the anode compartment using 1 

mm outer diameter, 0.2 mm inner diameter PTFE tubing passing through the same aperture as 

the platinum wire of the anode, down to the bottom of the chamber. This aperture was sealed to 

divert exiting gases to the feeding/venting tube, located in the other aperture of the chamber.  

The argon flow rate was maintained at approximately 3.5 ml/min, as measured at the venting 

tube using a J&W Scientific (Folsom, CA) ADM 2000 flow meter.  The cathode chamber was 

modified in the same manner as the anode chamber; however, no gas was delivered to the 

cathode chamber and the electrode aperture was not sealed.  The catholyte (9 ml total volume 

added per MFC after assembly) consisted of 50 mM potassium ferricyanide in 100 mM sodium 

phosphate buffer, pH 7.0. A cloth layer (75% rayon, 25% polyester, EasyWipe, Magla Products 

L.L.C., Morristown, New Jersey) was used to separate the electrodes from the cation-exchange 

membrane in each chamber.  Both assembled MFCs were attached to a weight, placed in a one 

gallon plastic freezer bag and immersed (to the top of the MFCs) in a 37
o 

C water bath. 

 Media and Growth of Cultures  

E. coli W3110 (ATCC 27325) cultures were inoculated from a single colony on a NBSM 

(with 20 g/liter glucose) agar plate into 50 ml NBSM glucose medium (medium contained 30 

g/liter glucose unless otherwise noted) in a 250 ml baffled Erlenmeyer flask. Cultures were 

grown aerobically (37°C, 250 rpm) and 10.9 ml was harvested (5000×g, 5 min, 22°C) at a 

density of approximately 36.3 mgDCM/liter) and resuspended in 0.5 ml NBSM glucose medium. 
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SWNT MFC Anolyte Preparation and Inoculation  

The SWNT suspension (0.06 mg/ml) to be used in the MFC was washed in an equal 

volume of NBSM glucose medium to minimize carryover of detergent used in its preparation as 

well as to limit the dilution of the medium. The tube was inverted to mix and was spun down in a 

clinical centrifuge for 2 min. This caused aggregation of the SWNTs and they were transferred in 

a minimal volume (2 ml) to a fresh tube. To this tube was added an additional 4 ml of medium. 2 

ml of the SWNT wash was transferred to a fresh tube and 4 ml medium was added to it for use in 

the no-SWNT control MFC. The resuspended cells were added to each of these tubes and briefly 

sparged with argon, using a 25 
5
/8 gauge needle on a 1 ml syringe with plunger removed and an 

argon-filled balloon on the other end.  The suspensions were then transferred to the anode 

chamber of their respective MFCs by means of a 10 ml syringe equipped with an 18 gauge 

cannula. The final cell density in the anolytes was approximately 60 mgDCM/liter. Methylene 

blue (480 l of a 10 mM stock) was added to each anolyte by syringe. 

CF MFC Preparation 

The procedure for preparation of CF MFCs was as described for the SWNT MFCs, but a 

mixed-length carbon fiber suspension was used in place of the nanotubes. During the first trial it 

was found that the mixed carbon fibers could not be transferred by syringe. This necessitated the 

feeding of the aggregated fibers through the feeding/vent tube in the anode chamber, after the 

addition of the cell suspension and prior to addition of mediator. The CF transfer was done by 

pushing the fibers through the tube with toothpicks.  

For the second trial, the carbon fiber suspension was transferred as several aggregates 

(from which most of the liquid had been removed) to the anode compartment during assembly.  

E. coli W3110 cells were resuspended (60 mgDCM/liter in 6.5 ml total volume NBSM glucose 
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medium) for each MFC (CF MFC and control MFC) and cell suspensions were transferred to the 

MFC anode chambers, followed by addition of methylene blue. 

Results  

SWNT MFC Current Production 

After addition of cells and mediator (and after a brief current spike in which the no-SWNT 

MFC surpassed that of the SWNT MFC), the SWNT MFC sustained a higher current (Figure 6-

1). After approximately 7 h, the SWNT MFC current dropped to the same level as the control 

MFC (~ 0.1 mA). Argon flow was stopped 19 h into the run to determine the current produced 

by each MFC in the absence of anolyte mixing (Figure 6-2).  The SWNT MFC produced a 

current that was over 2.5-fold greater than that of the no-SWNT control MFC.  The current levels 

were stable for 1.5 h, at which point the SWNT MFC‟s current dropped to just under 2 times that 

of the control. Brief mixing with argon, performed 2 h after this observed drop, greatly increased 

the SWNT MFC current and resulted in a stable 3-fold higher current for an additional 1.5 h. 

A second experiment was performed in which argon mixing was halted soon after 

inoculation of the MFCs and addition of mediator. The same MFC setup procedure was followed 

as in the initial experiment.  However, the inoculated anolyte cell density was slightly higher (~ 

66 mgDCM/liter). The SWNT MFC current was about 50% higher than that of the control MFC 

(Figure 6-3). 

