
 

 

ABSTRACT 

 

WHITHAM, JASON MICHAEL. Identifying Genetic Targets and Growth Conditions for 

Higher Ethanol Production by the Synthesis Gas Fermenting Bacterium Clostridium 

ljungdahlii (Under direction of Dr. Amy M. Grunden and Dr. Joel J. Pawlak). 

 

The United States has increasing volume mandates for cellulosic biofuels 

production to reduce our dependence on foreign oil for the sake of transportation fuel 

security. For the past few years, mandated volumes have not been met by industry though 

for a variety of reasons. Clostridium ljungdahlii, an established cellulosic ethanol-

producing industrial biocatalyst can produce ethanol from synthesis gas; however, 

relatively low concentrations of ethanol compared to traditional yeast fermentations of 

sugar are costly to separate from the fermentation medium, and C. ljungdahlii’s growth 

and productivity can be inhibited by contaminants in syngas which are expensive to 

remove. Synthesis gas  is predominantly composed of  carbon monoxide, carbon dioxide, 

and hydrogen, but also can contain a variety of contaminants (e.g. hydrogen cyanide, 

mono-nitrogen oxides, ammonia, sulfur dioxide, carbonyl sulfide, hydrogen sulfide, 

oxygen) depending on the carbonaceous feedstock from which it is produced (e.g. biomass, 

agricultural waste, municipal waste, industrial waste). The purpose of this work was, 

therefore, to identify genetic targets and growth conditions for higher ethanol production. 

To accomplish this, the metabolic and physiological response of C. ljungdahlii PETC to 

oxygen was investigated and a lab-derived hyper ethanol-producing strain of C. ljungdahlii 

(designated OTA1) was characterized. Preliminary investigation showed that C. 

ljungdahlii PETC has some tolerance to oxygen when cultured in a rich mixotrophic 

medium. Batch cultures not only continued to grow and consume H2, CO, and fructose 



 

 

after 8% O2 exposure, but fermentation product analysis revealed an increase in ethanol 

yield and decreased acetate yield compared to non-oxygen exposed cultures. Acetate 

reductase activity by a more highly expressed predicted aldehyde oxidoreductase (encoded 

by CLJU_c24130) and hydrogen peroxidase activity by a rubrerythrin (encoded by 

CLJU_c39340) were identified as important contributions to higher ethanol production and 

oxygen detoxification, respectively. Higher ethanol production and oxygen/ROS 

detoxification were also found to be linked by cofactor management as well as substrate 

and energy metabolism. The C. ljungdahlii OTA1 strain was previously shown to produce 

twice as much ethanol as the C. ljungdahlii PETC strain when cultured in mixotrophic 

medium containing fructose and syngas. This work identified four single nucleotide 

polymorphisms (SNPs) unique to its genome. SNPs in acsA (CLJU_c37670) and/or hemL 

(CLJU_c04490) likely cause the OTA1 strain to have an inoperable Wood-Ljungdahl 

pathway. OTA1 also has a mutation in the ADI transcriptional regulator gene 

(CLJU_c09320) which was found to deregulate expression of arginine catabolism genes 

while a mutation in the DeoR transcriptional regulator (CLJU_c18110) deregulated 

expression of 2-deoxy-D-ribose catabolism genes. Fermentation studies, differential 

expression analysis, and enzyme assays showed that the mutation(s) which resulted in 

OTA1 having an inoperable Wood-Ljungdahl pathway had the greatest effect on growth 

and fermentation products, and the higher ethanol to acetate fermentation product ratio 

could be explained by those mutations alone. The mutations in the transcriptional 

regulators and the increased expression of their respective operons seemed to have more 

minor effects on growth and fermentation products based on fermentation supplementation 

experiments. Besides providing genetic targets and growth conditions for higher ethanol 



 

 

production, this work also contributes new knowledge about C. ljungdahlii’s metabolism 

and physiology. 
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PREFACE 

 

 This thesis dissertation comprises the work of Jason M. Whitham under the 

leadership of Dr. Amy M. Grunden and Dr. Joel J. Pawlak, and is for partial fulfillment of 

the requirements for a dual Ph.D. degree in Plant and Microbial Biology and Forest 

Biomaterials. The unity of these disciplines intersects in biofuels and biocommodities 

research and involves technical considerations of both microbial catalysts and biomass 

feedstocks.  

 Clostridium ljungdahlii is a well-studied industrial biocatalyst in which the U.S. 

government and industry have invested hundreds of millions of dollars for advancement of 

cellulosic bioethanol production. However, commercial scale volumes have yet to be 

successfully produced because of low ethanol concentrations which require costly 

separation processes and because of low growth and productivity due to inhibitory 

contaminants in syngas, which are costly to remove. Syngas  is predominantly composed 

of  carbon monoxide (CO), carbon dioxide (CO2), and hydrogen (H2), but also can contains 

a variety of contaminants (e.g. hydrogen cyanide, mono-nitrogen oxides, ammonia, sulfur 

dioxide, carbonyl sulfide, hydrogen sulfide, oxygen) depending on the carbonaceous 

feedstock from which it’s produced (e.g. biomass, agricultural waste, municipal waste, 

industrial waste). Jason’s research identifies genetic targets for improved ethanol 

production by C. ljungdahlii including targets for continued robust production despite the 

presence of syngas impurities. These findings are also relevant to other technologies 

seeking to use C. ljungdahlii for production of other biofuels and biocommodities from 

syngas. 
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CHAPTER 1 

 

Literature Review 

 

Clostridium ljungdahlii: a Review of the Development of an Industrial Biocatalyst 

 

Jason M. Whitham1, Joel J. Pawlak2, and Amy M. Grunden1 

 

1Department of Plant and Microbial Biology, North Carolina State University, 4548 

Thomas Hall, Campus Box 7615, Raleigh, NC 27695-7615;  2Department of Forest 

Biomaterials, North Carolina State University, 2028C Biltmore Hall, Campus Box 8001, 

Raleigh, NC 27695-8001. 
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ABSTRACT 

 

Autotrophic Clostridia are of considerable interest for use in renewable biofuel and 

biocommodities production. One such autotrophic Clostridium, Clostridium ljungdahlii, 

was the first to be identified as an ethanologenic acetogen and has been extensively studied 

as a microbial catalyst for the conversion of biomass derived synthesis gas to biofuels. To 

better exploit this bacterium for bulk chemicals (including biofuels) production from CO2, 

the genome for C. ljungdahlii has been solved and genome-scale modeling performed. In 

this paper, the historical factors which initiated interest in the microbe, the major scientific 

findings obtained through the study of this organism, and its utility in the 

biofuels/biochemical industry are reviewed. Discussion of new areas of study for this 

organism and biocatalyst improvements of industrial Clostridial strains are also provided. 
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1.1 Introduction 

In 1988, the first bacterial isolate shown to produce ethanol from CO or H2 and CO2 

was named Clostridium ljungdahlii in honor of Dr. Lars G. Ljungdahl for his efforts in 

elucidating the Wood-Ljungdahl pathway (WLP) and for his work on characterizing the 

physiology of members of the genus Clostridium (158). The WLP, also called the Acetyl-

CoA pathway, enables C. ljungdahlii to synthesize acetyl-CoA from  gaseous substrates 

present in biomass-derived synthesis gas (syngas, a variable mixture CO, H2, and CO2 as 

well as other gases, ash, chars and tars (100)). Of the five known carbon fixation pathways, 

WLP has the lowest ATP cost (38). Several excellent reviews of the WLP are available 

(31, 109, 164). While characterization of this pathway was mostly done with Moorella 

thermoacetica (then known as Clostridium thermoaceticum) many of the nuances of the 

enzymes, coenzymes, etc. that comprise Clostridium ljungdahlii’s WLP have been 

elucidated (70, 72). 

Clostridium ljungdahlii is a common soil bacterium found all over the world, and 

it is also an important industrial biocatalyst. The first strain ever isolated (PETC ATCC 

49587/ ATCC 55383) was from chicken yard waste and the second (ERI2 ATCC 55380) 

from a natural water source (39). It has also been found in various environments such as 

wastewater anaerobic digesters and methane production reactors in Canada, China, 

Germany, and Portugal (1, 83, 93, 105, 129, 133, 168, 170, 171, 174). The reason for its 

ubiquity is its ability to sporulate and because it can be carried in the GI tracts of animals 

and humans (32). 

In nature, it is part of large diverse group called acetogenic bacteria (“acetogens” 

or “homoacetogens”). Acetogens naturally produce acetate as their primary end product, 
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and they contribute an estimated 1.1 billion short tons of acetate annually from CO2 capture 

in soils and sediments (30). However, their total contribution of acetate in soil and 

sediments is estimated to be about ten times this amount, which comes from catabolism of 

a variety of other substrates (30). Acetate is subsequently converted to CO2 and methane 

(CH4) by methanogens, and methanogenesis is the principle global source of CH4, which 

is 25 times more potent of a greenhouse gas than CO2 and accounts for up to 20-30% of 

“global warming” (104, 132). It is ironic that C. ljungdahlii is now being used for 

biotechnology applications to reduce greenhouse gases. Yet, it is no surprise it is being 

exploited since it can convert inexpensive syngas into ethanol. The U.S. demand for 

ethanol is in the 1010 gallons range annually and is rising (113), and syngas can be an 

attractive feedstock for bioethanol production, as it can be very inexpensive to generate 

depending on many factors (116). While purification costs may increase the price of 

syngas, these costs can be avoided if syngas is produced from CH4 rich gases like biogas 

or natural gas (Coskata, Inc. feedstock). Alternatively, industrial waste gas (which is used 

by LanzaTech) has low or no material cost or partial combustion cost, so purification is the 

only cost. 

C. ljungdahlii can actually use a variety of different substrates as carbon sources in 

addition to, or simultaneously with, syngas (30). These substrates include fructose, glucose 

(after adaptation), gluconate, arabinose, ribose, xylose, erythrose, threose, formate, 

pyruvate, malate, fumarate, ethanol, arginine, aspartate, glutamate, histidine, serine, 

choline, citrulline, guanine, hypoxanthine, and xanthine (70). Being an acetogen, C. 

ljungdahlii’s catabolic pathways converge at the metabolite acetyl-CoA, which is 

converted to acetate. However, under certain conditions, other products including ethanol 
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are predominantly produced (63). With current metabolic engineering technologies, C. 

ljungdahlii’s metabolic capabilities are both being enhanced with the exogenous pathways 

as well as by deletion of competing pathways for tailored industrial strains (70, 77, 150). 

As mentioned above, it is also a common consortia-member for anaerobic waste 

degradation, and is a candidate for microbial electrosynthesis and carboxylate platforms 

(102, 106, 114, 115). In this review, the history of how C. ljungdahlii was developed as an 

industrial cellulosic ethanol producer, the exploration of other “green” biotechnology 

applications, and the potential ways it can be improved for these applications are discussed. 

The major scientific questions that have been answered through the study of this organism 

and new areas of investigation are also addressed. 

 

1.2 History of Bioethanol as a Fuel and Fuel Additive in the United States 

To better understand why C. ljungdahlii became a prominent industrial biocatalyst 

for ethanol production from syngas, it is important to understand the history of ethanol as 

a fuel and fuel additive in the United States leading up to the bacterium’s discovery and 

surrounding its development. Also, this background will highlight and conclude with the 

current condition of the cellulosic ethanol industry because current biofuels technologies 

which utilize C. ljungdahlii are categorized by the U.S. Federal Government as cellulosic 

ethanol production pathways. A timeline outlining the rise of the automobile and the 

increased demand for liquid fuels such as gasoline and ethanol are outlined in Figure 1-1 

along with milestones in the development of alternative fuels sources and the history of C. 

ljungdahlii as an industrial biocatalyst. 
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Figure 1-1. A timeline for the major events in the history of the development of Clostridium ljungdahlii as an industrial 

biocatalyst
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Figure 1-2. Amount (in millions of gallons) of pure ethanol consumed by U.S. citizens 

over the age of 15-years-old either as a beverage or as a fuel in the year 2010. Ethanol 

consumed as a beverage was determined by multiplying the U.S. population over the age 

of 15 by the average amount of alcohol consumed by a citizen over the age of 15. Data 

sources for U.S. population, beverage consumption, and ethanol fuel consumption were 

obtained from the U.S. Census Bureau, the World Health Organization, and from the U.S. 

Energy Information Administration, respectively. 
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Although ethanol is consumed as a beverage, the primary use of ethanol in the U.S. 

is for transportation fuel (Figure 1-2). Therefore, the history begins in the early 1900’s with 

mass transportation. The engines of some early car models were designed to run on a 

variety of fuels including pure ethanol or an ethanol blend (136). However, because of a 

$2.08/gallon tax on ethanol (equivalent to $40/gallon in 2015 dollars) that was imposed 

from 1861 until 1906, the gasoline industry was able to establish a market presence that 

made it difficult for the ethanol industry to compete (137).  

Another potential market for ethanol emerged in the 1920’s as a fuel additive to 

prevent engine “knock” (137). This was a noise and performance issue caused by 

incomplete combustion of less volatile components of gasoline that led to small incorrectly 

timed explosions (128). Incomplete combustion also caused pollution issues in cities (20, 

136). To solve these issues, the petroleum-derived gasoline oxygenate tetraethyl lead was 

added to fuel until 1973 when it was replaced by another petroleum-derived gasoline 

oxygenate methyl tertiary-butyl ether (MTBE) (97, 128). MTBE was replaced by 

bioethanol as a gasoline oxygenate in the 2000s after MTBE was found to be a health 

hazard (12, 46, 96, 136).  

U.S. interest in bioethanol as a fuel additive and fuel has grown since the 1970s oil 

crises (135, 136). Since bioethanol is crop-derived rather than petroleum-derived, it has 

been used as one of many solutions to fuel security issues (135, 136). The U.S. demand for 

energy and fuel technologies to solve the fuel security issues can be quantified in Federal 

funds allocated for R&D of non-defense energy technologies, patents for energy 

technologies, and U.S. Department of Energy (DOE) loans for alternative energy 

companies. Figure 1-3 shows the trends in comparison to the real price of oil from 1969 to 
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2014. The real oil price is an index price that takes into consideration the consumer price 

index, and current price of oil. The result is a price for oil that is indicative of the current 

value of the dollar over time [36]. The figure shows an initial increase in Federal funds for 

R&D of non-defense energy technologies until about 1980 followed by a downward trend 

in federal funding for non-defense energy R&D. Patents for energy technologies rapidly 

grew over the time period examined. While less money was ear-marked in the federal 

budget for non-defense energy R&D during that time, tens of billions of dollars in federal 

loans became available starting in 2009 and were issued for commercialization of 

alternative energy technologies including advanced biofuel and cellulosic biofuel 

production technologies.  
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Figure 1-3. Real oil price (U.S. dollars per barrel), U.S. Federal Government annual budget 

for nondefense energy R&D (U.S. dollars, billions), Department of Energy (DOE) loans 

(U.S. dollars, billions) awarded per year, and all energy patents (Patentscope keyword: 

energy) published per year (thousands) from 1969 – 2014. Real oil price data were acquired 

from (35). U.S. Federal Government annual budget for nondefense energy R&D was data 

provided by the American Association for the Advancement of Science. DOE loan data 

was obtained from (37). Patents were searched using the World Intellectual Property 

Organization Patentscope. Note: Constant dollar conversions was based on GDP deflators. 
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Advanced biofuels technologies are defined by the U.S. Federal Government as 

fuels that are derived from non-corn biomass that ideally grow on marginal lands or come 

from waste sources (e.g. agricultural, forest, municipal, and industrial wastes) with a 50% 

reduction in greenhouse gases (GHGs) compared to transportation fuels sold in 2005 

according to life-cycle analysis (LCA) (138). Cellulosic biofuels are similar to advanced 

biofuels except that they must be derived from the cellulose, hemicellulose, or lignin 

components of biomass and cellulosic biofuels technologies must have 60% GHG 

reductions compared to transportation fuels sold in 2005 (138). As indicated by these 

definitions, concern for the environment has also motivated the development of 

technologies for producing biofuels. By utilizing more biofuels, less GHGs and other 

environmentally harmful gases such as CO, HC, SO2, and NOX are produced (16, 58). 

These gases are the purported causes of climate change, urban pollution, and acid rain (16). 

In addition to these issues, oil spills have contaminated thousands of miles of shoreline 

destroying vegetation and killing hundreds of thousands of animals, even causing 

endangerment or near extinction of some species (8, 28, 47, 91). Furthermore, cleanup 

costs and damage to shoreline businesses from oil spills have accrued to billions of dollars 

(8). The worst impact of an ethanol spill observed has been river fish kills due to depletion 

of dissolved oxygen during microbial degradation (36, 39, 51, 89, 111).  

The main criticism of corn-based bioethanol production as it relates to the 

environment is land use change (e.g. forests or prairie to agriculture land) resulting in 

unaccounted for CO2 emissions (75). An additional concern  has stemmed from the 
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food/feed versus fuel debate in which it is argued that use of crops for fuel production 

increases agriculture commodity prices (118). While advanced and cellulosic biofuels 

technologies provide possible solutions to these issues, they have not fully matured and 

have other challenges to be worked out including high water usage (138). Furthermore, 

industry has been unreliable in producing mandated quantities of advanced and cellulosic 

biofuels as defined annually by the Environmental Protection Agency’s (EPA) for the 

renewable fuel standards (RFS) program (138).  

Since the 1970’s several pieces of legislation have supported the growth of 

bioethanol in the United States, and more recent laws have favored cellulosic ethanol over 

corn-ethanol. To first help establish a thriving biofuels industry, the Federal government 

passed the 1978 Energy Tax Act, which defined, advertised, and provided a substantial 

excise tax exemption for gasohol (gas containing >10% non-petroleum-derived ethanol) 

(136). The excise tax exemption changed in magnitude over the years and was essentially 

renamed (volumetric ethanol excise tax credit), and was not allowed to expire until the end 

of 2011 (95, 136). Another financial incentive to small producers (less than 30 million 

gallons per year) was an additional $0.10/gallon income tax credit for up to 15 million 

gallons per year that was provided by the 1990 Small Ethanol Producer Tax Credit (136). 

The 1990 Clean Air Act which mandated use of oxygenates to be added to fuel was 

beneficial to the bioethanol industry mostly after States began banning the use of methyl 

tertiary-butyl ether in 2002 and before Federal requirements for oxygenates were removed 

by the 2005 Energy Policy Act (136). The 1992 Energy Policy Act supported the bioethanol 

industry by (among other things) requiring alternative fuel vehicles for the Federal fleet 

(136). The 1992 Energy Policy Act also required collection and analysis of GHG emissions 
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data related to the supply and use of alternative fuels, which was a stepping stone for greater 

incentives for the cellulosic ethanol industry (94). The 2005 Energy Policy Act helped the 

first generation bioethanol (i.e. corn ethanol) industry to mature by establishing the RFS 

program which required progressively higher amounts of biofuels to be mixed with 

petroleum sold in the United States up to 7.5 billion U.S. gallons by 2012 (123). It further 

helped with movement toward production of advanced biofuels (defined by reduction of 

GHGs compared to transportation fuels sold in 2005) by providing loan guarantees and 

grants to develop production technologies (138). The 2007 Energy Independence and 

Security Act (EISA) extended the targets for progressive increases in biofuels to be mixed 

with petroleum (up to 36 billion gallons in 2022) (123). These 36 billion gallons include 

15 billion in first generation biofuel and 21 billion in advanced biofuel (including 16 billion 

in cellulosic biofuels) (123). Lastly, Farm Bills (starting in 2008) have provided more 

billions of dollars in incentives for production and use of cellulosic feedstocks for biofuels 

production (167). These are a sampling of the more impactful Federal legislation. Some 

state governments also have credits, tax exemptions, grants, loans, and other financial 

assistance which are incentives for ethanol producers to operate in particular states. An 

updated complete record of Federal and State laws (including mandates and incentives) for 

biofuels production and technology development can be found at the DOE Office of Energy 

Efficiency and Renewable Energy Alternative Fuels Data Center program website (152). 

While legislation has helped the development of the cellulosic biofuel (including 

cellulosic ethanol) industry, since cellulosic biofuel was not produced at a commercial 

scale until 2014, the EPA had to remove the volume mandate for prior years and decided 

to qualify compressed natural gas (CNG) and liquefied natural gas (LNG), and biogas-
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derived electricity for electric vehicles to make up for the low volumes of cellulosic biofuel 

in 2014 (155, 159, 169). Prior to this, the EPA also qualified renewable gasoline to replace 

volumes of mandated cellulosic biofuel in 2013 (154). More recently, the EPA has allowed 

obligate parties to buy waiver credits instead of actual physical gallons of cellulosic biofuel 

(134). Another EPA ruling for reduced mandates from statutory targets of cellulosic 

ethanol for 2015 and 2016 was issued in May 2015 (156). While the slow start in industrial 

production of cellulosic ethanol and EPA rulings have inhibited investment and progress, 

some commercial scale cellulosic ethanol facilities are still being constructed or renovated 

because of federal and state investments and incentives. 

 

1.3 1987-1996: Isolation, Basic Characterization, and Growth Optimization of 

Clostridium ljungdahlii for Ethanol Production 

1.3.1 Gaddy et al. isolate Clostridium ljungdahlii and demonstrate its ability to convert 

syngas to ethanol 

By 1987, the price of oil had come down to ~$18/barrel (real price ~$38/barrel) 

from the peak of ~$34/barrel (real price ~$97/barrel) in 1980 (Figure 1-3). At that time, the 

US Department of Energy (DOE) funded Dr. J. L. Gaddy’s research program at the 

University of Arkansas to demonstrate the feasibility of production of liquid fuels by 

indirect biological liquefaction of coal. They did so by isolating the first bacterium that 

could produce ethanol from CO or syngas (gas mixture containing CO, CO2, and H2) (11). 

Based on their knowledge that a variety of natural microbial isolates could produce acetate, 

CH4, and H2, they proposed that energetically favorable conditions may exist for ethanol 

production.  Barik et al. anaerobically cultured and transferred inocula from sewage sludge, 
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chicken yard waste, coal and coal mud samples (11). They started with basal medium 

cultures with methanogen inhibitors and either acetate, CO, or artificial syngas in serum 

tubes with an initial pH of 4 to 7 (11). After incubating at 37°C in a static culture for several 

months, small quantities of acids and alcohols began to appear in tubes containing CO and 

artificial syngas (11). It was found through continued experimentation that the culture 

isolated from chicken waste at pH 5 with a methanogen inhibitor outperformed other 

cultures with regard to CO utilization and alcohol production (11). Purification of the 

bacterium was achieved by dilution (11). Preliminary studies of the isolate showed that 

agitation improved mass transfer and CO uptake and that only organic acids were formed 

when yeast extract (YE) was provided as the sole carbon source. It was also demonstrated 

that reducing the amount of YE in media improved ethanol production and decreased 

acetate production. Removing the methanogen inhibitor also increased ethanol production 

and decreased acetate production (11). It was hypothesized that acetate and ethanol might 

both be produced through the acetogenesis intermediate acetyl-CoA (11). Though the 

isolate was not positively identified and fully characterized, the genus of the bacterium was 

correctly identified to be a Clostridium and soon after named Clostrdium ljungdahlii (11, 

158). 

In follow up experiments by Vega et al, efforts were made to achieve a continuous 

homoethanolic fermentation of CO2, CO, and H2 and to maximize ethanol production of 

the isolate (11, 158). Recognizing that the acetogenesis is balanced with ATP production, 

while ethanol production results in a net consumption of ATP, the experimental work 

focused on growth-limiting factors (66). Since lower growth directly relates to lower 

biocatalyst activity, the methods used to limit growth (i.e. reduce YE) in some cases limited 
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the biocatalyst’s ability to take up gaseous substrate, and therefore, they needed to identify 

the optimal range for these factors. By limiting YE to between (0.005-0.05%) they were 

able to increase the ethanol to acetate ratio (EAR) in batch fermentations from 1:22 to 1:7 

(66, 158). They also found that replacing YE with sugars and complex carbohydrates, both 

of which promoted sporulation in C. thermosaccharolyticum, increased the EAR; replacing 

YE with cellobiose increased the EAR from 1:7 to 1:2 (64, 66).  

The highest EAR in batch cultures (1:1) was reached with the addition of low 

concentrations of the reducing agent benzyl viologen (64, 66). Lowering the dilution rates 

in continuous stirred-tank reactors (CSTR) from 0.069 h-1 to 0.031 h-1 increased cell density 

and limited nutrient availability, which increased the EAR from 1:5 to between 1:2 - 1:0.8; 

without YE, ethanol production oscillated between high and low values during the 

experiment (66, 158). Because of these findings, they set up a two-stage CSTR system.  

The first stage promoted growth by having a higher dilution rate, a pH of 4.5, and YE. The 

second stage was designed to increase ethanol production by using a lower dilution rate 

and pH (4.0), and replacing YE with cellobiose. With this system, they were able to achieve 

an EAR of 4:1,  ethanol concentrations of 3 g/L, and a productivity of 250-300 mmol 

ethanol/g*cell-day (64, 66).  

Klasson et al. were able to increase the EAR to 6.7:1 and ethanol concentration to 

20 g/L by using a specially designed nutrient medium containing no YE, “half” or 

“minimal” B-vitamins, an addition of dibasic ammonium phosphate and other minor 

adjustments (63, 65, 107). Having optimized the EAR and ethanol concentration through 

culture conditions, the next step to increasing the biocatalytic activity was to increase the 

cell density of the culture. The addition of dibasic ammonium phosphate was used to 
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enhance growth (65). A cell recycle system, in which cells are separated from the effluent 

and returned to the reactor, was used to increase the maximum cell concentration from 

1,500 mg/L to over 4,000 mg/L (63, 67). In these studies, optimization of culture 

conditions, cell recycling, and culture time produced a peak EAR of 16:1 and a 

concentration of 48 g/L after 580 hours of CSTR operation (63, 67). This ethanol 

concentration of 48 g/L is the highest reported ethanol concentration to date (80).  

As high mass transfer rate and gas uptake are critical for ethanol production, 

Klasson et al. also examined these factors.  It was found that the retention times of gaseous 

substrates could be decreased from hours to minutes and the conversion efficiency 

increased by using an immobilized cell reactor instead of a CSTR (66). Mass transfer rates 

could also be improved in CSTRs with increased agitation and higher pressures (63, 66). 

Coal-derived syngas typically contains 1-2% sulfur gases H2S and COS, and these gases 

were known to limit CO conversion to products in other microbes (65). Therefore, Klasson 

et al. also evaluated C. ljungdahlii’s tolerance to H2S and COS and found that sulfur gas 

concentrations below 2.7 % did not significantly affect CO uptake (65). 

Another important related discovery was that CO was preferentially consumed by 

C. ljungdahlii over H2 (158). Thermodynamic calculations revealed that electron 

production was favored, and these reactions are provided below in order from lowest to 

highest ∆G°’ (11, 25, 107, 158). Another factor considered was the well-known inhibitory 

effect of CO on hydrogenase activity (158).  

6 CO + 3 H2O → CH3CH2OH + 4 CO2 (∆G°´= −224 kJ/mol) 

4 CO + 2 H2O → CH3COOH + 2 CO2 (∆G°´= −175 kJ/mol) 
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3 CO + 3 H2 → CH3CH2OH + CO2 (∆G°´= −164 kJ/mol) 

2 CO + 2 H2 → CH3COOH (∆G°´= −135 kJ/mol) 

2 CO + 4 H2 → CH3CH2OH + H2O (∆Go ´= −144 kJ/mol) 

2 CO2 + 6 H2 → CH3CH2OH + 3 H2O (∆G°´= −104 kJ/mol) 

2 CO2 + 4 H2 → CH3COOH + 2 H2O (∆G°´= −95 kJ/mol) 

In 1994, Phillips et al. formulated a significant theory related to energy 

conservation in C. ljungdahlii. There was some evidence of an ATP generating system 

other than substrate level phosphorylation involving a proton motive force (PMF) or 

sodium ion gradient, electron transport, and a membrane associated ATPase (30, 53, 84). 

Without this source of energy conservation, acetogenesis would result in a net ATP 

synthesis of zero. Phillips et al. observed growth associated with ethanol production by C. 

ljungdahlii which should result in a deficit of ATP if it could only be formed via substrate 

level phosphorylation with acetate production (84, 107). Therefore, they hypothesized that 

ATP for autotrophic growth was also produced by an electron transport mechanism 

creating a transmembrane PMF that drives an ATPase in the cell wall (107). Unique to C. 

ljungdahlii compared to other acetogens, they also suggested that ethanol production could 

be an extension of the acetogenesis pathway, the implication being that ATP could be 

formed from substrate level phosphorylation first before acetate was reduced to ethanol 

(107). To support this theory, they grew C. ljungdahlii on either H2/CO2 (75/25%) or 

CO/CO2 (80/20%), and compared cell growth (107). Since the growth rate of cells cultured 

with H2 was half that of the cells cultured with CO, they hypothesized that the higher free 

energy of the CO reaction manifested in a lower electrochemical potential within the cell, 
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causing higher PMF than the H2 reaction (107). The higher PMF resulted in greater ATP 

generation from more protons traversing the ATPase, and ultimately faster growth for the 

cultures grown on CO versus H2 (107). 

In addition, Gaddy isolated a few strains of C. ljungdahlii with higher substrate 

utilization and productivity than the PETC strain. They were designated C. ljungdahlii 

ERI2, C-01 (ATCC 55988) and O-52 (ATCC 55889) (42). Of these, the C-01 strain has so 

far demonstrated the highest productivity of 369 g/L*d cultured in a CSTR operated at 6 

atm (75 psig) with cell recycle (40, 115). The 369 g/L*d obtained with C-01 was a 

significant gain from their original work with the PETC strain which resulted in 

productivities of below 10 g/L*d (40). This high productivity was achieved with CSTR 

operation parameters of 6 atm (75 psig) with cell recycle (40). High pressures increase 

mass transfer rate, and higher flux resulting in higher ethanol productivity is possible with 

adapted microbes. In Klasson et al.’s 1993 study, construction of a high pressure system 

(consisting of a CSTR and trickle bed reactor) with a maximum operating pressure of 5000 

psig was described, and it was used to gradually acclimate C. ljungdahlii to growth at 

higher gas pressures (63). 

The findings of Gaddy et al. would spur the interest of academics with questions 

related to energy conservation and ethanol production in C. ljungdahlii for years to come. 

 

1.3.2 Tanner et al. formally characterize Clostridium ljungdahlii 

In 1993, Tanner et al. formally characterized C. ljungdahlii as a gram-positive, 

motile, spore-forming, rod-shaped, primarily acetogenic but also ethanologenic bacterium 
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which could grow using CO, H2 and CO2, ethanol, pyruvate, arabinose, xylose, fructose, 

or glucose, but not methanol, ferulic acid (phenolic acid found in plant cell walls), lactate, 

galactose, or mannose. They found that its DNA had a low G+C content of 22-23%, and 

that it was the first acetogen which fit in the clostridial 23S rRNA homology group I (144). 

The 23S rRNA taxonomic system showed extensive genetic diversity of the genus 

Clostridium, but the current belief is that the 16S rRNA gene sequencing approach better 

explains the actual phylogenetic relationships between species of this genus and other 

genera (163). The Clostridium genus sensu stricto was defined by Collins et al. in 1994 as 

the first cluster within a phylogenic dendrogram based on 16S rRNA alignments within the 

Family Clostridiaceae; the members of this group include the Clostridium genus type 

species (C. butyricum, first Clostridium isolated), and their 16S rRNA sequences exhibit 

generally greater than 90% intracluster similarity (22). The classification system is 

mentioned here because in conjunction with 16S rRNA sequencing, it allows for rapid 

screening of environmental samples for species which might have useful properties based 

on phylogenetic relationships. Tanner et al. would later isolate and characterize many other 

bacteria capable of producing biofuels from CO and syngas  (76, 82). His research and 

others’ research at the University of Oklahoma have contributed a great deal to the 

understanding of C. ljungdahlii by working with physiologically similar species, especially 

C. ragsdalei, which they isolated from the sediment of a duck pond (59). 
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1.4 1997-2009: Commercialization, New Syngas-Consuming Ethanologenic Isolates 

and Competing Technologies 

1.4.1 Development of the gas fermentation process 

Bioengineering Resources International (BRI) LLC, a company founded by Dr. 

Gaddy, would spend the next several years improving their ethanol yields with optimized 

media, fermentation and reactor parameters (40, 41, 43, 45). A description of the BRI 

process can be found at (17). BRI started their pilot plant operations in Fayetteville, AR in 

2000 and were fully integrated with a biomass gasification system by 2003 (60). After 

refining their process at pilot scale with more than 40,000 operating hours, they sold it all 

in 2008 to Ineos (INEOS Bio) whose objective was to bring the technology to commercial 

scale (121). Ineos, jointly ventured with New Planet Energy Florida LLC, was able to leap 

over the great financial hurdle of building a commercial facility (8 million gallon capacity) 

with a $50 million US DOE grant in 2009 and a $75 million US Department of Agriculture 

(USDA) loan guarantee in 2011 (120). However, being the first to market, they have spent 

more than half a decade working through unanticipated issues with scale-up.  

The challenges INEOS Bio have faced and solutions that were adopted have been 

used by other companies (in some cases) to become even more successful than INEOS Bio. 

For example, one of the major issues that INEOS Bio faced was the high energy cost to 

obtain the necessary mass transfer of the CO and H2 substrates (40). The solution for the 

mass transfer issue was the use of reactors with superior gas-liquid volumetric transfer 

coefficient to energy ratios, especially hollow fiber membrane (HFM) reactors (100). The 

gas-liquid volumetric transfer to energy ratios are so high in some of these reactors that 

systems have been shown to be kinetically limited (131).  Their energy usage is 
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significantly less than some of the reactors previously used by INEOS Bio (131). Coskata 

and Lanzatech, other leading companies in gas fermentation, both have been assigned 

patents for construction and/or use of HFM reactors (21, 54, 55, 149). 

Other major issues with scaling up gas fermentation technologies included 

minimizing the need for gas purification, improving media/water reuse, and lowering 

fermentation product separation costs (71). A number of patents have been awarded for 

conservation of media and water (56, 126, 127). Patents for lowering the cost for separation 

of fermentation products including short carbon chain alcohols have been awarded to a 

number of inventors (27, 54, 90, 112, 130). Development was also done to increase the 

carbon chain-length of alcohol products since higher carbon chain length alcohols are 

easier to separate from fermentation media than short carbon chain-length alcohols (157). 

 

1.4.2 Competing technologies, and opportunities and challenges for the gas fermentation 

process 

In 2005, a joint report by the United States Department of Agriculture and United 

States Department of Energy estimated that the US has the potential to produce over 1.3 

billion dry tons of biomass annually, which could displace more than one-third of the 

domestic transportation fuel demand (153). Three major routes may be considered when 

converting biomass into transportation fuels.  These routes are gas fermentation (GF), 

Fischer-Tropsch process (FT), and enzymatic hydrolysis and fermentation (EHF).  Two of 

these technologies (GF and FT) convert syngas to liquid fuels. A comparison of these 

technologies is provided by Daniell et al. (25). Briefly, the biochemical conversion 
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involves chemical and/or mechanical pre-treatment of biomass to make cellulose and 

hemicellulose accessible to enzymes for saccharification followed by fermentation of the 

resulting sugars. The Fischer-Tropsch process involves a gasification step to create syngas 

that is processed by inorganic Fischer-Tropsch catalysts. The FT process uses expensive 

catalysts that are easily poisoned by syngas contaminants. For this reason, the process has 

not yet been commercialized. A techno-economic analysis comparing the EHF and GF 

technologies in 2009 showed that EHF was more economical (100, 108). 

Munasinghe and Khanal explained the challenges that needed to be overcome to 

make GF more cost effective. As previously mentioned, poor solubility of CO and H2 were 

identified as a major issue. Hollow fiber membrane (HFM) reactors offer one approach to 

overcoming these solubility issues (100). N-, S-, and Cl-containing compounds effect 

growth, substrate utilization and product formation. These contaminates could be removed 

through a milling and leaching pretreatment, and/or the use of scavenging chemicals such 

as sodium hydroxide, potassium permanganate or sodium hypochlorite (100, 166).  

Munasinghe and Khanal suggested isolation and engineering new microbial species that 

were more productive and robust because of limitations of low performance and strictly 

required growth conditions for some existing isolates (100). Specifically, they proposed 

“blocking acid production” by “redirecting the metabolic pathway towards solvent 

production” in the strains (100).  These industrial challenges were echoed by Köpke et al. 

and Mohammadi et al. in 2011 (71, 98). All of these insightful recommendations were 

further evaluated and/or exploited since their review and have made GF more competitive 

with EHF based on later analyses (52, 119). 
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1.4.3 Academic research including isolation of new syngas-consuming ethanologenic 

bacteria 

Between 1999 and 2010, little research focused on C. ljungdahlii was conducted.   

It seemed that much of the work had already been done from an engineering standpoint 

with gas fermentation in early stages of commercialization by companies such as BRI (24). 

Still, a study in 2009 had the significant finding that ethanol production by C. ljungdahlii 

was growth-associated, not only with syngas as shown before, but also with fructose as the 

primary carbon source (23, 107). 

Other important findings during this time included the discovery and 

characterization of a few new bacteria that could produce ethanol from the syngas 

components CO, CO2 and H2. These included C. autoethanogenum JA1-1 DSM 10061 (2), 

C. carboxidivorans P7 ATCC BAA-624 (78, 110), C. drakei SL1 ATCC BAA-623 (78), 

C. scatologenes ATCC 25775 (78), C. ragsdalei P11 ATCC BAA-622 (59), 

Butyribacterium methylotrophicum marburg ATCC 3326 (50, 88), Alkalibaculum bacchi 

ATCC BAA-1772 (9), and Eubacterium limosum KIST612 (19, 117). Still others have not 

been characterized or even named (76, 82). 

Some of the bacteria mentioned above would ultimately become platform 

biocatalysts for other companies besides BRI. Published findings for these other bacteria 

are relevant for the study of C. ljungdahlii. Bacteria besides C. ljungdahlii use the WLP 

and have similar physiology in this respect. Also, when these bacteria are grown with the 

same medium and conditions, they exhibit similar growth characteristics and production 

patterns (25, 72). For example, it was shown that low levels of oxygen, a syngas 

contaminant, decrease growth and H2 consumption while increasing ethanol production in 
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both C. autoethanogenum and C. ljungdahlii (24) (145). In a similar way, low levels of 

NOx and tars present in industrial syngas inhibited growth and hydrogenase activity in C. 

carboxidivorans P7, but improved ethanol production (6, 26). While C. carboxydivorans 

P7 was able to acclimate to the tars, this was not shown for NOx (5, 6). It is likely that 

similar levels of tars and NOx would affect C. ljungdahlii in a similar way. Therefore, these 

syngas contaminants should be reduced to avoid issues with H2 uptake or potentially 

allowed only in small doses to increase ethanol production. Other syngas contaminants 

such as hydrogen cyanide, are especially toxic and have prevented operation of the INEOS 

Bio commercial facility in Vero Beach, Florida since 2012 (73, 74). Furthermore, multiple 

patents mention the requirement for removing contaminants such as hydrogen cyanide, 

tars, NOX, and oxygen from syngas prior to use in gas fermentation (34, 44, 56, 57, 146). 