CF MFC Current Production 

Upon addition of all components, the CF MFC was observed to produce a current that was 

nearly twice that of the control MFC (Figure 6-4). Initial current was only slightly higher from 

the CF MFC. However, over a 12 h period the CF MFC produced a stable current that averaged 

at least 40% higher than that of the control MFC (Figure 6-5). 
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Discussion 

Minimizing concentration overpotentials (and ohmic losses) and increasing active 

electrode surface area are critical factors for increasing MFC power output. These improvements 

are of particular importance as the limitations of bacterial metabolic rate and efficiency of 

extracellular electron transport are alleviated. The results of the SWNT and CF MFC testing 

showed that the CFs and SWNTs also provided higher stable current production without 

continuous mixing. These results suggest that the dynamic anode matrix composed of bacterial 

cells and SWNTs (or CFs) was able to form a stable, active and conductive matrix after mixing 

was stopped. In contrast, the MFCs without the SWNT or CF addition experienced significant 

decreases in current production after stirring was stopped. In those MFCs, planktonic cells sank 

to the bottom of the vessel and were not as readily accessible to the mediator. Thus, 

concentration overpotentials were likely greater in the control MFCs. Further MFC design 

improvements that incorporate the type of high surface area, robust electrode design discussed 

here will help to increase MFC power output and reliability in mediatorless and mediated 

systems. 
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Figure 6-1. Initial hour (mixing) average current with and without addition of single-walled 

carbon nanotubes (SWNT). 
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Figure 6-2. Average current with and without addition of single-walled carbon nanotubes 

(SWNT). 
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Figure 6-3. Initial hour (post-mixing) average current with and without addition of single-walled 

carbon nanotubes (SWNT). 
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Figure 6-4. Average current with and without addition of micro-scale carbon fibers (CF). 
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Figure 6-5. Second trial average current with and without addition of micro-scale carbon fibers 

(CF). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

127 

CHAPTER 7 

CONCLUSIONS AND FUTURE DIRECTIONS 

A sustainable energy infrastructure depends upon increased efficiency and use of 

renewable sources. Microbial fuel cells can contribute by adding value to byproducts (currently 

considered waste streams) from various agricultural, industrial and municipal processes. At 

present, wastewater treatment strategies are energetically and economically costly. MFCs can be 

used to remove most of the organic material from the wastewater, while providing electricity to 

run the facility. Wastewater treatment is one prominent example of how MFCs can increase 

energy efficiency and decrease costs. The processes at breweries, food processing plants, green 

waste disposal and biofuel processing plants could also be complemented by MFC-based energy 

recovery from wastes. Solar, wind, geothermal and hydroelectric energy are important 

components of a comprehensive renewable energy strategy, but all have specific siting 

requirements and some can only provide intermittent power. MFCs can be run continuously and 

located virtually anywhere, without requiring sunlight, wind, drilling, or large bodies of water. 

Depending upon the organisms used, they can be operated at a wide range of temperatures, with 

many types of fuels. 

Despite all of these compelling positive attributes, MFC technology is still in its early 

stages and is not ready for widespread adoption as part of our energy infrastructure. MFC 

designs need to be tested at larger scale, cost of materials must be minimized, and power 

densities need to be increased. Further study is needed of the biological factors that influence 

MFC power output. Metabolic engineering of microorganisms for use in MFCs can help make 

generation of electricity with MFCs more practical. 

Our study focused on improvement of E. coli ATCC 8739 as a biocatalyst for production 

of electricity in an MFC. We used a cofactor engineering approach to increase the rate and yield 
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of production of electrons from glucose. Elimination of oxidative phosphorylation lowered the 

ATP/ADP ratio and led to a 44% increase in the rate of glycolysis. However, transfer of 

electrons from NADH to oxygen or to the anode (via thionin) was enzyme-limited (by 

dehydrogenases of the ETS). This caused overflow metabolism (acetate production) and limited 

the electric current and CE in the poised potential MFC system. Heterologous expression of 

naoXSm provided an alternate electron route from NADH to the terminal electron acceptor. This 

removed the electron transfer rate limitation and lowered the NADH/NAD
+
 ratio, resulting in a 

19% increase in current (JC93 versus wild type) and an increase in CE from 49% to 76%. 

Future directions for this research include testing the engineered strains in design-

optimized MFCs, further study of expression of extracellular ETS genes, and the metabolic 

engineering of other MFC biocatalysts (such as DMRB). A poised-potential electrochemical cell 

allowed us to study processes upstream of the anode without the influence of internal resistance 

or cathodic overpotentials. It is important to test the engineered strains under non-idealized MFC 

conditions to see if high rates and yields can be achieved.  

Some limitation of current may have occurred in the poised-potential system due to mass 

transfer limitations. At high current low pH may have affected the electrochemical activity of the 

bacteria. Reoxidation of thionin may also have become limiting. Coulombic efficiency may have 

been limited at high current due to diffusion of oxygen (and H2O2) into the anolyte from the 

cathode. Testing the improved strains in an optimized MFC design may help to eliminate 

concentration overpotentials. In our study, we have shown that supplementation of the anode 

with mixed length carbon fibers and SWNTs can result in increased current. Optimization of 

expression of the omcA-mtrCABSo genes in the engineered strains may minimize activation 

overpotentials and enable mediatorless MFC operation with high power densities. Following the 
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S. oneidensis model, overproduction of flavin electron shuttles may also be beneficial. We 

investigated the incorporation of an extracellular ETS into an improved E. coli MFC biocatalyst. 

However, our genetic engineering strategy could also be applied to optimization of the 

metabolism of an exoelectrogen for increased MFC power density and broader fuel range. 
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