In addition to the isolation of related bacteria described above, a new strain of C. 

ljungdahlii designated OTA1 was isolated in 2009. This isolate was observed to produce 

more than twice as much ethanol as compared to the PETC strain when both were cultured 

in rich mixotrophic medium (145). This strain was generated from PETC after repeated 

subculturing in modified Reinforced Clostridial medium and storage at room temperature 

over several weeks. C. ljungdahlii OTA1 was more thoroughly described in Oscar Tirado-

Acevedo’s dissertation, and in a publication on biocatalytic coatings by Gosse et al. (49, 

145). More recently, the genome of C. ljungdahlii OTA1 was sequenced to identify the 

mutations that may be responsible for the enhanced ethanol production. RNA sequencing 

and differential analysis were also performed to characterize the effects of the mutations 

on gene expression. Additional fermentation experiments and enzyme modeling were 

performed to further characterize the effects of the mutations (162). 
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1.5 2010-2015: Omics, Genetics, Spin-Offs and the Return to Fundamentals 

1.5.1 The Clostridium ljungdahlii genome and energy conservation mechanism is solved 

More than three years prior to its release, two sources reported that the genome of 

C. ljungdahlii was being sequenced and annotated (33, 175). In 2010, the second sequence 

of an acetogen was published (70). The Köpke et al. study greatly expanded the potential 

biotechnological applications for which C. ljungdahlii could be used (70). This publication 

described C. ljungdahlii as “a microbial production platform based on syngas” implying 

that through genetic manipulation, C. ljungdahlii could be used to produce chemicals other 

than ethanol and acetate from syngas. Not only did Köpke et al. provide the genome of C. 

ljungdahlii, the tools (plasmid and electroporation procedure) to manipulate the genome 

were also described (70). The sequencing of the genome and subsequent prediction of 74.8 

% of the gene’s functions laid the foundation for significant amounts of the subsequent 

research. Many of the genes specifically mentioned in the brief analysis of the “special” 

features of C. ljungdahlii’s metabolism have been further investigated and/or exploited by 

industry (Table 1-1). 
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Table 1-1. Characterization of Clostridium ljungdahlii Genes and Metabolic Pathways Post Genome Annotation 

Locus Tag Gene 

Name 

Gene Annotation Pathway Function Literature 

CLJU_c11360-

410 

rnfA-E Rnf complex Energy Conservation, 

Nitrogen Fixation 

Interconversion of 

Ferredoxin and NADH, 

Generate PMF 

(101, 106, 141, 148, 
150) 

CLJU_c02360-

440 

atp F1F0 ATPase Energy Conservation ATP Synthesis (101, 106, 141, 150) 

CLJU_c37240 nfnAB ferredoxin/NADH:NADP+ 

oxidoreductase (originally as 

glutamate synthase) 

Energy Conservation Electron-Bifurcation, 

Interconversion of 

NADPH and NADH 

(101, 148) 

CLJU_c13880-

90, 

CLJU_c20330-

40, 

CLJU_c39400-

10 

etf electron transfer flavoprotein Energy Conservation, WLP 

Branch 

Electron-Bifurcation, 

Butryl-CoA Synthesis 

(150) 

CLJU_c06990-

07080 

fdh,hyt formate dehydrogenase, 

ferredoxin/NADP-dependent 

hydrogenase complex 

Hydrogen Metabolism, 

Energy Conservation 

Electron-Bifurcation, 

Ferredoxin and NADPH 

Reduction 

(86, 101, 148, 160) 

CLJU_c06990, 

CLJU_c08930, 

CLJU_c20030-

40 

fdh formate dehydrogenase WLP CO2 Reduction (7, 99, 141, 165) 

CLJU_c37650 fhs formate-tetrahydrofolate 

ligase 

WLP CO2 Reduction (72, 79, 99, 101, 139, 
141, 165) 

CLJU_c37640 fchA formyltetrahydrofolate 

cyclohydrolase 

WLP CO2 Reduction (72, 99, 101, 139, 141) 

CLJU_c37630 folD bifunctional protein: 

methylenetetrahydrofolate 

dehydrogenase 

/methenyltetrahydrofolate 

cyclohydrolase 

WLP CO2 Reduction (72, 99, 101, 139, 141, 
165) 

CLJU_c37610 metF methylene-THF reductase WLP CO2 Reduction (72, 79, 99, 101, 139, 
141, 165) 

CLJU_c37620 metV methylene-THF reductase 

flavoprotein 

WLP Electron-Bifurcation (72, 99, 101, 141, 173) 

CLJU_c37550, 

70-80, 

CLJU_c37670 

acsABCD acetyl-CoA synthase 

complex 

WLP Acetyl-CoA Synthesis (72, 99, 101, 141, 173) 
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Table 1-1. (continued) 
CLJU_c37560 acsE corrinoid iron-sulfur protein WLP Methyl-Transfer (72, 99, 101, 141) 

CLJU_c09090-

110 

cooS1 anaerobic-type CODH 

complex 

WLP CO Oxidation (72, 101, 141) 

CLJU_c12770 pta phosphotransacetylase WLP Acetate Formation (62, 139, 150, 165) 

CLJU_c12780 ack acetate kinase WLP Acetate Formation, ATP 

Generation 

(62, 101, 139, 165) 

CLJU_c39430  acyl-CoA transferase WLP Acetate Formation (150, 173) 

CLJU_c16510 adhE1 bifunctional 

alcohol/acetaldehyde 

dehydrogenase 

WLP Extension Ethanol Formation (10, 77, 150, 151, 165) 

CLJU_c16520 adhE2 bifunctional 

alcohol/acetaldehyde 

dehydrogenase 

WLP Extension Unknown (10, 77, 150, 151, 165) 

CLJU_c20110 aor1 aldehyde ferredoxin 

oxidoreductase 

WLP Extension Fatty Acid Reduction (61, 79, 165) 

CLJU_c20210 aor2 aldehyde ferredoxin 

oxidoreductase 

WLP Extension Fatty Acid Reduction (61, 165) 

CLJU_c11960, CLJU_c39730, 

CLJU_c39840 

aldehyde dehydrogenase WLP Bypass Acetate Formation (150) 

CLJU_c09340, CLJU_c29340 pyruuvate formate 

oxidoreductase 

C2/C3 Interchange Pyruvate Conversion (72) 

CLJU_c29160 ldhA lactate dehydrogenase WLP Branch Lactate Formation (69, 72) 

CLJU_c39370-

420 

lctA-F lactate-utilization cluster Carbon Assimilation Lactate Utilization (161) 

CLJU_c38920 alsS acetolactate synthase WLP Branch 2,3-Butanediol Formation (69, 72) 

CLJU_c32420, 

CLJU_c20420-

30 

ilvBIH acetolactate synthase WLP Branch 2,3-Butanediol 

Consumption 

(69, 72) 

CLJU_c20390-

400, 

CLJU_c15310 

ilvC ketol acid reductoisomerase Amino Acid Biosynthesis Valine and Leucine 

Biosynthesis 

(72) 

CLJU_c20410 ilvD dihydroxy acid dehydratase Amino Acid Biosynthesis Valine and Leucine 

Biosynthesis 

(72) 

CLJU_c08380 ALDC acetolactate decarboxylase WLP Branch Acetoin Formation, 2,3-

Butanediol Formation 

(69, 72) 

CLJU_c23220 23BD (R,R)-butanediol 

dehydrogenase 

WLP Branch 2,3-Butanediol Formation (69, 72, 143) 
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Table 1-1. (continued) 
CLJU_c24860 zinc-containing alcohol 

dehydrogenase 

WLP Branch 2,3-Butanediol, 2-

Butanol, and Isopropanol 

Formation 

(69) 

CLJU_c18470 iron-containing alcohol 

dehydrogenase 

WLP Branch Unknown (173) 

CLJU_c24880 bdh1  butanol dehydrogenase WLP Branch Butanol Production (15, 142) 

CLJU_c39950 bdh2 butanol dehydrogenase Carbon Assimilation Butanol Oxidation (142) 

CLJU_c23740 

CLJU_c23710-30 

nitrate transporter (originally 

predicted permease) 

Nitrogen Assimilation Ammonia Formation (101, 173) 

nitrate reductase Nitrogen Assimilation Ammonia Formation (101, 173) 

CLJU_c23750-

70 

asrC,B1,A

1 

nitrite reductase (originally 

sulfite reductase) 

Nitrogen Assimilation Ammonia Formation (101, 173) 

CLJU_c23760, 

CLJU_c07730 

asrB1 hydroxylamine reductase Nitrogen Assimilation Ammonia Formation (101) 

CLJU_c31820-2020, 

CLJU_c22300-20, 

CLJU_c28590-600, 

CLJU_c32030-40, 

CLJU_c40730-50 

cobalamin biosynthesis genes Cobalamin Biosynthesis Corrinoid Cofactor (141) 

DSM-SR14-16, DSM-SR18-

19 

small RNAs Cobalamin Biosynthesis Cobalamin Synthesis 

Regulation 

(141) 

CLJU_c03310  methyltransferase DNA Replication Restriction Modification (139) 

CLJU_c13280 recA recombinase A DNA Replication Homologous 

Recombination 

(79, 150) 

CLJU_c12520 gukI guanylate kinase Nucleotide Metabolism GMP Phosphorylation (79) 

CLJU_c09200 gyrA gyrase subunit A DNA Replication/ 

Transcription 

Relax Supercoiling (79) 

CLJU_c02220 rho transcriptional terminator 

factor 

Transcription Release RNA Polymerase (79) 

CLJU_c40770 rpoA DNA-directed RNA 

polymerase subunit alpha 

Transcription Transcription (79) 

CLJU_c37340 csta carbon starvation protein A Carbon Global Regulation Peptide Transport (79) 

CLJU_c38460 NAD-dependent malic 

enzyme 

Amino Acid Metabolism Malate Synthesis (173) 

CLJU_c11220 spo0A spo0A-like protein Sporulation Sporulation Regulation (62) 

CLJU_c42870 spo0J stage 0 sporulation protein J Sporulation Sporulation Regulation (62) 
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One finding that was highlighted by Köpke et al. was the identification of a proton-

dependent Rnf complex, which translocated protons out of the cell to generate PMF for 

ATP synthesis by a F1F0 ATPase (70). This was important because energy use and carbon 

metabolism are connected. More generally though, this finding broadened our knowledge 

of the diversity of energy conservation systems in acetogens. In 1993, Schmehl et al. 

identified a set of genes required for Rhodobacter capsulatus nitrogen fixation (122). It 

was then proposed that these genes be called Rnf (122). Schemhl et al. showed that the Rnf 

complex mutants lost acetylene reduction activity, but that the ferredoxin mutant retained 

low activity, and therefore suggested the Rnf complex might be a ferredoxin-reducing 

system (122). In 2005, Boiangiu et al. purified the C. tetanomorphum homolog gene 

products and made phospholipid vesicles which could import radioactive sodium ions with 

ferredoxin-dependent NAD+ reduction (14). While this demonstrated the forward reaction 

for energy conservation, they suggested that it might be reversible for generation of 

ferredoxin needed for nitrogen fixation, hydrogen formation, and other ferredoxin-

dependent reactions (14).  

In 2008, a proton-specific Rnf complex and F1F0-type ATPase system were 

identified in the genome of C. kluyveri, an ethanol and acetate fermenting Clostridium 

(125). Enzyme activity assays with the purified Rnf complex from C. kluyveri 

demonstrated ferredoxin:NAD+ oxidoreductase activity, which resolved the free energy 

requirements of the fermentation stoichiometry (125). The energy conserving Rnf/F1F0 

system in C. ljungdahlii as originally hypothesized by Phillips et al. is also characterized 

as supporting proton-translocation (70, 107).  
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Besides proton and sodium-based systems, cytochrome/quinone-based systems 

have also been identified in other acetogens such as Moorella thermoacetica, Clostridium 

aceticum, and Moorella thermoautotrophica, but the C. ljungdahlii genome appears to lack 

these genes (70). To further demonstrate that C. ljungdahlii’s energy conservation system 

was not sodium ion-based, growth experiments were conducted with serially diluted  

concentrations of sodium salts replaced with potassium salts (70). No change in growth 

pattern was observed for C. ljungdahlii, while similar experiments with Acetobacterium 

woodii (an acetogen with a sodium ion-system) caused severe growth defects (70). A later 

study by Tremblay et al. showed that the presence of a protonophore (3,3’,4’,5-

tetrachlorosalicylanide) in medium completely inhibited growth, while a sodium-specific 

ionophore (ETH2120) had no effect on growth further supporting Köpke’s finding (148). 

Trembley et al. also demonstrated the Rnf complex’s significant role during both 

autotrophic and heterotrophic growth. This was based on differential gene expression 

analysis and gene knockout studies. The Rnf complex was shown to be required for 

generating a proton gradient/PMF/ATP (forward direction) and fixing nitrogen (reverse 

direction) (148). 

Energy conservation is also connected with product formation (Figure 1-4) (107). 

Most of WLP proteins are redox proteins. Though not all of the enzymes have been purified 

and their electron donors/acceptors characterized, there is a good understanding of the 

mediators involved (124). As previously mentioned, Phillips et al. hypothesized that 

acetate reduction by aldehyde oxidoreductase (AOR) followed by reduction of 

acetaldehyde to ethanol by alcohol dehydrogenase was an extension of the WLP (referred 

to as  “Gaddy’s Extension” from here on) (107). Multiple AOR genes were identified in C. 
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ljungdahlii’s genome, and two genes encoding tungsten-containing AOR’s (CLJU_c20110 

and CLJU_c20210 which are aor1 and aor2) were predicted to be the primary enzymes 

operating in Gaddy’s Extension (70). A more recent study by Xie et al. showed that higher 

gene expression of CLJU_c20110 correlated with higher ethanol production by C. 

ljungdahlii (165). CLJU_c20110 was also shown to be significantly more highly expressed 

when C. ljungdahlii was grown autotrophically (80% CO, 20% CO2) than when it was 

grown heterotrophically with fructose (79). This indicates its importance in energy 

conservation during autotrophic growth. Fast et al. noted that it was important to include 

the AOR reaction in their stoichiometric model for autotrophic ethanol production, lest the 

WLP would be severely ATP limited, and reduced quantities of ethanol would therefore 

be produced (38). Thus, deleting the genes for phosphotransacetylase (PTA) and acetate 

kinase (ACK) actually hinders ethanol production and still favors acetate production 

(Figure 1-4).  

To illustrate this point, Figure 1-4 shows the amount of ATP generated starting with 

two reduced ferredoxins and going from the WLP intermediate, acetyl-CoA, to ethanol or 

acetate (organized in descending order of ATP generated). Acetate can still be made when 

the genes for PTA and ACK are deleted since AOR has aldehyde:ferredoxin 

oxidoreductase activity (Figure 1-4B). Production of acetate via AOR generates more ATP 

than making ethanol by bypassing Gaddy’s Extension because of energy conservation 

(Figure 1-4B and 1-4D). Ethanol production via Gaddy’s Extension generates the same 

amount of ATP as acetate production through AOR (Figure 1-4B and 1-4C). Acetate 

production is still more energetically favorable though because the metabolism reduces one 

additional NAD+ (Figure 1-4B and 1-4C). Acetate production by WLP, of course, produces 
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the most ATP (Figure 1-4A). However, production of ethanol is favored as pH decreases 

to avoid acid building up to the point of limiting PMF, ATP formation, reducing equivalent 

turnover, and ultimately metabolism (172). That is why the traditional strategy of 

maintaining a narrow acidic pH range is highly effective in encouraging ethanol production 

by C. ljungdahlii (64, 115). Furthermore, limiting cobalt, CoA, and pentothenate also 

reduces flux to acetyl-CoA, resulting in a higher ratio of reductant (reduced ferredoxin 

from CO/H2 oxidation) to carbon, which increases AOR activity and drives ethanol 

production through Gaddy’s Extension (Figure 1-4) (40, 114). C. ljungdahlii’s ability to 

flux carbon through the WLP and Gaddy’s Extension to ethanol can be increased by 

adapting C. ljungdahlii to high pressures of syngas as previously mentioned (63). And, for 

a higher ethanol yield, C. ljungdahlii can be adapted to tolerate higher ethanol 

concentrations by introducing exogenous ethanol into batch cultures, or by using a newer 

approach (UVC-mutagenesis coupled with high-throughput screening) to speed up this 

process (62). 



34 

 

 

Figure 1-4. Catabolic pathways from Wood-Ljungdahl Pathway (WLP) branch point, acetyl-CoA to the two most prevalent fermentation 

products of Clostridium ljungdahlii ATCC 49587, acetate and ethanol. The four panels illustrate the amount of energy (ATP) and reducing 

equivalent gain (NADH+ H+) in descending order (A to D) for each possible metabolic flux when starting with 2 reduced ferredoxin (Fdred) 

for comparison. Proton/Fdred and ATP/proton translocation estimation based on Perez et al., 2013 and Schuchmann and Müller, 2014. Arrows 

indicate flux pathway; solid arrow is the conical WLP, dashed arrow is Gaddy’s Extension, and the dotted arrow indicates bypasses. PTA = 

phosphotransacetylase, ACK = acetate kinase, AOR = aldehyde:ferredoxin oxidoreductase, and AdhE1 = bifunctional aldehyde/alcohol 

dehydrogenase.
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1.5.2 Genetic tools and microbial electrosynthesis 

In addition to publishing the genome of C. ljungdahlii, Köpke et al. also provided 

the first genetic tools for manipulating C. ljungdahlii (70). Though their transformation 

protocol was relatively inefficient, they were able to introduce a plasmid with a gene 

required for butanol production controlled by a constitutive, high expression promoter into 

C. ljungdahlii cells using electroporation (70). Butanol production was achieved; however, 

it was relatively low, and oxidation to butyric acid was observed over the course of the 

fermentation (70). Köpke et al. suggested using the previously invented universal 

Clostridium gene knock-out system to delete the alcohol dehydrogenases that were likely 

responsible for the butanol oxidation (70). 

Research conducted by Dr. Derek Lovley has greatly expanded upon the genetic 

tools for manipulating C. ljungdahlii. Leang et al. improved upon Köpke’s transformation 

method for C. ljungdahlii in a variety of ways including use of alternative plasmids, 

antibiotic resistance markers, and recovery media (77). Leang et al., Ueki et al., Banerjee 

et al., and Nagarajan et al. also provided methods for homologous recombination, 

heterologous expression, inducible-expression, improved ribosomal-binding for increased 

translation, and a genome-scale model of C. ljungdahlii (10, 77, 101, 150). These tools 

were an important development for increasing natural products as well as producing non-

endogenous products in C. ljungdahlii.  

These metabolic tools for C. ljungdahlii are also important for the development of 

a technology termed microbial electrosynthesis (MES) that was discovered by Lovley in 

which bacteria are able to generate valuable biochemicals from CO2, electricity, and water 

(85, 103). Theoretically, MES can be coupled with photovoltaics on a large scale (as a new 
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form of photosynthesis) offering advantages over biomass-based strategies of biochemical 

production including higher solar energy capture, no requirement for high-quality land, 

closed system operation, and direct biosynthesis of products rather than indirectly through 

biomass (85, 87). Among 20 microbes evaluated, the two most promising for MES are C. 

ljungdahlii and Sporomusa ovata (13). Nevin et al. found that C. ljungdahlii was capable 

of consuming electrons directly from electrodes rather than consuming electrons from 

hydrogen produced by electrodes, and it was determined that C. ljungdahlii could produce 

acetate, and minor amounts of formate and 2-oxobutryate from CO2 (86, 102). While initial 

productivity was rather low (µmols/day), improvement of the MES technology with better 

microbe-electrode interactions, cell-to-cell conductivity, and simplified reactor designs is 

ongoing (13, 48, 92, 102).  

With the tool box created for C. ljungdahlii, Ueki et al. have successfully 

introduced genes for production of butyric acid and deleted genes of competing pathways. 

This resulted in increased butyric acid production while using the MES technology (77, 

150). Genetic manipulation tools that do not require antibiotic resistance genes can be used 

to introduce important features for industry such as missing vitamin synthesis genes (e.g. 

biotin synthesis genes) to reduce media cost, or a CRISPR/Cas system (clustered regularly 

interspaced short palindromic repeats/CRISPR-associated genes like the one in C. 

autoethanogenum) for phage immunity (18, 70). Additionally, missing vitamin and other 

essential biosynthesis pathway genes can be used as selection markers for introduction of 

other useful features, thus providing a combined benefit (68). These tools can also be used 

to understand and model the electron transfer pathway within C. ljungdahlii (140). Though 

C. ljungdahlii does not have [mena]quinone genes, preliminary studies using a quinone 



37 

 

extraction procedure and liquid chromatography-mass spectrometry have hinted at the 

presence of a menaquinone-like derivative in C. ljungdahlii (101). 

Besides the genetic tools developed in Lovley’s research program, UVC-

mutagenesis coupled with high-throughput screening are also very useful tools for 

manipulating C. ljungdahlii (62). Some features of C. ljungdahlii that can be improved 

using random mutagenesis include higher gas consumption and tolerance to syngas 

contaminants. While this is useful for industry, the academic interest of connecting 

phenotype with mutations is more costly than targeted genetic manipulation as it requires 

whole genome sequencing (62). 

 

1.5.3 The carboxylate platform 

While the carboxylate platform (CP) is not new, C. ljungdahlii’s potential roles in 

this platform are new (4, 114). CP involves a primary fermentation that produces short-

chain carboxylates and alcohols (e.g. acetate, ethanol), biocatalytically upgrading these to 

longer medium-chain length carboxylates (e.g. caproate), and if desired biocatalytically 

reducing the medium-chain length carboxylates to alcohols (e.g. hexanol) (80, 81, 106, 

114, 115, 157).  

Short-chain carboxylic acids and alcohols can come from a variety of sources 

including but not limited to yeast fermentation, saccharification fermentation, gas 

fermentation, or even MES (3, 4, 29, 114). C. ljungdahlii gas fermentation products, 

ethanol and acetate, where shown to be a substrate for chain elongation to butyrate and 

caproate by C. kluyveri (157). Furthermore, they can be used as a feedstock for oleaginous 
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yeast to produce lipids, which can be used for biodiesel (25). Therefore, C. ljungdahlii 

could be integrated at the beginning of the CP process. Alternatively it could be integrated 

at the end by using syngas as a source of electrons for carboxylate and/or ketone reduction 

to alcohols (106). Both C. ljungdahlii and C. ragsdalei were shown to convert acetate (2C), 

propionate (3C), butyrate (4C), isobutyrate (branched (4C), n-valerate (5C) and n-caproate 

(6C) to corresponding alcohols with high efficiencies by using syngas as a source of 

electrons (106). The ability of C. ragsdalei to reduce carboxylates to alcohols was further 

confirmed by monitoring the conversion with 13C-labeling (61). Isom et al. also showed 

that non-growing cells, as well as cell extracts, could perform reductions at high efficiency, 

that CO was a preferred reductant over H2, and that the gene of the predicted AOR 

responsible for these reduction reactions is homologous to tungsten-containing AORs in 

C. ljungdahlii (61). 

 

1.6 Conclusion 

Clostridium ljungdahlii has been the focus of extensive study aimed at 

understanding its physiology and developing its use in biofuel/biochemical production, 

spurred on largely by concerns of energy insecurity (11, 136, 144). At the time of its 

isolation, C. ljungdahlii was identified to have the unique ability to produce ethanol 

indirectly from inexpensive coal and biomass. This organism has been studied by both 

academics and industrialists in an effort to advance its biofuel production capabilities with 

the goal of commercial scale biomass gasification fermentation. In recent years, further 

development has been done to establish the use of C. ljungdahlii as a catalyst for additional 

biochemical platforms (MES and CP) (106, 114, 147). One area of interest related to the 
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physiology of C. ljungdahlii that had important implication to its use as a microbial catalyst 

was the question of how it conserved energy. Unlike other acetogens, which seemed to live 

at the edge of the thermodynamic limit, this acetogen could actually grow while producing 

more energy dense ethanol albeit with more substrate consumed per product (107). 

Through thermodynamic calculations, genomic sequencing, fermentation studies, gene 

deletion and heterologous expression studies, biochemical characterization of purified 

proteins, and some insights from studies of other related bacteria, the entire energy 

conservation pathway has been mostly elucidated (7, 70, 86, 99, 101, 106, 139, 141, 148, 

150, 160, 165, 173). It is just a matter of time until the remaining enzymes are purified and 

characterized (124).  

Early research progress was relatively slow, taking decades to resolve key questions 

related to C. ljungdahlii’s metabolic pathways.  Critical new research questions have 

become apparent involving the molecular pathways for electrosynthesis (101), and C. 

ljungdahlii’s kinetic limit for syngas metabolism when adapted to higher gas pressures. 

With the availability of better genetic tools for C. ljungdahlii, the answers to these 

questions will likely be arrived at more quickly.  

In terms of an industrial perspective, C. ljungdahlii’s first-mover technology 

advantage, autotrophic metabolism, highest reported productivity, and a growing 

understanding of its physiology and metabolic capabilities have made it the bacterium of 

choice for a variety of biotechnology applications. Companies dedicated to gas 

fermentation have used C. ljungdahlii as a standard of performance for their technologies, 

conducting financial and life cycle analysis, and to obtain funding for their processes (25, 

71, 80, 119). Besides the obvious enhancements and alterations that can be made for 
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increasing product yield and making non-native products, some other improvement areas 

have yet to be studied. For example, companies using biomass-derived syngas or waste gas 

may consider genetically modified C. ljungdahlii or related species to tolerate higher 

concentrations of syngas contaminants to reduce syngas purification costs. Also, 

companies using any additional substrates besides gaseous substrates should consider 

transferring a CRISPR/Cas system into C. ljungdahlii (such as the one in C. 

autoethanogenum) for phage immunity due to potential costly industrial contamination 

issues from phage (18).  

In summary, C. ljungdahlii is an excellent candidate for industrial application with 

its unique physiology, well understood metabolic pathways, and extensive genetic 

background work.  While there remain some obstacles to wide implementation of C1 gas 

fermentation, there is a good chance that C. ljungdahlii or closely related bacteria will be 

used for more commercial scale cellulosic- and waste-based biocommodities production 

applications as new solutions are discovered. 
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ABSTRACT 

 

Clostridium ljungdahlii is an important synthesis gas fermenting bacterium used in 

the biofuels industry, and a preliminary investigation showed that it has some tolerance to 

oxygen when cultured in rich mixotrophic medium. Batch cultures not only continue to 

grow and consume H2, CO, and fructose after 8% O2 exposure, but fermentation product 

analysis revealed an increase in ethanol concentration and decreased acetate concentration 

compared to non-oxygen exposed cultures. In this study, the mechanisms for higher ethanol 

production and oxygen/ROS detoxification were identified using a combination of 

fermentation, RNA sequencing differential expression, and enzyme activity analyses. 

Results indicate that the higher ethanol and lower acetate concentration were due to the 

carboxylic acid reductase activity of a more highly expressed predicted aldehyde 

oxidoreductase (CLJU_c24130) and that C. ljungdahlii's primary defense upon oxygen 

exposure is a predicted rubrerythrin (CLJU_c39340). The metabolic responses of higher 

ethanol production and oxygen/ROS detoxification were found to be linked by cofactor 

management, substrate and energy metabolism. This study contributes new insights into 

the physiology and metabolism of C. ljungdahlii and provides new genetic targets to 

generate C. ljungdahlii strains that produce more ethanol and are more tolerant to syngas 

contaminants. 
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2.1 Introduction 

Clostridium ljungdahlii is an anaerobic, motile, endospore-forming, gram-positive, 

rod-shaped, acetogenic bacterium isolated from chicken yard waste, and has application as 

a biocatalyst to transform syngas components (CO, CO2, H2) into more valuable chemicals 

(5, 51, 57, 92). It was the first bacterium discovered to metabolize these syngas components 

and produce ethanol with acetate as its primary fermentation product (5, 92). To reduce the 

amount of acetate and increase the amount of ethanol produced by C. ljungdahlii for its use 

in industrial solvent production, different reactor designs and agitation parameters, varied 

syngas component concentrations, increased gas flow rates and pressures, reduced nitrogen 

sources, addition of reducing agents to media, adjustment of growth media pH, and 

addition of nanoparticles have all been evaluated (5, 15, 16, 46-50, 66, 74, 97, 106). Some 

of these efforts have reported improved ethanol to acetate product ratios from 1:20 to 2:1 

in batch cultures and from 1:1 to 21:1 for cultures grown in continuously stirred reactors 

(43, 47, 48). More recent sequencing and genetic modification techniques have greatly 

enhanced our understanding of C. ljungdahlii’s metabolism and increased production of 

ethanol as well as enabled production of other chemicals (e.g. acetone, butyrate, butanol) 

(4, 51, 52, 57, 80, 91, 96). 

Despite these advancements, for C. ljungdahlii to be effectively used for industrial 

syngas transformation, some of its catalytic limitations related to gaseous headspace 

composition still require evaluation. Though steel mill waste gas was recently used as a 

sole carbon and energy source in a C. ljungdahlii fermentation, artificial syngas is 

commonly used in research experiments to limit the variability of results (52). Artificial 

syngas does not typically contain contaminants common to industrial syngas streams such 
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as oxygen (O2), sulphurous species (COS, SO2, H2S), nitrogenous species such as (HCN, 

NH3, NOx), methane (CH4), and tars (18, 104). Several studies have been performed to 

evaluate the effect of these syngas contaminants on Clostridia sp.; however, inhibitory 

compounds in syngas have slowed the progress of companies moving into the commercial 

phase of syngas-based fermentation product development 

(http://www.biofuelsdigest.com/bdigest/2014/09/05/on-the-mend-why-ineos-bio-isnt-

reporting-much-ethanol-production/) (30-32).  

Researchers have observed that concentrations up to 2.7% H2S do not significantly 

affect substrate (H2 and CO) uptake by C. ljungdahlii, and growth is maintained with 

concentrations as high as 5.2% (46, 48). In a related bacterium, C. carboxidivorans P7T, 

concentrations of NOx above 0.0040% in syngas were found to inhibit growth and non-

competitively inhibit hydrogenase activity (2, 21). Though NOx inhibition resulted in 

higher ethanol production by C. carboxidivorans P7T, hydrogenase activity was inhibited, 

reducing available carbon for product formation since electrons came from CO rather than 

H2 (2, 21).  NH3 is a nitrogen source for syngas fermenting bacteria, but in high 

concentrations from a continuous syngas feed it can inhibit cell growth and decrease acetate 

to ethanol conversion of related bacterium C. ragsdalei (P11) (104). In chemostat 

experiments with C. carboxidivorans P7T, tars were shown to promote cell dormancy but 

increase ethanol to acetate production ratios (1). With C. ragsdalei (P11), up to 5% CH4 in 

syngas did not affect product formation or cell growth (100). Oxygen is also a common 

contaminant of syngas that can have significant impact on microbial catalyzed syngas 

fermentation; however, an understanding of how the clostridial catalysts manage oxygen 

and reactive oxygen species has not been well examined to date (18). 



60 

 

Several enzymes of the Wood-Ljungdahl pathway, including hydrogenase and 

carbon monoxide dehydrogenase (CODH), responsible for syngas metabolism are sensitive 

to oxygen (3, 11, 19, 24, 34, 37, 60, 62, 67, 73, 77-79). Pyruvate:ferredoxin oxidoreductase 

(PFOR), pyruvate formate lyase (PFL) and its activating enzyme (enzymes involved in 

sugar metabolism) are also oxygen labile in a variety of microbes (6, 9, 12, 35, 58, 69, 

105). Therefore, acetogens in general which possess some or all of these oxygen labile 

enzymes have traditionally been classified as strict anaerobes; nevertheless, they have been 

isolated from different aerobic or microaerobic environments (23, 25, 89). It has been 

demonstrated that many of these acetogens are equipped with an assortment of oxidative 

stress enzymes and some can even reduce oxygen by other mechanisms (e.g. superoxide 

reductase, peroxidase) (10, 20, 39, 41, 42, 54, 86). In addition to tolerating varying amounts 

of oxygen, it has been suggested that exposing acetogens to microaerobic conditions 

triggers a shift in electron flow towards more reduced products such as ethanol, lactate, H2, 

and/or NH4
+ production instead of acetate formation (22, 23, 54). C. ljungdahlii was 

previously shown to grow well and co-ferment fructose and artificial syngas in a complex 

medium (15, 16, 95). Upon exposure to low concentrations of oxygen (<10%) in the 

headspace of batch cultures at early log phase, C. ljungdahlii continued to grow and co-

ferment fructose and artificial synthesis gas components while showing an increase in 

ethanol to acetate ratios (94). These initial experiments suggested C. ljungdahlii had the 

mechanisms to handle oxygen contaminants and positively affect solvent production, but 

the response was not fully elucidated. Therefore, the objectives of this study were to 

characterize C. ljungdahlii’s transcriptional, metabolic, and physiological response to 
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oxygen exposure when grown in rich mixotrophic medium with a particular focus on the 

effect oxygen had on ethanol and acetate formation. 

 

2.2 Materials and Methods 

2.2.1 Media and growth conditions 

 C. ljungdahlii (ATCC 55383), was obtained from the American Type Culture 

Collection and was cultured in Modified Reinforced Clostridial Medium (mRCM) 

supplemented with 5 g/L fructose (mRCMf) (15, 16). The artificial syngas composition 

(20% CO, 20% CO2, 10% H2 with N2 balance) that was injected into the headspace (110 

ml) of batch cultures was selected based on the approximate theoretical composition of a 

gas stream from biomass gasification with air as the fumigator.  

 The medium was prepared and dispensed into 160 ml serum bottles (final volume 

including reducing agents and inoculum was 50 ml/bottle).  Reducing agents (2.5% w/v 

cysteine-HCl and 2.5% w/v sodium sulfide) were added to better ensure anaerobicity of 

growth media. However, in some experiments, reducing agents were omitted in an effort 

to observe their effect on oxygen removal, protein production (as observed on SDS-PAGE 

gel), and benzyl viologen reduction by C. ljungdahlii cell-free cell extract.  Bottles were 

capped with butyl rubber stoppers (Bellco, Vineland, NJ) and aluminum seals, connected 

to a vacuum manifold using a needle and a 0.22 μm filter and made anaerobic by cycling 

three times (30 s cycles) between 1) vacuum headspace evacuation and 2) sparging with 

artificial syngas filtered through heated copper pellets. The bottles were then autoclaved 

for 30 min (121 °C, 15 psig). After bottles cooled to room temperature, excess pressure 
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was released from the bottles by inserting a needle connected to a 0.22 μm filter and a hose 

with its end immersed in a water trap to achieve a condition of atmospheric pressure. 

Culture bottles were initially inoculated with an aliquot from freezer stocks (10% v/v) and 

incubated with shaking at 100 rpm at 37°C. After 24 h, culture aliquots (5% v/v) were 

transferred to fresh media and incubated (100 rpm, 37°C).  After 12 h of growth, 

experiments were initiated with a second transfer of actively growing cells (5% v/v) into 

fresh media and incubated (100 rpm, 37°C). For the oxygen exposure experiments, after 

12 h of culture incubation, 8% (by headspace volume) O2 was injected by syringe.   

2.2.2 Gas and liquid product analysis 

 Liquid samples for ethanol and acetate were taken at 12, 14, 24, 36, 48, and 72 h 

time points from the C. ljungdahlii cultures and stored (-20ºC) prior to analysis.  Gas 

samples for CO, H2, and CO2 and liquid samples for fructose were taken at 0, 24, 36, 42, 

54, and 66 h. Fructose samples were also stored (-20ºC) prior to analysis but gas was 

analyzed within 1 h of sampling. Gas and liquid product analysis results were reported as 

an average of six replicates completed as triplicates of two biological repeats. 

Liquid samples (500 μl) for ethanol and acetate analysis were prepared by adding 

125 μl 25% m-phosphoric acid and centrifuging at 14,000 x g for 10 min at room 

temperature. The sample supernatants were analyzed by gas chromatography using an 

Agilent 7890A gas chromatograph containing a 0.25 μm J & W DB-FFAP column (30 m 

x 0.32 mm i.d.) and a flame ionization detector.  Argon was used as the carrier gas at a 

flow rate of 30 ml/min.  The injector and detector temperatures were 250 °C and the oven 

temperature 160 °C.  
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Headspace gas samples were collected using a 5 ml gas-tight syringe with sample 

lock (SGE, Ringwood, Australia).  The samples were analyzed by gas chromatography 

using an Agilent 7890A gas chromatograph containing a 13823 molsieve 5 Å zeolite 

molecular sieve packed stainless steel column (6 ft x 1/8 in. i.d. Supelco) and a thermal 

conductivity detector.  Argon was used as the carrier gas at a flow rate of 30 ml/min.  The 

injector and detector temperatures were 150 °C and 250 °C respectively, and the oven 

temperature was 160 °C.  

The amount of fructose present in the culture media was determined by high-

performance liquid chromatography.  Liquid samples (600 μl) were centrifuged (10 min, 

14,000 x g, room temperature).  Supernatant was filtered through a 0.22 μm syringe filter 

and analyzed using a Shimadzu LC20 liquid chromatograph with a HPX-87H column (65 

°C) and refractive index detector.  Sulfuric acid (5 mM) was used as the eluent at a rate of 

0.6 ml/min. 

Dissolved oxygen (DO) and dissolved CO2 species (including bicarbonate in the 

liquid phase) were also quantified during batch culture fermentations. DO in the 0 and 8% 

O2 exposed cultures was measured with a NeoFox System (Ocean Optics, Dunedin, FL, 

USA) as per the manufacturer’s instructions at 14, 30, and 36 h to determine if oxygen in 

the medium was being reduced over time. To take the measurements, bottles were opened 

in a fume hood, the NeoFox probe was immediately lowered to the bottom of the bottles, 

and readings were recorded once they stabilized (less than one minute). The DO was also 

measured in uninoculated bottles containing media with and without reducing agents to 

measure the amount of abiotic oxygen reduction; uninoculated medium was exposed to 

either 0 or 8% O2. Total carbon dioxide in the media was measured using a Bioprofile 400 
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Analyzer (Nova Biomedical, Waltham, MA, USA) per the manufacturer’s instructions. 

Total CO2 was calculated using the equation tCO2 = [HCO3−] + α*pCO2, where the 

solubility coefficient of CO2 (α) is estimated to be 0.0307. 

2.2.3 mRNA isolation, cDNA library preparation, and sequencing 

C. ljungdahlii was grown as described above in mRCMf with a syngas headspace 

and exposed to 0 or 8% O2. Three culture bottles per experimental condition (0 and 8% O2 

exposed) were transferred into the anaerobic chamber at 14 h (2 h after oxygen exposure, 

early response) and 36 h (12 h after oxygen exposure, late response) time points (twelve 

samples total). Serum bottles were opened and 0.5 ml of culture was added to 1 ml of 

Qiagen RNA Protect Bacterial Reagent (Qiagen, Venlo, Limburg, Netherlands). These 

samples were centrifuged (10 min, 21,460 x g, 4°C); the supernatant was removed, and 

pellets were stored at -65°C. Batch cultures used for RNA sequencing were not sampled 

for fermentation analysis to save as much culture for total RNA isolation as possible. To 

ensure that the liquid fermentation products for the cultures used for RNA sequencing were 

similar to the other fermentations in this study, liquid analysis (as described above) was 

performed on other cultures that were simultaneously inoculated.  

The Qiagen RNeasy Mini Kit (Qiagen, Venlo, Limburg, Netherlands) with on-

column RNAse-free DNase (Qiagen, Venlo, Limburg, Netherlands) treatment was used in 

conjunction with the enzymatic lysis and Proteinase K treatment (New England Biolabs, 

Ipswich, Massachusetts, USA) per the supplier’s protocol to isolate total RNA. RNA 

quality was checked by gel electrophoresis. The Epicentre ScriptSeq Complete Kit 

(Bacteria) (Illumina, San Diego, California, USA) was used to isolate the mRNA as well 
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as synthesize and amplify the cDNA with a different index for each sample (twelve total). 

The Qiagen RNeasy MinElute Kit (Qiagen, Venlo, Limburg, Netherlands) was used to 

purify the mRNA. mRNA and cDNA were analyzed for quality and concentration using 

an Agilent 2500 Bioanalyzer on an Agilent RNA 6000 Pico Chip and DNA High 

Sensitivity Chip, respectively, at the North Carolina State Genomic Sciences Lab (Raleigh, 

NC). Indexed cDNA was pooled and subjected to bioanalysis prior to sequencing at the 

BGI and Children's Hospital of Philadelphia collaborative genome facility using the 100bp 

Single Read protocol for one lane on the Illumina HiSeq2000. Base quality calls and 

demultiplexing were performed with the CASAVA 1.8.2 pipeline (Illumina, San Diego, 

California, USA). 

2.2.4 Differential expression analysis 

Differential analysis was performed with DEGseq as described in Tan et al. with 

exception of raw reads being counted with eXpress prior to importing into DEGseq (82, 

98). Unless otherwise stated, genes mentioned in this paper were significantly differentially 

expressed based on a FDR (false discovery rate (7)) ≤ 0.001 and a normalized log2 fold 

change ≥ 2 or ≤ -2. Tablet software was used to visualize differentially regulated gene 

clusters (64, 65). 

2.2.5 Nucleotide sequence accession numbers 

RNA sequencing data for each condition were submitted to the NCBI Sequence 

Read Archive (http://www.ncbi.nlm.nih.gov/sra) under accession no. PRJNA296707. 

 



66 

 

2.2.6 Nucleotide sequence alignment and database search  

 Re-annotation of differentially expressed genes was performed using the blastx 

program (National Centre of Biotechnology Information 

[http://www.ncbi.nlm.nih.gov/BLAST]) using the default parameters. Multiple sequence 

alignments were performed with Vector NTI using the standard parameters (61). 

2.2.7 Enzyme assays 

As with cultures for RNA sequencing analysis, C. ljungdahlii cultures for enzyme 

assays were either treated with 0 or 8% O2 at 12 h and samples for assays were taken at 14 

h and 36 h for early and late response to oxygen exposure. At these time points, cultures 

were transferred to an anaerobic chamber and dispensed into centrifuge bottles (six 50 ml 

cultures per bottle).  The bottles were sealed and centrifuged (25 min at 11,000 x g, 4 °C). 

The cell pellets were washed with 40 ml anaerobic potassium phosphate buffer (50 mM, 

pH 7.0) and centrifuged as described above. Cell pellets were resuspended in 3 ml 

anaerobic potassium phosphate buffer (50 mM, pH 7.0) per gram of wet cell pellet. Five 

hundred microliters of the cell suspension were transferred to 2 ml screw cap tubes. The 

cell suspensions were either processed immediately for assays or stored at -65°C.  

For cell suspension processing, 500 μl of 0.1 mm disruption glass beads (RPI, Mt. 

Prospect, Illinois, USA) were added to the tubes. Samples were vortexed horizontally (10 

min, maximum speed) using a MoBio vortex adapter 13000-V1 for Vortex-Genie 2® 

(MoBio, Carlsbad, California, USA), and centrifuged (10 min, 21,000 x g, 4 °C). 

Supernatants were collected and kept on ice for assays. All assays were carried out in a 2 

ml total volume (once all reagents were added) at 25 °C in anaerobic cuvettes except 
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peroxidase and oxidase, which had a total volume of 3 ml, and the superoxide dismutase 

and xanthine oxidase assays, which were performed aerobically in 96-well plates. All 

enzyme assays are reported as an average of six replicates. 

NAD(P)H oxidase was assayed as described by Stanton and Jensen (87).  For a 

negative control, the assay was performed in anaerobic cuvettes with anoxic buffer and 

headspace. Reactions were initiated by adding cell extract (10-100 μg protein). Catalase 

was assayed by measuring the disappearance of H2O2 at 240 nm (27). The catalase 

reactions were initiated by adding cell extract (10-100 μg protein). Peroxidase was assayed 

as described by Poole and Ellis except that 200 μM NADH or NADPH (final concentration) 

was used (75).  SOD activity was determined using a commercially available Water 

Soluble Tetrazolium (WST) salt SOD assay kit (Dojindo Laboratories, Kumamoto, Japan) 

per the manufacturer’s instructions (72). Superoxide dismutase from Bovine erythrocytes 

(MP Biomedicals, Santa Ana, CA, USA) was used as a positive control. Xanthine oxidase 

activity was assayed with the Amplex Red Xanthine/Xanthine Oxidase Assay Kit 

(ThermoFisher Scientific, Waltham, MA, USA) per the manufacturer’s instructions. 

Xanthine was omitted from the reaction mixture as a negative control. 

Alcohol dehydrogenase assays contained 1.5 ml 100 mM Tris-HCl (pH 8.5), 0.5 ml 

2M ethanol, and 1 ml of 0.025 M NAD+ or NADP+. Reactions were initiated by adding cell 

extract (10-100 μg protein), and the appearance of NADH or NADPH was measured at a 

wavelength of 340 nm. Acetaldehyde dehydrogenase assays were performed as described 

in (14). The reverse reaction of aldehyde oxidoreductase (AOR), carboxylic acid reduction 

(CAR), was performed as described in (28) to measure acetate reduction, except that the 

assay was performed at 25 °C in 500 mM potassium phosphate (pH 6.0) and the electron 
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donor was methyl viologen (140 μM), which was completely reduced by dithionite (150 

μM). The forward reaction, acetaldehyde-dependent reduction of benzyl viologen (aka 

acetaldehyde oxidase), was also measured. Sodium dithionite was not used for the forward 

reaction. Unreduced cultures were also used as a control to avoid reduction of benzyl 

viologen by the reducing agents rather than by the cell-free extracts.  

For all assays, activities (units/mg) are defined as μmoles of substrate (e.g. methyl 

violgen, benzyl viologen, NAD(P)+, NAD(P)H) oxidized or reduced per minute. Methyl 

viologen oxidation and benzyl viologen reduction were quantified by measuring their 

absorbance at 600 nm and using a molar extinction coefficient of 12,000 M-1 cm-1 or 7,400 

M-1 cm-1, respectively. NAD(P)H oxidation and NAD(P)+ reduction were quantified by 

measuring their absorbance at 340 nm and using a molar extinction coefficient of 6,220 M-

1 cm-1. 

2.2.8 Electrophoresis and protein identification by MALDI-TOF/TOF and Mascot analysis 

 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was 

performed on 12% acrylamide gels by the procedure developed by Laemmli (55). 14 and 

36 h cell-free cell extract samples from 0 and 8% O2 exposed cultures, including cultures 

grown with reduced and unreduced medium, were boiled for 10 minutes with loading dye 

and run on SDS-polyacrylamide gels for 45 minutes at 200 V. Protein bands were detected 

by staining the gel with Coomassie brilliant blue G-250. The gel was submitted to the UNC 

Michael Hooker Proteomics Center (University of North Carolina, Chapel Hill, NC, USA); 

the band of interest was excised, trypsin-digested, and analyzed by MALDI-TOF/TOF. 

MS/MS spectra were searched for proteins against the NCBI database for C. ljungdahlii 
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DSM13528 (Accession CP001666) using Mascot software (Matrix Science Inc, Boston, 

MA 02110).  

2.2.9 Growth and cell protein quantification 

 Growth was measured as optical density at 600 nm.  Protein quantification in cell 

extracts was performed using Bio-Rad’s Protein Assay Dye Reagent (Bio-Rad, Hercules, 

CA, USA), according to the manufacturer’s instructions.   

To determine the relationship between optical density and dry cell density, 11 ml 

of culture was sampled from growing cells at various time points.  One ml was used for 

OD600 readings while 10 ml of culture was filtered through a disposable pre-weighed and 

pre-dried 0.22 μm syringe filter.  Flow through was discarded.  Filter and cells were washed 

with 10 ml 50 mM phosphate buffer pH 7.0.  The filters were then incubated at 80°C in a 

dry air oven and were weighed every 24 h until constant weights were obtained.  The 

optical densities were plotted against their corresponding dry cell weights yielding a linear 

relationship between measured OD600 nm and culture densities (mg dry cells/L).  The 

relationship between optical density and dry cell weight was found to be 312 mg dry cells/L 

per OD600 unit for C. ljungdahlii. 

 

2.3 Results 

2.3.1 Effects of oxygen on growth and fermentation product formation   

 C. ljungdahlii was previously shown to be consistently resistant to concentrations 

of oxygen as high as 8% (volume added/volume headspace) injected into the headspace of 

batch cultures with mixotrophic medium (94). This finding was confirmed in this study 
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(Figure 2-1A). Though cultures exposed to 8% O2 continued to grow, the rate of growth 

was reduced compared to anaerobic cultures (generation time of 5.8 h vs. 4.6 h) (Figure 2-

1A).  Similar to previous findings, more ethanol and less acetate were produced by cultures 

exposed to 8% O2 as well (1:2 vs. 1:6 mol-ethanol:mol-acetate) (Figure 2-1B and 2-1C) 

(94). Substrate utilization of CO, H2, and fructose continued in 8% O2 exposed cultures but 

the rate was slower than in anaerobic cultures, and 8% O2 exposed cultures consumed about 

13% less hydrogen than anaerobic cultures (Figure 2-2A). By 36 h (24 h after oxygen 

exposure), CO, H2, and fructose consumed per liter of culture for oxygen exposed cells 

were 7%, 19%, and 25% lower than anaerobic cultures, respectively. 
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Figure 2-1.  C. ljungdahlii cell growth (A), ethanol (B) and acetate production (C) when cultures are exposed to 0 (circle) and 

8% O2 (square). 160 ml batch reactors have a 110 ml headspace volume. 8% O2 was added to the headspace at 12 h (arrow). The 

data represent an average of three biological replicates per condition. Error bars indicate standard deviation.  
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Figure 2-2.  C. ljungdahlii CO (square), H2 (circle), and fructose (triangle) utilization in response to 0% O2 (anaerobically grown, 

closed symbols) and 8% O2 (open symbols) supplementation of the headspace gas. The data represent an average of six biological 

replicates per condition (A). Total CO2 concentration (g/L) in 14 h 0% O2 exposed, 14 h 8% O2 exposed, 36 h 0% O2 exposed, 

and 36 h 8% O2 exposed C. ljungdahlii batch cultures. tCO2 = pCO2headspace + [HCO3−] + α*pCO2medium, where α (estimated 

solubility coefficient) = 1.3511 mg/L/mmHg. Uninoculated bottles were used as controls. The data represent an average of three 

biological replicates per condition (B). Concentration of dissolved oxygen (ppm) at the bottom of 8% O2 exposed C. ljungdahlii 

batch cultures. 0% O2 exposed cultures were used as blanks, and uninoculated bottles were used as controls. Reducing agents 

(Cys-HCl and Na2S) were omitted in unreduced medium. The data represent an average of three biological replicates per 

condition (C). 8% O2 was added to the headspace at 12 h (arrow). 160 ml batch reactors have a 110 ml headspace volume. Error 

bars indicate standard deviation. 
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 CO2 in both 8% O2 exposed and anaerobic cultures increased above initial 

concentrations by 14 h and continued to increase throughout the fermentation to 72 h 

(Figure 2-2B). However, there was a substantial difference in the amount of CO2 per liter 

of culture in 8% O2 exposed batch cultures and anaerobic batch cultures, 0.577 g by 72 h 

(Figure 2-2B).  

Oxygen injected into the headspace was confirmed to be removed from the 

inoculated cultures completely by 36 h (Figure 2-2C). The total amount of oxygen added 

to cultures and reduced by the cells was calculated to be ~ 6.9 mmol/L of culture (data not 

shown). However, based on dissolved oxygen (DO) concentrations of unreduced 

uninoculated and (reduced) uninoculated medium controls, a portion of this was reduced 

by cysteine-HCl and sodium sulfide (reducing agents) added to the medium (Figure 2-2C). 

Reducing agents kept the amount of DO in the uninoculated medium close to 0 ppm for at 

least 2 h after oxygen was injected into the headspace (Figure 2-2C). Sometime between 

14 and 30 h, the reducing agents were used up, and the concentration of DO in the 

uninoculated medium increased to ~2.4 ppm (Figure 2-2C). The DO in the unreduced 

uninoculated medium also increased between the 14 and 30 h time points indicating that it 

took longer than 2 h for the DO in the liquid and gas phases to reach equilibrium (Figure 

2-2C). In this study, reducing agents were added to the medium because ethanol production 

was higher than when it was excluded, but reducing agents are not required for continued 

growth of C. ljungdahlii in rich mixotrophic medium when exposed to 8% O2 (94). Based 

on a comparison of DO in uninoculated medium containing reducing agents and 

uninoculated medium without reducing agents, reducing agents removed at most 0.9 ppm 

(39%) of the oxygen by 36 h (Figure 2-2C). This means at least 4.2 mmol/L of oxygen was 
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removed by the C. ljungdahlii cells (data not shown). At the same time, ~13.1 mmol/L 

(0.577 g/L) less CO2 was reduced by 8% O2 exposed cells. 

2.3.2 Effects of oxygen on gene expression 

RNA sequencing was employed in an effort to identify genes responsible for the 

oxygen tolerance and higher ethanol/acetate ratio of batch cultures exposed to 8% O2. 

Samples for sequencing were taken at 14 h (2 hours after oxygen exposure, early response) 

and 36 h (24 h after oxygen exposure, late response) for 8% O2 exposed and anaerobic 

cultures. In total, 139,256,223 reads with an average length of 100 bp were generated 

(Table A1-1) with each treatment condition representing greater than 28.9 million reads. 

Differential expression analysis was conducted using DEGseq as in a previous RNA 

sequencing study with C. ljungdahlii (90). All 150 differentially expressed genes are 

displayed in Table A1-2. 

The expression profile of C. ljungdahlii genes known and predicted to be involved 

in ethanol and acetate production are presented in Table 2-1. Though AdhE1 (encoded by 

CLJU_c16510) was previously identified to be the primary ethanol dehydrogenase in C. 

ljungdahlii (4, 57), its gene was not differentially expressed at 14 or 36 h; neither were the 

genes for phosphotransacetylase (CLJU_c12770) or the acetate kinase (CLJU_c12780). 

Genes for predicted acetaldehyde dehydrogenases (CLJU_c11960, CLJU_c39730, 

CLJU_c39840), which may be involved in production or consumption of acetaldehyde, the 

precursor of ethanol, were also not differentially expressed. However, a predicted tungsten-

containing aldehyde ferredoxin oxidoreductase (CLJU_c20210), one of two previously 

hypothesized to catalyze acetate reduction to acetaldehyde with reduced ferredoxin (51), 

was expressed significantly less by 8% O2 exposed cells than by anaerobic cells at 14 h. 
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The other predicted tungsten-containing aldehyde ferredoxin oxidoreductase 

(CLJU_c20110) was not differentially expressed at 14 or 36 h. The only differentially 

expressed genes that showed potential for explaining higher ethanol production were a 

predicted aldehyde oxidoreductase (CLJU_c24130) with homology to molybdenum-

containing AORs and a putative xanthine dehydrogenase (CLJU_c23910) with 50% 

identity to CLJU_c24130 (Table A1-3). Both were expressed significantly higher in 8% 

O2 exposed cells than anaerobic cells at 36 h; however, expression of CLJU_c24130 was 

also higher (though not significantly) while expression of CLJU_c23910 was lower 

(though not significantly) in 8% O2 exposed cells at 14 h, and the transcript count of 

CLJU_c24130 was about 9 times higher than CLJU_c23910 (Table 2-1). A predicted 

aldehyde oxidoreductase (CLJU_c24050) with 80% identity to CLJU_c24130 was not 

differentially expressed at 14 or 36 h (Table 2-1 and Table A1-3).     

The genes that are predicted to be specifically involved in oxygen or reactive 

oxygen species (ROS) detoxification are provided in Table 2-2 and include two predicted 

rubrerythrins (CLJU_c28910) and (CLJU_c39340). Rubrerythrin is a common name used 

for NAD(P)H hydrogen peroxidases found in Clostridia and other anaerobic bacteria. The 

predicted rubrerythrin encoded by CLJU_c39340 has 80% identity with C. 

acetobutylicum’s highly active NAD(P)H hydrogen peroxidase, a “reverse rubrerythrin” 

also called “rubperoxin” (encoded by homologs CA_C3597 and CA_C3598) (Table A1-4) 

(33, 63, 81). C. acetobutylicum’s rubrerythrin is indirectly reduced by NAD(P)H 

(preferentially by NADH) through a NADH:rubredoxin oxidoreductase (NROR) and a 

rubredoxin (41). An alignment of all the genes encoding differentially expressed 

rubrerythrin(-like) enzymes from C. ljungdahlii, CLJU_c09090 (differentially expressed 
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gene of the FAD/NAD-dependent oxidoreductase subunit of the anaerobic-type CODH), 

and C. acetobutylicum NROR (CA_C2448) and rubredoxin (CA_C2778) showed less than 

40% identity for all combinations (Table A1-4). 
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Table 2-1. Expression profile of C. ljungdahlii genes known and predicted to be involved in ethanol and acetate production.  

Locus Tag Gene Annotation 14h 0% O2 

Count 

14h 8% O2 

Count 

14h Log2 

F.C.† 

36h 0% 

O2 Count 

36h 8% O2 

Count 

36h Log2 

F.C. 

CLJU_c11960 predicted acetaldehyde dehydrogenase 666 1148 -0.355 32 60 -0.530 

CLJU_c12770 phosphotransacetylase 37052 38122 0.388 51989 49972 0.468 

CLJU_c12780 acetate kinase 45467 43101 0.506 45696 48908 0.313 

CLJU_c16510 bifunctional aldehyde/alcohol 

dehydrogenase (AdhE1) 

136600 184497 -0.004 4954 2901 1.183 

CLJU_c20110 predicted tungsten-containing aldehyde 

ferredoxin oxidoreductase 

64 52 0.708 549 645 0.181 

CLJU_c20210 predicted tungsten-containing aldehyde 

ferredoxin oxidoreductase 

6547 1509 2.546 2055 1820 0.587 

CLJU_c23910 putative xanthine dehydrogenase, 

molybdopterin-binding subunit B 

4519 3648 0.738 1798 11958 -2.327 

CLJU_c24050 predicted aldehyde oxidoreductase 56 93 -0.309 1058 896 0.650 

CLJU_c24130 predicted aldehyde oxidoreductase 9500 33544 -1.391 9697 102536 -2.991 

CLJU_c39730 predicted acetaldehyde dehydrogenase 6 6 0.635 2 3 0.070 

CLJU_c39840 predicted acetaldehyde dehydrogenase 601 784 0.045 686 623 0.550 

† Comparisons in gene expression were made between anaerobic and 8% O2 exposed cells. A positive N.Log2 F.C. (normalized Log2 

fold change) value reflects higher expression by anaerobic cells and a negative N.Log2 F.C. value reflects higher expression 8% O2 

exposed cells. The threshold for comparison was set at an N.Log2 F.C. value of +/- 2. 
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Table 2-2. Expression profile of genes differentially expressed by C. ljungdahlii predicted to be involved in oxygen 

and reactive oxygen species detoxification.  

Locus Tag Gene Annotation 14h 0% O2 

Count 

14h 8% O2 

Count 

14h Log2 

F.C.† 

36h 0% O2 

Count 

36h 8% O2 

Count 

36h Log2 

F.C. 

CLJU_c21940 putative flavoprotein 10478 204461 -3.857 6207 36739 -2.154 

CLJU_c28910 predicted rubrerythrin 1491 27416 -3.771 885 16893 -3.844 

CLJU_c36090 hemerythrin related protein 2353 59405 -4.229 1263 9066 -2.433 

CLJU_c39340 predicted rubrerythrin 19381 195485 -2.905 39167 159979 -1.619 

† Comparisons in gene expression were made between anaerobic and 8% O2 exposed cells. A positive N.Log2 F.C. 

(normalized Log2 fold change) value reflects higher expression by anaerobic cells and a negative N.Log2 F.C. value reflects 

higher expression 8% O2 exposed cells. The threshold for comparison was set at an N.Log2 F.C. value of +/- 2. 
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A putative flavoprotein (CLJU_c21940) and a hemerythrin related protein 

(CLJU_c36090) are also listed in Table 2-2. The CLJU_c21940 flavoprotein has 60 % 

identity to a C. acetobutylicum flavoprotein (CA_C2449) that has demonstrated oxidase 

activity and is reduced by NROR (Table A1-4) (41). Hemerythrins are proteins that carry 

oxygen and/or convert oxygen to hydrogen peroxide (38, 103). C. ljungdahlii also has an 

annotated superoxide dismutase (CLJU_c29780), but expression of this gene was low for 

both 8% O2 exposed and anaerobically cultured cells (data not shown).   

Besides genes directly involved in ethanol/acetate production and oxygen/ROS 

detoxification, several genes related to substrate, energy, and cofactor metabolism were 

identified as being differentially expressed (Table 2-3). These include genes encoding the 

anaerobic-type CODH complex (CLJU_c09090-110) which are thought to be responsible 

for CO oxidation to CO2 in C. ljungdahlii (68), the G-subunit of the RNF complex 

(CLJU_c11380) which is predicted be a FMN binding redox active subunit responsible for 

reduction of NAD (51, 88),  a glyceraldehyde 3-phosphate dehydrogenase (CLJU_c13400) 

which is a glycolysis enzyme, a hydrogenase expression/formation protein (CLJU_c23080) 

predicted to be involved in nickel insertion (51), the CODH of the Wood-Ljungdahl 

Pathway gene cluster (CLJU_c37670) which is predicted to bind CO for acetyl-CoA 

synthesis (51, 52, 68), a predicted citrate:cation symporter and a NAD-dependent malic 

enzyme potentially involved in the branched TCA “cycle” in C. ljungdahlii (51). Of these 

genes, the anaerobic CODH complex was significantly more highly expressed by 8% O2 

exposed cells at both 14 and 36 h; the glyceraldehyde 3-phosphate dehydrogenase, the 

predicted citrate:cation symporter and NAD-dependent malic enzyme were significantly 

more highly expressed by anaerobic cells at 14 h; and the G-subunit of the RNF complex, 
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the predicted hydrogenase expression/formation protein, and the CODH were significantly 

more highly expressed by 8% O2 exposed cells at 36 h (Table 2-3). Several other genes 

related to peptide uptake and amino acid metabolism were also more highly expressed in 

8% O2 exposed cells at 14 h (CLJU_c19310-20, CLJU_c37340-50) and 36 h 

(CLJU_c28700, CLJU_c28730-60) (Table A1-2). 

Table 2-3 also includes a Fur family transcriptional regulator (CLJU_c35550) 

expected to be involved in iron metabolism and a ten member gene cluster (CLJU_c19400-

90) predicted to be involved in metal cofactor repair and management (named crm). A 

KEGG image and visual representation of the differentially expressed crm gene cluster is 

provided in Figure 2-3A and 2-3B, respectively. The crm gene cluster includes a predicted 

transcriptional regulator (CLJU_c19400), a ferric uptake regulation protein 

(CLJU_c19410), a predicted two-component response regulator (CLJU_c19450) and a 

predicted signal transduction histidine kinase (CLJU_c19460). In addition to these, the 

hypothetical protein (CLJU_c19470) contains a polo-box domain of a polo-like kinase. 

Polo-like kinases have been known to be involved in cell cycle regulation, DNA damage 

and oxygen stress in other organisms (107).  

Besides these regulatory proteins the gene cluster also contains a gene encoding 

ferritin (CLJU_c19490), a protein known to sequester iron, and a gene encoding a flavin 

reductase-like protein with a rubredoxin domain similar to proteins shown to release iron 

from ferritin using reduced FMN (CLJU_c19480) (8, 17, 36, 101). Flavins used by this 

protein may be transported into the cell by the putative membrane protein encoded by 

CLJU_c19430, which contains two EamA-domains like the characterized riboflavin 

transporting transmembrane permeases (RibN) from Ochrobactrum anthropic and Vibrio 
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cholera (26). A blastx query of the putative epimerase gene (CLJU_c19420) in this 

oxygen-induced gene cluster revealed that it had higher homology to a phenazine 

biosynthesis-like protein than its annotated function as an epimerase. Phenazines serve as 

electron shuttles for various terminal electron acceptors and have been shown to reduce 

iron [hydr]oxides in Pseudomonas chlororaphis and other bacteria (29). Also, a blastx 

query of the gene sequence for the conserved hypothetical protein (CLJU_c19440) 

revealed a DUF1848 domain. The C-terminus of DUF1848 domains contain a cluster of 

cysteines similar to the Fe-S cluster of a radical SAM domain, which are known to catalyze 

diverse reactions including cofactor biosynthesis and maturation, post-transcriptional and 

post-translational modification, enzyme activation, substrate anchoring, electron transfer, 

and sulfur donation (56).  
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Table 2-3. Expression profile of genes differentially expressed by C. ljungdahlii known and 

predicted to be involved in substrate, energy, and cofactor metabolism.  

Locus Tag Gene Annotation 14h 0% 

O2 Count 

14h 8% 

O2 Count 

14h 

Log2 

F.C.† 

36h 0% 

O2 Count 

36h 8% 

O2 Count 

36h 

Log2 

F.C. 

CLJU_c09090 anaerobic-type CODH, 

FAD/NAD-dependent 

oxidoreductase sub. 

15022 184044 -3.186 7043 68954 -2.880 

CLJU_c09100 anaerobic-type CODH, e- 

transfer sub. 

4988 18436 -1.457 2725 27886 -2.944 

CLJU_c09110 anaerobic-type CODH 16453 274126 -3.629 8432 92640 -3.047 

CLJU_c11380 RnfG 12694 13522 0.338 670 10725 -3.548 

CLJU_c13400 glyceraldehyde 3-phosphate 

dehy. 

15196 3997 2.356 21082 49392 -0.817 

CLJU_c17950 putative molybdopterin 

biosyn. protein 

1625 2806 -0.358 1944 21178 -3.034 

CLJU_c19400 predicted transcr. regulator 2438 71339 -4.442 5622 30966 -2.050 

CLJU_c19410 ferric uptake regulation 

protein 

1336 43688 -4.602 4144 23877 -2.115 

CLJU_c19420 putative epimerase 2040 38862 -3.822 2688 17482 -2.290 

CLJU_c19430 putative membrane protein 2187 38238 -3.699 1918 14008 -2.457 

CLJU_c19440 conserved hypothetical 

protein 

3082 54143 -3.706 3467 23993 -2.380 

CLJU_c19450 predicted two-comp. 

response reg. 

469 1549 -1.294 316 1091 -1.375 

CLJU_c19460 predicted signal trans. 

histidine kinase 

1134 4242 -1.474 800 2404 -1.176 

CLJU_c19470 hypothetical protein 1415 4567 -1.261 1728 3695 -0.686 

CLJU_c19480 putative flavin reductase-

like protein with rubredoxin 

domain 

1035 37947 -4.767 796 5290 -2.322 

CLJU_c19490 ferritin 1607 68688 -4.988 1004 8844 -2.727 

CLJU_c20050 predicted MoaD/ThiS 

domain protein 

370 579 -0.219 219 4871 -4.063 

CLJU_c20060 predicted dinucleotide-

utilizing enzymes involved 

in molybdopterin/thiamine 

biosynthesis 

235 321 -0.022 223 2703 -3.186 

CLJU_c23080 predicted hydrogenase 

expression/formation 

protein 

5433 7215 0.020 3775 25025 -2.319 

CLJU_c35550 predicted transcr. regulator, 

Fur family 

25077 201453 -2.577 27102 104436 -1.535 

CLJU_c37670 CODH 119541 101616 0.664 23751 183015 -2.535 

† Comparisons in gene expression were made between anaerobic and 8% O2 exposed cells. A positive 

N.Log2 F.C. (normalized Log2 fold change) value reflects higher expression by anaerobic cells and a 

negative N.Log2 F.C. value reflects higher expression 8% O2 exposed cells. The threshold for comparison 

was set at an N.Log2 F.C. value of +/- 2. 
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Figure 2-3.  KEGG image of the C. ljungdahlii cofactor repair and management (crm) gene cluster 

(A). Visual comparison of read alignment to a locus on the C. ljungdahlii genome containing the 

crm gene cluster of FastQ reads derived from RNA sequencing of 0% exposed (anaerobically 

grown) and 8% O2 exposed cultures (B). Images were generated using sequence assembly 

visualization software, Tablet. Sample #1 is one of three 14 h time point anaerobic cell 

transcriptomes, and sample #7 is one of three 14 h time point 8% O2 exposed cell transcriptomes. 

Arrows 1, 2, 3, 4, and 5 point to positions 2107698 (beginning of the CLJU_c19400 ORF), 2111421 

(end of the CLJU_c19440 ORF), 2111708 (beginning of the CLJU_c19450 ORF), 2115295 (end 
of the CLJU_c19470 ORF), and 2116834 on the genome (beginning of the CLJU_c19490 ORF).  
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2.3.3 Enzyme activities associated with ethanol production 

 Figure 2-4A shows a modified version of the predicted C. ljungdahlii anabolic 

pathways leading to ethanol formation previously described by Köpke et al. (51). Either 

ethanol can be produced from acetyl-CoA by acetaldehyde dehydrogenase activity 

followed by ethanol dehydrogenase activity or from acetate by acetate reductase (reverse 

reaction of aldehyde oxidation) followed by ethanol dehydrogenase (Figure 2-4A).  

Acetate reductase activity was at least 6-fold higher at 14 h and 4-fold higher at 36 

h on average for cell-free cell extracts from 8% O2 exposed cultures compared to cell-free 

extracts from anaerobic cultures (Figure 2-4B). Acetaldehyde oxidoreductase activity as 

measured by benzyl viologen reduction did not seem to be present in anaerobic or 8% O2 

cells at 14 or 36 h since acetaldehyde did not increase benzyl viologen reduction by cell-

free extracts (data not shown). However, acetaldehyde-independent benzyl viologen 

reduction was mediated by cell-free extracts of 14 h 8% O2 exposed cultures, 36 h 

anaerobic cultures, and 36 h 8% O2 exposed cultures, but not 14 h anaerobic cultures 

(Figure A1-1A). Aldehyde-independent benzyl viologen reduction by cell-free extracts 

indicates that cell-free extracts (except those derived from 14 h anaerobic cultures) have a 

lower redox potential than benzyl viologen. Also, based on a general trend of higher 

acetaldehyde-independent benzyl viologen activity for cell-free extracts from cells grown 

normally in media with reducing agents versus unreduced cultures, electrons from reducing 

agents can be used by cells to reduce benzyl viologen (Figure A1-1A). Ethanol and 

acetaldehyde dehydrogenase activities of cell-free extracts from 8% O2 exposed and 

anaerobic cultures had less than 2-fold difference at 14 and 36 h time points (Figure A1-

1B and A1-1C). 
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Figure 2-4.  Predicted C. ljungdahlii anabolic pathways leading to ethanol. Aldehyde oxidoreductase (AOR), acetate, 

acetaldehyde, Fdox/red (oxidized and reduced ferredoxin), Anaerobic-type CODH Complex, CO, CO2, and ethanol are bold to 

indicate metabolic flux proposed to account for higher ethanol and lower acetate production by 8% O2 exposed C. ljungdahlii 

batch cultures. Figure was modified from Köpke et al., 2010. Pta (phosphotransacetylase), Ack (acetate kinase), ATP (adenosine 

triphosphate), AdhE (bifunctional aldehyde/alcohol dehydrogenase), 2 [H] (reduced form of nicotinamide adenine dinucleotide 

(phosphate)), PFOR (pyruvate:ferredoxin oxidoreductase), CODH (carbon monoxide dehydrogenase) (A). AOR (methyl 

viologen acetate oxidoreductase activity)  enzyme activity assay results for cell-free cell extract from 14 h 0% O2 exposed 

(anaerobically grown), 14 h 8% O2 exposed, 36 h 0% O2 exposed, and 36 h 8% O2 exposed C. ljungdahlii batch cultures. Activity 

(units/mg) is defined as μmoles of methyl violgen oxidized per minute (B). The data represent an average of six biological 

replicates per condition. Error bars indicate standard deviation. 
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2.3.4 Enzyme activities associated with oxygen tolerance 

 Based on differential expression of genes for multiple rubrerythrin and 

rubrerythrin-like enzymes (hemerythrin) (Table 2-2), it was hypothesized that the 8% O2 

exposed C. ljungdahlii cultures would have higher NAD(P)H hydrogen peroxidase activity 

than anaerobic cultures. Figure 2-5A shows that this prediction was correct at both 14 and 

36 h. 

 C. ljungdahlii was also assayed for catalase, oxidase, superoxide dismutase, and 

xanthine oxidase activities which are other common enzyme activities for ROS and oxygen 

detoxification. No detectable activity was observed for these enzymes in cell-free extracts 

of 8% O2 exposed or anaerobically-grown C. ljungdahlii cells (data not shown).   

2.3.5 Identification of an oxygen inducible protein 

 To determine if there were any observable highly translated oxygen-induced 

proteins, cell-free extracts from anaerobic and 8% O2 exposed cultures (14 and 36 h) were 

run on a SDS-PAGE gel (Figure 2-5B). A distinct band between the ~15 and ~25 kD ladder 

markers was present only in lanes 3 and 4 corresponding to the 14 h and 36 h 8% O2 

exposed cultures (Figure 2-5B). Cell-free extracts from anaerobic and 8% O2 exposed 

cultures (14 and 36 h) from cells grown in media without reducing agents were also run on 

a SDS-PAGE gel (Figure A1-2); no apparent difference was observed between these and 

cell-free extracts from cells grown in medium containing reducing agents. The distinct 

band was identified to be the differentially expressed predicted rubrerythrin 

(CLJU_c39340) (Figure 2-5C, Table 2-1).  
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Figure 2-5.  NAD(P)H hydrogen peroxidase enzyme activity assay results for 14 h 0% O2 exposed (anaerobically grown), 14 h 

8% O2 exposed, 36 h 0% O2 exposed, and 36 h 8% O2 exposed samples.  Activity (units/mg) is defined as μmoles of NAD(P)H 

oxidized per minute. The data represent an average of six biological replicates per condition. Error bars indicate standard 

deviation (A).SDS-PAGE analysis of C. ljungdahlii cell-free cell extract (5 μg) from 14 h 0% O2 exposed (Lane 2), 14 h 8% O2 

exposed (Lane 3), 36 h 0% O2 exposed (Lane 4), and 36 h 8% O2 exposed (Lane 5) cultures. 5 μl of PageRuler Prestained Protein 

Ladder were loaded into lanes 1 and 6. Image was modified to remove irrelevant lanes (B). Protein identification by MALDI-

TOF/TOF and Mascot analysis of O2-induced band (denoted by an arrow in A). Significant score identification threshold 

(p<0.05) for the C. ljungdahlii protein database is 72 (MS/MS and peptide sequenced ion scores higher than this are considered 

a significant identification); the MS/MS score and peptide sequenced ion score for CLJU_c39340 (locus tag for a predicted 

rubrerythrin) are 726 and 697, respectively (C).  
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2.4 Discussion 

 In this study, exposure of C. ljungdahlii to 8% O2 when grown in mixotrophic 

medium was confirmed to result in higher ethanol production with corresponding lower 

acetate production (Figure 2-1B and 2-1C) (94). Differential expression analysis and 

enzyme activity assays revealed two genes (CLJU_c24130 and CLJU_c39340) that are 

likely to play major roles in higher ethanol production and oxygen detoxification, 

respectively (Tables 2-1 and 2-2; Figure 2-4B and 2-5A). Expression analysis and 

fermentation products also suggest that carbon, energy and cofactor metabolism link the 

AOR and rubrerythrin activities (Table 2-3).  

 Higher ethanol production is due to a carbon flux from reduction of acetate to 

acetaldehyde by AOR followed by reduction of acetaldehyde to ethanol by alcohol 

dehydrogenase (likely AdhE1) (Figure 2-4A). The primary enzyme found to be responsible 

for higher ethanol production in 8% O2 exposed cultures compared to anaerobic cultures 

appears to be an AOR (encoded by CLJU_c24130). In addition to significantly higher 

expression of this gene in 8% O2 exposed cells, it was also shown that AOR activity 

(acetate reductase activity) was 6 and 4 times higher in 8% O2 exposed cells compared to 

anaerobic cells at 14 and 36 h, respectively (Table 2-1 and Figure 2-4B). However, a recent 

study by Xie et al. showed that higher expression of another AOR (encoded by 

CLJU_c20110) correlated with higher gene expression and higher ethanol production by 

C. ljungdahlii (102). Prior to this study, Kopke et al. predicted that under surplus reducing 

equivalents, acetate could be converted to acetaldehyde, the precursor of ethanol, by the 

AOR’s encoded by CLJU_c20110 and CLJU_c20210 (51). It was also shown that 

CLJU_c20110 was significantly more highly expressed when C. ljungdahlii was grown 
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autotrophically (80% CO, 20% CO2) than when it was grown heterotrophically with 

fructose (59, 102). In contrast, we observed that both CLJU_c20110 and CLJU_c20210 

had relatively low transcript counts which may be explained by the growth medium used 

in this study having fructose as the primary carbon source (Table 2-1). In fact, our results 

indicate that CLJU_c20210 was significantly more highly expressed in anaerobic cultures 

than 8% O2 exposed cultures at 14 h (Table 2-1). To our knowledge, this is the first study 

to demonstrate corroborating fermentation, expression and activity data associated with a 

particular AOR (encoded by CLJU_c24310) which is a different one than the other AOR’s 

reported (Table 2-1, Figure 2-1B and 2-4B). 

As with the AORs encoded by CLJU_c20110 and CLJU_c20210, the AOR 

encoded by CLJU_c24130 is expected to utilize ferredoxin as a coenzyme for activity (99). 

However, this AOR is predicted to use molybdenum as a cofactor, whereas the other two 

are predicted to be tungsten-containing AORs (51). Of the characterized carboxylic acid 

reducing AORs of C. formicoaceticum, a molybdenum-containing AOR is much less 

oxygen labile than the tungsten-containing AORs, and it is true in general that tungsten is 

more oxygen labile than molybdenum (44, 45, 76, 99, 109). More specifically, C. 

formicoaceticum’s purified tungsten-containing AOR lost 20% of its activity in 5 min 

versus 4% for the molybdenum-containing AOR (99). This may explain why the gene for 

the tungsten-containing AOR was significantly less expressed while the gene for the  AOR 

encoded by CLJU_c24310 was significantly more highly expressed when cells were 

exposed to 8% O2 (Table 2-1). A drawback of molybdenum-containing AORs is that they 

are less active than tungsten-containing AORs; in C. formicoaceticum the purified 

molybdenum-containing AOR was found to have 10 times less activity than the tungsten-
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containing AOR (99). While it is not a perfect comparison, here we found that even the 

higher carboxylic acid reductase activity of cell-free extracts of 8% O2 exposed cells 

(acetate reductase) was about 4 times less than the (propionate reductase) activity of C. 

ragsdalei cell free extracts (~0.03 U/mg vs ~0.12 U/mg) (Figure 2-4B). The cell-free 

extracts from anaerobic cultures were 24 times less than C. ragsdalei (~0.005 U/mg vs 

~0.12 U/mg) (Figure 2-4B). The difference in activities for anaerobic cultures of these 

closely related species can be explained by autotrophic growth for C. ragsdalei versus 

mixotrophic growth with fructose as the predominant carbon substrate for C. ljungdahlii. 

As previously mentioned, expression of C. ljungdahlii’s main tungsten-containing AOR 

(CLJU_c20110) was significantly less for fructose-grown cells than for 80% CO-grown 

cells (59, 102). Despite the lower activity of molybdenum-containing AORs, their benefit 

of a higher tolerance to oxidized compounds like O2, NOX, and SOX may make this 

predicted molybdenum-containing AOR a more interesting genetic target for 

overexpression in commercial applications where less syngas purification means higher 

margins. Further study of the substrate specificity of this molybdenum-containing AOR 

would also benefit those interested in producing biochemicals with the carboxylate 

platform. 

Another major finding of this study is the identification of a rubrerythrin (encoded 

by CLJU_c39340) which is likely to play a key role in C. ljungdahlii’s ability to tolerate 

low oxygen exposure by reducing hydrogen peroxide. Unlike several other genes encoding 

rubrerythrin and rubrerythrin-like (hemerythrin) enzymes which were also differentially 

expressed at 14 and 36 h, the protein encoded by CLJU_c39340 was also highly translated 

(Table 2-2 and Figure 2-5B). In a previous study, SDS-PAGE analysis of air-exposed C. 
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acetobutylicum also showed one distinct band at 22 kDa, which was later revealed to be 

two rubrerythrins with one amino acid difference (encoded by CA_C3597 and CA_C3598) 

(40, 93). These rubrerythrins which were shown to be highly active hydrogen peroxidases 

have sequence and structural similarities to CLJU_c39340 (Table A1-4) (41). Actually, the 

hydrogen peroxidase activity was found to be about 40 times higher in C. ljungdahlii 

oxygen-exposed cell-free extracts than C. acetobutylicum oxygen-exposed cell free 

extracts (~0.93 U/mg vs ~0.023 U/mg) (Figure 2-5A) (42). However, it is unclear what 

[co]enzymes are acting as rubredoxin and NADH:rubredoxin oxidoreductase in C. 

ljungdahlii since no differentially expressed genes predicted to be involved in oxygen/ROS 

detoxification had higher than 40% homology with the respective [co]enzymes in C. 

acetobutylicum (Table A1-4). Despite the induction of protective oxygen-responsive genes 

and higher hydrogen peroxidase activity, C. ljungdahlii is much more sensitive to oxygen 

than C. acetobutylicum (Table 2-2, Figure 2-5A). Mid-log phase batch cultures of C. 

acetobutylicum (300 mg dry cells/L) were previously found to rapidly reduce 0.64-0.80 

ppm DO in the growth media, and cells were able to survive after flushing with air for 30 

min (~20% O2) and even grow during flushing with 5% O2 (40, 70). In contrast, C. 

ljungdahlii cultures required about 24 h to reduce 0.18 ppm DO and were previously shown 

to die after exposure to greater than 10% O2 (Figure 2-2C) (94). The lower oxygen 

tolerance of C. ljungdahlii compared to C. acetobutylicum is likely the result of C. 

ljungdahlii’s lack of oxidase and superoxide dismutase/reductase activities which are 

present in C. acetobutylicum (data not shown) (33).  

 AOR and rubrerythrin activities (and thus the higher ethanol production and 

oxygen detoxification) are connected through carbon, energy, and cofactor metabolism. 
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Both AOR and rubrerythrin are redox proteins that require the coenzymes reduced-

ferredoxin or NAD(P)H for their respective activities. In C. ljungdahlii, ferredoxin can be 

reduced by CO oxidation activity, hydrogenase activity, and PFOR (fructose metabolism) 

activity; NAD(P)+ can be reduced by hydrogenase, transhydrogenase NfnAB (energy 

conservation), and RNF complex activity (energy conservation) (84). Of these, expression 

analysis revealed that (at 14 and 36 h) the anaerobic-type CODH and (at 36 h) the redox 

active G-subunit of the RNF complex were significantly more highly expressed in 8% O2 

exposed cells compared to anaerobic cells (Table 2-3). Furthermore, CO consumption per 

gram of cells was also higher while hydrogen and fructose consumption were lower in 8% 

O2 exposed cells (Figure 2-2A). Therefore, it appears that CO is preferentially used as a 

source of electrons for oxygen detoxification. The ability of 14 h cell-free extracts from 

8% O2 exposed cultures to reduce benzyl viologen (without the addition of any other 

substrate, i.e. acetaldehyde) and the inability 14 h cell-free extracts from anaerobic cultures 

to do the same indicates that cells exposed to 8% O2 generate surplus reduced coenzymes 

with higher redox potentials than benzyl viologen such as reduced ferredoxin (Figure A1-

1A). Expression analysis indicates that ferredoxin is reduced by the anaerobic-type CODH 

(Table 2-3). This is followed by NAD+ reduction by ferredoxin:NAD+ oxidoreductase 

(Rnf) activity providing NADH for hydrogen peroxidase activity by rubrerythrin (Table 2-

2, Table 2-3, Figure 2-4A). Turn-over of surplus reduced coenzymes is achieved by 

ferredoxin:acetate reductase activity by AOR followed by NADH:acetaldehyde 

dehydrogenase activity by AdhE1 (Table 2-1, Figure 2-4A, Figure A1-1C). Therefore, 

despite less total liquid products because some electrons were used to reduce O2 instead of 
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CO2, these activities resulted in a higher ethanol to acetate ratio in 8% O2 exposed cultures 

(Figure 2-1B, 2-1C, 2-2B, and 2-2C). 

 Of these redox [co]enzymes mentioned, ferredoxin, the anaerobic-type CODH, 

rubrerythrin, and AOR require Fe-S clusters. When C. ljungdahlii is exposed to oxygen, 

the crm gene cluster is significantly upregulated (Table 2-3 and Figure 2-3).  Based on 

blastx query results, it is predicted to have a similar function as the suf operon in E. coli, 

which has been shown to be involved in the regeneration or replacement of cofactors such 

as iron-sulfur clusters and molybdopterin of molybdenum and tungsten-containing 

proteins, and limits Fenton reactions during oxygen detoxification (71). Also, several other 

genes annotated as molybdopterin biosynthesis and molybdopterin-containing proteins 

were significantly more highly expressed in 8% O2 exposed cells (CLJU_c17950, 

CLJU_c20050-60, CLJU_c23910, CLJU_c24130) (Table A1-2). Molybdopterin may 

contain either tungsten or molybdenum metals, but as previously mentioned, molybdenum 

is less oxygen labile (44, 45, 76, 83, 109). Nickel may also be a more preferential cofactor 

during oxygen exposure based on significantly higher expression of the anaerobic-type 

(nickel-dependent) CODH complex (CLJU_c09090-110) at 14 and 36 h and predicted 

hydrogenase expression/formation protein (CLJU_c23080) at 36 h, which is thought to be 

involved in nickel insertion (Table 2-3) (51). In general, nickel-containing CODHs and 

hydrogenases are oxygen labile, but some have long inactivation half-lives, can be 

protected by the presence of substrate, and can be regenerated by reducing agents (13, 53, 

85). The shift in cofactors and associated enzymes allows for continued activity and less 

oxidative damage during oxygen detoxification.  
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 The ability of C. ljungdahlii to tolerate low concentrations of oxygen and other 

oxidized contaminants (i.e. NOx and SOx) is important for its application in the biofuels 

industry because it is likely that such contaminants will be contained in biomass-derived 

syngas (18, 21, 104, 108).  Although it was observed that exposure of C. ljungdahlii to low 

levels of oxygen (8% O2) increased ethanol and decreased acetate concentrations, the 

purpose of this work was not to suggest that oxygen should be added to syngas 

fermentations. Slower metabolism of syngas components H2 and CO and less carbon from 

CO going to product formation (through acetyl-CoA synthesis) is undesirable; therefore, 

oxygen should generally be removed from C. ljungdahlii syngas fermentations.  Rather, 

this work contributes the identification of genetic targets to potentially improve ethanol 

production in the presence of syngas contaminants by improving the robustness of syngas-

consuming microbial catalysts like C. ljungdahlii and thus reduce the need for costly 

syngas-cleaning. This work also contributes new knowledge about the metabolism and 

physiology of this model organism.   
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ABSTRACT 

 

 

The Clostridium ljungdahlii lab-isolated spontaneous-mutant strain, OTA1, was 

previously shown to produce twice as much ethanol as the C. ljungdahlii ATCC 55383 

strain when cultured in a mixotrophic medium containing fructose and syngas. Sequencing 

identified four unique single nucleotide polymorphisms (SNPs) in the genome of C. 

ljungdahlii OTA1. Among these, two SNPs were found in genes involved in acetyl-CoA 

formation from CO/CO2 (acsA and hemL). Homology models of the respective mutated 

enzymes revealed alterations in the size and hydrogen bonding of the amino acids in their 

active sites. Failed attempts to grow OTA1 autotrophically suggested that one or both of 

these mutated genes prevented acetyl-CoA synthesis from CO/CO2 and that acetyl-CoA 

synthase activity was required for autotrophic growth by C. ljungdahlii. An inoperable 

Wood-Ljungdahl pathway resulted in higher CO2 and ethanol yields and lower biomass 

and acetate yields compared to WT for multiple growth conditions including heterotrophic 

and mixotrophic conditions. The two other SNPs identified in the C. ljungdahlii OTA1 

genome were in genes for transcriptional regulators (CLJU_c09320 and CLJU_c18110) 

and were found to be responsible for deregulated expression of co-localized arginine 

catabolism and 2-deoxy-D-ribose (the sugar backbone of DNA) catabolism genes. Growth 

medium supplementation experiments suggested that increased arginine metabolism and 

2-deoxy-D-ribose were likely to have minor effects on biomass and fermentation product 

yields. In characterizing the effects of the SNPs identified in the genome of C. ljungdahlii 

OTA1, a non-autotrophic C. ljungdahlii strain was discovered that has utility for further 

physiology and strain performance studies and as a biocatalyst for industrial applications. 
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3.1 Introduction 

Clostridium ljungdahlii was originally isolated in 1987 for its ability to produce 

ethanol from syngas components CO or CO2 and H2 (5). To do this, it reduces CO/CO2 to 

a methyl group through a series of tetrahydrofolate mediated reactions and combines this 

with a CO/CO2-derived carbonyl group and CoA to form an acetyl-CoA (14, 39). This 

intermediate of the Wood-Ljungdahl pathway (also called the Acetyl-CoA pathway) can 

be converted to ethanol in two ways. The most energetically favorable way is conversion 

of acetyl-CoA to acetate by phosphotransacetylase and acetate kinase and then reduction 

of acetate to ethanol by aldehyde oxidoreductase and alcohol dehydrogenase (16, 38). 

Alternatively, acetyl-CoA can be converted more directly to ethanol by a bifunctional 

alcohol/aldehyde dehydrogenase (4, 29). 

Today, C. ljungdahlii is used in industry to make cellulosic ethanol (12). Other 

applications of C. ljungdahlii that are being researched and developed include microbial 

electrosynthesis (MES) and the carboxylate platforms (CP) (6, 37, 48). MES involves 

biosynthesis of chemicals from electricity, CO2 and water (31, 32, 41). C. ljungdahlii 

shows potential as a MES biocatalyst in that it can utilize electrons from electrodes to 

reduce CO2 to primarily acetate (35, 36). CP involves fermentation of waste streams to 

generate short-chain fatty acids (e.g. acetate) and fatty alcohols (e.g. ethanol) which are 

elongated to medium-chain fatty acids (e.g. caproate) and subsequently reduced to 

medium-chain fatty alcohols (e.g. hexanol) (1, 2). C. ljungdahlii can potentially fill 

multiple roles in CP including production of short-chain fatty acids and alcohols in the 

initial fermentation as well as reduction of medium-chain fatty acids after elongation (37, 

48). 
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This study describes the characterization of a strain of C. ljungdahlii designated as 

OTA1 which was isolated after it was observed to produce more than twice as much ethanol 

as compared to the C. ljungdahlii ATCC 55383 strain (hereafter referred to as the “WT” 

for wild-type strain) when both were cultured in rich mixotrophic medium (46). The C. 

ljungdahlii OTA1 strain was generated from the WT strain after repeated subculturing in 

modified Reinforced Clostridial medium and storage at room temperature for several 

weeks. The initial objectives of this study were to identify the mutations in the genome of 

C. ljungdahlii OTA1 and determine how these mutations increased the ethanol yields of 

OTA1 compared to the WT strain under mixotrophic growth conditions. In the process of 

characterizing the effects of the mutations, OTA1 was identified to be a non-autotrophic 

mutant. This finding prompted a third objective to understand the contribution of the 

Wood-Ljungdahl pathway in growth and product formation in C. ljungdahlii. DNA and 

RNA sequencing, homology modeling of mutated enzymes, fermentation experiments, 

metabolite analysis, in silico flux balance analysis, and enzyme assays were used to address 

these objectives. Potential applications of the non-autotrophic mutant (OTA1) or individual 

mutant nucleotide sequences identified within its genome for future research or for use in 

industrial platforms including synthesis gas to ethanol production, CP, or MES are also 

discussed. 
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3.2 Materials and Methods 

3.2.1 Media and growth conditions  

C. ljungdahlii (ATCC 55383; synonymous to DSM 13528 and ATCC 49587 

according to DSMZ; referred to in this study as the “WT strain” for wild-type strain), was 

obtained from the American Type Culture Collection and was cultured in 160 ml serum 

bottles containing modified Reinforced Clostridial Medium with 5 g/L fructose (mRCMf) 

and an artificial syngas headspace (110 ml; 20% CO, 20% CO2, 10% H2, balance N2, or 

80% CO, balance N2) (10, 11). The medium was prepared and dispensed into 160 ml serum 

bottles (final volume including reducing agents and inoculum was 50 ml/bottle).  Reducing 

agents (2.5% w/v cysteine-HCl and 2.5% w/v sodium sulfide) were added to better ensure 

anoxic conditions. Bottles were capped with butyl rubber stoppers (Bellco, Vineland, NJ) 

and aluminum seals, connected to a sparging station using a needle and a 0.22 μm filter 

(another needle was used for an exit port), and sparged for 5 minutes at 20 psi with copper 

filtered gas. Pressure was released to 1 atm prior to autoclaving for 30 min (121 °C, 15 

psig). Culture bottles were initially inoculated with an aliquot from freezer stocks (10% 

v/v) and incubated with shaking at 100 rpm at 37°C. After 24 h, culture aliquots (5% v/v) 

were transferred to fresh media and incubated (100 rpm, 37°C).  After 12 h of growth, 

experiments were initiated with a second transfer of actively growing cells (5% v/v) into 

fresh media and incubated (100 rpm, 37°C).  
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3.2.2 Gas and liquid product analysis 

 Liquid samples for ethanol and acetate were taken at 12, 14, 24, 36, 48, 72 h and 

stored at -20ºC prior to analysis. Gas samples for CO, H2, and CO2 and liquid samples for 

fructose were taken at 0, 24, 36, 42, 54, 66 h. Fructose samples were also stored at -20ºC 

prior to analysis, but gas was analyzed within 1 h of sampling. Gas and liquid product 

analysis results were reported as an average of six replicates completed as triplicates of two 

biological repeats. 

Liquid samples (500 μl) for ethanol and acetate analysis were prepared by adding 

125 μl 25% m-phosphoric acid and centrifuging at 14,000 x g for 10 min at room 

temperature. The sample supernatants were analyzed by gas chromatography using an 

Agilent 7890A gas chromatograph containing a 0.25 μm J & W DB-FFAP column (30 m 

x 0.32 mm i.d.) and a flame ionization detector.  Argon was used as the carrier gas at a 

flow rate of 2 ml/min, the injector temperature was 160 °C, the detector temperature was 

250 °C, and the oven temperature started at 170°C for the first 1.5 minutes of the run and 

was then ramped 75 °C/min to 240 °C and held for 3.4 minutes. 

Headspace gas samples were collected using a 5 ml gas-tight syringe with sample 

lock (SGE, Ringwood, Australia).  The samples were analyzed by gas chromatography 

using an Agilent 7890A gas chromatograph containing a 13823 molsieve 5 Å zeolite 

molecular sieve packed stainless steel column (6 ft x 1/8 in. i.d. Supelco) and a thermal 

conductivity detector.  Argon was used as the carrier gas at a flow rate of 10 ml/min, the 

injector temperature was 150 °C, the detector temperature was 250 °C, and the oven 

temperature was 75 °C for the first minute of the run and ramped 25 °C/min to 200 °C with 

no hold time. 
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Total carbon dioxide in the mRCMf media with syngas headspace was measured 

using a Bioprofile 400 Analyzer (Nova Biomedical, Waltham, MA, USA) per the 

manufacturer’s instructions. Total CO2 was calculated using the equation tCO2 = [HCO3−] 

+ α*pCO2, where the solubility coefficient of CO2 (α) is estimated to be 0.0307. A ratio of 

0.2779 CO2 liquid/ CO2 gas phase based on the values obtained for mRCMf media with a 

syngas headspace at 72 h was used to estimate the final CO2 in the liquid phase of batch 

cultures containing mRCMf media with an initial N2 headspace and mRCMf media 

supplemented with arginine or 2-deoxy-D-ribose with a syngas headspace. 

 

3.2.3 DNA sequencing, SNP identification, RNA sequencing, and differential expression 

analysis 

Genome sequencing and analysis was performed as described in (9). Briefly, 

sequencing of the C. ljungdahlii OTA1 genome was performed by the Genomic Science 

Laboratory (GSL) at NC State University and the Microbiome Core Facility at the 

University of North Carolina, Chapel Hill. Shotgun sequence data were generated using 

454 GS FLX Titanium and Ion Torrent Personal Genome Machine (PGM) techniques. 

Assembly was performed using Newbler software (Roche, Basel, Switzerland) and 

Geneious (Biomatters, New Zealand) with the Clostridium ljungdahlii DSM 13528 

sequence (accession no. CP001666) serving as the reference sequence. The assembly is 

deposited at NCBI Sequence Read Archive (http://www.ncbi.nlm.nih.gov/sra) under 

BioProject PRJNA298927. Geneious (Biomatters, Auckland, New Zealand) was used to 

identify SNPs within the OTA1 genome.  

https://en.wikipedia.org/wiki/Basel
https://en.wikipedia.org/wiki/Switzerland
http://www.ncbi.nlm.nih.gov/sra
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RNA sequencing was performed as described in (50). Briefly, C. ljungdahlii OTA1 

was grown as described above in mRCMf with an artificial syngas headspace (110 ml; 20% 

CO, 20% CO2, 10% H2, balance N2, or 80% CO, balance N2). RNA from three culture 

bottles at 14 h (early log phase) and 36 h (late log phase) time points (six samples total) 

were processed into cDNA. Indexed cDNA was pooled and subjected to bioanalysis prior 

to sequencing at the BGI and Children's Hospital of Philadelphia collaborative genome 

facility using the 100bp Single Read protocol for one lane on the Illumina HiSeq2000. Base 

quality calls and demultiplexing were performed with the CASAVA 1.8.2 pipeline 

(Illumina, San Diego, California, USA). RNA sequencing data for each condition was 

submitted to the NCBI Sequence Read Archive (http://www.ncbi.nlm.nih.gov/sra) under 

PRJNA299699. 

Differential expression analysis for 14 and 36 h mixotrophically grown OTA1 and 

WT cultures was performed with DEGseq as described in Tan et al. (45) with the exception 

of raw reads being counted with eXpress prior to importing into DEGseq (40, 49). RNA 

sequencing data for WT cultures was produced in a previous study (50) and is available 

from accession numbers PRJNA296707.  Unless otherwise stated, genes mentioned in this 

study were significantly differentially expressed based on a FDR (false discovery rate (7)) 

≤ 0.001 and a normalized log2 fold change ≥ 4 or ≤ -4.  

 

3.2.4 Homology modeling of single nucleotide polymorphisms  

Homology modeling was used to construct the three-dimensional models of 

CLJU_c37670 (WT and R528L mutant), CLJU_c09320 (WT and truncation), 

http://www.ncbi.nlm.nih.gov/sra
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CLJU_c18110 (WT and truncation), and CLJU_c04490 (WT and G268V mutant) using 

template amino acid sequences from suitable structurally characterized x-ray crystal 

structures. The X-ray crystal structure of the carbon monoxide dehydrogenase from 

Carboxydothermus hydrogenoformans was identified as the best template for 

CLJU_c37670 (PDB code: 3I39 – E-value: 2.2047E-146) (22). The X-ray crystal structure 

of TrmB, a transcriptional regulator of dual function in the hyperthermophilic archaeon 

Pyrococcus furiosus, was identified as the best template for CLJU_c09320 (PDB code: 

3QPH – E-value: 4.64464E-10) (27). The X-ray crystal structure of the full-length sorbitol 

operon regulator SorC from Klebsiella pneumonia was identified as the best template for 

CLJU_c18110 (PDB code: 2W48 – E-value: 6.53401E-35) (13). The X-ray crystal structure 

of glutamate 1-semialdehyde aminotransferase complexed with pyridoxamine-5'-

phosphate from Bacillus subtilis was identified as the best template for CLJU_c04490 

(PDB code: 3BS8 – E-value: 1.79373E-138) (17). Homology models were generated using 

MODELLER 9 version 14 (15). During the model building process, an optimization 

method involving conjugate gradients and molecular dynamics to minimize violations of 

the spatial restraints was employed. 500 models were generated for each run and scored by 

the internal MODELLER scoring method Discrete Optimized Protein Energy (DOPE) 

(44). DOPE is a statistical potential used to assess homology models in protein structure 

prediction. DOPE is based on an improved reference state that corresponds to non-

interacting atoms in a homogeneous sphere with the radius dependent on a sample native 

structure; it thus accounts for the finite and spherical shape of the native structures. The 

structure with the lowest DOPE score was subsequently run through PROCHECK and 

WHATCHECK (checks the stereochemical quality of a protein structure) for quality (20, 
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28). Molecules were visualized and aligned with PyMOL (The PyMOL Molecular 

Graphics System, Version 1.7.4 Schrödinger, LLC.). 

 

3.2.5 Additional fermentation experiments and product analysis 

To further characterize the effects of identified mutations on ethanol production, 

additional fermentation experiments were performed. Before initiating experiments in 

alternative media formulations, cultures were transferred (5-10% v/v) twice in the 

alternative media after cultures reached early log phase (~0.3-0.4 OD). C. ljungdahlii WT 

and OTA1 were cultured autotrophically in 1YCM minimal medium without fructose and 

an artificial syngas headspace (110 ml; 20% CO, 20% CO2, 10% H2, balance N2, or 80% 

CO, balance N2) (18) as well as heterotrophically in mRCMf with a 100% N2 headspace to 

test the effects of mutations in two genes encoding enzymes involved in acetyl-CoA 

synthesis from CO and CO2 (acsA and hemL). Mixotrophic cultures were also 

supplemented with either 2-deoxy-D-ribose or arginine to test if metabolism of these 

substrates was different in OTA1 than WT. Since arginine catabolism and 2-deoxy-D-

ribose (the sugar backbone of DNA) catabolism genes, which were co-localized with 

mutated transcriptional regulators, were found to be significantly more highly expressed in 

OTA1 at 14 h (early) and 36 h (late log phase) in mixotrophically grown cultures of OTA1, 

either arginine or 2-deoxy-D-ribose were added to OTA1 cultures at 12 h. No acclimation 

with arginine or 2-deoxy-D-ribose was performed for the supplementation experiments. 

WT was also subjected to the same experimental conditions to determine if arginine or 2-

deoxy-D-ribose improved ethanol yields even without the result of the mutations in OTA1. 

Stocks of 2-deoxy-D-ribose and arginine were prepared and sterilized in the same way as 
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the growth media and 1 ml of one of these carbon sources (0.5 g/L final concentration) was 

injected by syringe into the serum bottles. For arginine supplementation experiments, 

ammonium ion concentration in the media was measured using a Bioprofile 400 Analyzer 

(Nova Biomedical, Waltham, MA, USA) per the manufacturer’s instructions. To capture 

the cell mass, substrates and products at the end of the fermentation, samples were taken 

at 72, 96, and 120 h and analyzed as described above.  

Since OTA1 was found to be non-autotrophic but still able to oxidize CO, a 

preliminary experiment was performed to determine if there was a difference in CO 

consumption between WT and OTA1. WT and OTA1 were cultured in 100 ml of mRCMf 

with an 80% CO/20% N2 headspace (160 ml serum bottles). After acclimation from freezer 

stock (60 h for WT, 36 h for OTA1), cells were transferred (2.5% v/v) to a new bottle and 

incubated as described above for 24 h. The wet cell pellet was combined 30% (v/v) with 

1YCM as a coating solution in the anaerobic chamber. 200 ul of cells (~0.0050 g) were 

extruded onto one lengthwise half (10x1cm) of a 20 cm2 (10 x 2cm) pre-autoclaved strip 

of 3MM chromatography paper (Whatman, GE Healthcare, Little Chalfont, United 

Kingdom). Biocompsites were hydrated with 3 ml of 1YCM and inserted into reactor tubes. 

Reactor tubes were stoppered and removed from the anaerobic chamber. They were then 

crimped and flushed with a 80% CO/20% N2 gas mixture and placed horizontally in the 

shaker at 37°C and 100 rpm with the biocomposite oriented vertically so that the cells 

remained in the gas phase hydrated by the wicking action of the paper support (Figure A2-

1). Gas samples were taken at 4, 12, and 24 h and analyzed by gas chromatography as 

described above. 
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3.2.6 In silico flux balance analysis 

The genome-scale model of C. ljungdahlii ATCC 55383 (iHN637) with constraints 

to simulate log-phase heterotrophic growth on fructose (34) was loaded into Matlab 

R2015a version 8.5.0 (MathWorks, Natick, Massachusetts, U.S.A) with the COBRA 

Toolbox version 2.0.6 (42), libSBML version 5.11.4 (8), the SBMLToolbox version 4.1.0 

(23), and GLPK solver version 4.55  (Department for Applied Informatics, Moscow 

Aviation Institute, Moscow, Russia) preinstalled. To better match the batch culture fructose 

consumption rate calculated with the fermentation results here, the EX_fru(e) (fructose 

exchange) reaction lower limit was changed from -5 millimoles per gram of dry cell weight 

per hour (mmol/gDW/h) to -2.62 mmol/gDW/h (data not shown). To simulate mixotrophic 

growth, the lower bound of EX_co(e) (carbon monoxide exchange) and EX_h2(e) 

(hydrogen exchange) reactions were also set to -0.73 mmol and -0.36 mmol, respectively 

(data not shown).  A negative value for these reactions indicates flux into the cell. To 

evaluate the effect of the acetyl-CoA synthase knockout on fermentation in silico, the upper 

and lower bounds of the CODH_ACS (carbon monoxide dehydrogenase/acetyl-CoA 

synthase) reaction were constrained to 0 mmol/gDW/h to simulate an acetyl-CoA synthase 

knockout mutant. The model objective was set to optimize for production of biomass. 

Solutions were loaded into an Escher (24) map for visualization of metabolic flux. A partial 

map without data loaded was used to show the predicted flux of fructose and CO2 to ethanol 

and acetate for OTA1. 
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3.2.7 Acetate reductase enzyme assay 

The reverse reaction of aldehyde oxidoreductase (AOR), carboxylic acid reduction 

(CAR), was performed as described in (19) to measure acetate reduction, except that the 

assay was performed at 25 °C in 500 mM potassium phosphate (pH 6.0) and the electron 

donor was methyl viologen (140 μM), which was completely reduced by dithionite (150 

μM). 

 

3.3 Results 

3.3.1 Single nucleotide polymorphisms identified and verified 

C. ljungdahlii OTA1 was previously observed to produce more than twice as much 

ethanol as compared to the WT strain when grown in rich mixotrophic conditions (46). 

DNA sequencing reads from OTA1 were aligned to the C. ljungdahlii DSM 13528 

complete genome sequence (Accession CP001666). Eight mutations were initially 

identified within open reading frames (ORFs) in the OTA1 genome (Table A2-1). No 

mutations were identified in the intergenic spaces. After performing RNA seq, reads were 

visualized using Tablet software to verify the mutations within the identified ORFs; an 

example of a mutation in the gene for the predicted transcriptional regulator 

(CLJU_c09320) is provided in Figure A2-2. Based on the RNA sequencing results, it was 

determined that four of the mutations were found in both the OTA1 and WT strains (Table 

A2-1). The other four SNPs were identified to be unique to the genome of OTA1 and were 

found to occur in the following coding sequences: a glutamate-1-semialdeyde 2,1-

aminomutase (CLJU_c04490), a predicted transcriptional regulator (CLJU_c09320), a 
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DeoR family transcriptional regulator (CLJU_c18110), and a carbon monoxide 

dehydrogenase (CLJU_c37670). While it is possible that the mutations found in both the 

WT strain and OTA1 strain are required concomitantly for higher ethanol production by 

OTA1, these unique mutations were the only ones investigated in this study since at least 

one is required for the higher ethanol production by OTA1 compared to WT for 

mixotrophic growth conditions. 

Table 3-1 summarizes the locus tag, annotation, SNP location, base change, and 

effects on the proteins’ amino acid sequences of these unique mutations. In OTA1, 

CLJU_c04490 contains a mutation which changes a conserved glycine in the amino acid 

sequence to a valine (a polar residue to a nonpolar residue). HemL (encoded by 

CLJU_c04490) was annotated as the only glutamate-1-semialdehyde 2,1-aminomutase in 

C. ljungdahlii’s genome, which is important for synthesis of tetrapyrrole cofactors such as 

cobalamin, and cobalamin is the cofactor for the corrinoid iron-sulfur protein used in 

acetyl-CoA synthesis (25). CLJU_c09320 is normally translated into a protein with a DNA 

binding domain and a middle phospholipase D-like domain (sugar binding domain) found 

in TrmB (trehalose/maltose ABC transporter) transcriptional regulators; however, in OTA1 

the gene has a stop codon so that the protein only contains the DNA binding domain. While 

this transcriptional regulator has attributes of a TrmB transcriptional regulator, no genes 

co-localized with it are functionally related to trehalose/maltose transport or metabolism. 

Rather, it is adjacent to genes coding for enzymes that make up the arginine deiminase 

(ADI) pathway involved in arginine catabolism. DeoR (deoxyribose operon repressor) is 

encoded by CLJU_c18110, and in OTA1, is truncated so that there is no sugar binding 

domain. AcsA encoded by CLJU_c37670 is the key catalytic subunit of the carbon 
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monoxide dehydrogenase/acetyl-CoA synthase complex (CODH/ACS) responsible for 

binding CO or CO2 (which is reduced to CO) for subsequent synthesis of acetyl-CoA (34). 

In OTA1, a mutation in its gene changes a conserved arginine into a leucine (a basic residue 

to a nonpolar residue). 
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Table 3-1. Single nucleotide polymorphisms in C. ljungdahlii OTA1 identified by DNA sequencing 

and confirmed by RNA sequencing. Mutations were not found in C. ljungdahlii ATCC 55383. 

Locus Tag Gene Annotation Base Change Protein Effect 

CLJU_c04490 glutamate-1-semialdehyde 2,1-aminomutase  G803T G268V 

CLJU_c09320 predicted transcriptional regulator G336A W112* 

CLJU_c18110 DeoR family transcriptional regulator T317A L106* 

CLJU_c37670 carbon monoxide dehydrogenase C1583A R528L 
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3.3.2 RNA sequencing differential expression results 

To determine what effect these mutations had on gene expression, RNA sequencing 

was performed with samples from early (14 h) and late (36 h) log phase of mixotrophically 

grown WT and OTA1 cultures. Figure 3-1 presents the growth curves and fermentation 

products, and Table 3-2 shows all of the significantly more highly expressed genes in 

OTA1 as compared to WT. No genes were significantly more highly expressed in WT at 

14 h and most annotated genes that were significantly more highly expressed in WT at 36 

h were spore or phage-related (Table A2-2). Genes encoding proteins involved in arginine 

and deoxyribose catabolism were significantly more highly expressed at both 14 and 36 h 

in OTA1, indicating that the truncated transcriptional regulators were specifically ADI and 

Deo operon transcriptional regulators and were no longer in control of these operons (Table 

3-2). Citrate metabolism genes, citrate lyase beta chain, acyl lyase subunit (CLJU_c25330) 

and a citrate lyase acyl carrier protein, citrate lyase gamma chain (CLJU_c25340) were 

also significantly more highly expressed in OTA1 than WT at 14 h (Table 3-2). Neither 

hemL, nor acsA, nor other genes adjacent to these were differentially expressed. However, 

most of the cobalamin synthesis genes were expressed between 1 and 3 fold higher in 

OTA1 than WT at 36 h, and expression of acsA was 2.19 fold higher in WT than OTA1 at 

36 h (data not shown). Also, none of the known or predicted genes directly involved in 

ethanol, acetate, and acetaldehyde production were significantly more highly expressed in 

OTA1 compared to WT at 14 or 36 h (Table A2-3). 
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Figure 3-1.  Cell growth (A), ethanol (B) and acetate production (C) of C. ljungdahlii WT (closed circle) and OTA1 strains 

(open diamond). 160 ml batch reactors had a 110 ml headspace volume. The data represent an average of three biological 

replicates per condition. Samples were taken for RNA sequencing at 14 and 36 h. Error bars indicate standard deviation. 
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Table 3-2. Significantly more highly expressed genes in C. ljungdahlii OTA1 as compared to C. ljungdahlii ATCC 

55383. A negative N.Log2 F.C. (normalized Log2 fold change) value reflects higher expression by OTA1 than ATCC 

55383. The “†” indicates that the gene co-localized with CLJU_c09320 and “*” indicates that the gene is co-localized 

with CLJU_c18110. 

Early Log Phase (14 h) Late Log Phase (36 h) 

Gene/LocusTag GeneProduct log2(Fold_change) 

normalized 
Gene/LocusTag GeneProduct log2(Fold_change) 

normalized 

† CLJU_c09270 arginine deiminase ArcA -8.91 * CLJU_c18130 deoxyribose-phosphate aldolase -7.54 

* CLJU_c18130 deoxyribose-phosphate aldolase -8.79 * CLJU_c18120 cytidine deaminase -6.95 

† CLJU_c09280 ornithine carbamoyltransferase -8.58 * CLJU_c18150 phosphopentomutase -6.26 

† CLJU_c09300 carbamate kinase -8.35 * CLJU_c18140 predicted concentrative 

nucleoside transporter 

-6.01 

CLJU_c03580 hypothetical protein -8.08 CLJU_c22380 hypothetical protein -5.51 

† CLJU_c09290 predicted arginine/ornithine 

antiporter 

-8.00 * CLJU_c18170 hypothetical protein -5.30 

* CLJU_c18140 predicted concentrative 

nucleoside transporter 

-7.87 CLJU_c42700 18 kDa heat shock protein -5.19 

* CLJU_c18120 cytidine deaminase -7.47 CLJU_c22290 conserved hypothetical protein -5.18 

* CLJU_c18150 Phosphopentomutase -7.38 CLJU_c42690 18 kDa heat shock protein -5.11 

* CLJU_c18170 hypothetical protein -7.26 CLJU_c22350 predicted cell wall binding protein -5.05 

CLJU_c25330 citrate lyase beta chain, acyl 

lyase subunit 

-6.47 CLJU_c22450 putative surface/cell-adhesion 

protein 

-4.93 

CLJU_c14610 hypothetical protein -6.17 CLJU_c22330 predicted cell wall binding protein -4.88 

CLJU_c42450 putative permease -6.07 CLJU_c22460 hypothetical protein -4.80 
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Table 3-2. (continued) 

* CLJU_c18160 pyrimidine-nucleoside 

phosphorylase 

-5.94 CLJU_c28000 carbamate kinase -4.75 

CLJU_c36360 hypothetical protein -5.90 † CLJU_c09270 arginine deiminase ArcA -4.63 

CLJU_c18540 hypothetical protein -5.82 CLJU_c22270 conserved hypothetical protein -4.56 

CLJU_c05180 conserved hypothetical protein -5.77 CLJU_c28010 ornithine carbamoyltransferase -4.22 

CLJU_c29510 hypothetical protein -5.75 CLJU_c22260 predicted transporter protein -4.11 

CLJU_c30960 predicted small acid-soluble 

spore protein 

-5.73 CLJU_c22340 putative surface/cell-adhesion 

protein, multiple big2 domain 

-4.11 

CLJU_c30990 putative DNA methylase -5.72 CLJU_c22220 predicted membrane protein -4.09 

CLJU_c32380 hypothetical protein -5.39 † CLJU_c09280 ornithine carbamoyltransferase -4.09 

CLJU_c04140 hypothetical protein -5.17 CLJU_c22410 putative membrane protein -4.06 

CLJU_c25340 citrate lyase acyl carrier protein, 

citrate lyase γ chain 

-4.89    

CLJU_c30800 hypothetical protein -4.60    

CLJU_c00490 

CLJU_c28040 

CLJU_c28050 

CLJU_c42470 

CLJU_c42460 

hypothetical protein 

transcriptional regulatory protein 

predicted amino acid permease 

predicted membrane protein 

putative response regulatory 

receiver 

-4.48 

-4.37 

-4.21 

-4.13 

-4.11 
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3.3.3 Homology modeling of mutated enzymes 

To better understand the effects of the identified mutations, template amino acid 

sequences from suitable structurally characterized x-ray crystal structures were used to 

make homology models. The mutations in acsA and hemL were found to have major effects 

on the enzymes’ catalytic sites. The specific structural effects of the R528L mutation on 

AcsA can be seen in Figure 3-2. The most striking effect of this mutation is the change in 

the number of hydrogen bonds around the mutation site. While the catalytic coordinating 

residue of H93 is in near identical conformation (top inset vs. bottom inset, WT vs. R528L, 

respectively) and able to still interact with carbon monoxide surrogate ligand, the mutation 

of R528L removes the potential hydrogen bonds to D525. Investigation of all hydrogen 

bonds around the R528L mutation suggested the mutation also results in the removal of 

potential hydrogen bonds with residues T225 and D229 (WT homology model retains these 

interactions). As for HemL, the specific structural effects of the G268V mutation occur 

within 7-12 Å from the active binding of glutamate-1-semialdehyde. The G to V mutation 

results in almost twice as many intra-molecule contacts with other residues compared to 

WT (103 vs 53 contacts within 4Å – Figure 3-3). However, of these residues, none are 

predicted to be in direct contact with the substrate (compared to substrate bound 

homologous protein 2ZSL). The residues potentially affected by this mutation are, 

however, indirectly in contact with substrate bound residues, in particular residues S113, 

G114, T115, and K264 (Figure 3-3). The K264 residue resides in a homologous position 

of a known knockout mutation in Escherichia coli glutamate 1-semialdehyde 

aminotransferase K265R that reduces the activity of a homologous protein by 98% (21).  
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As previously mentioned, the mutations in the genes of the ADI transcriptional 

regulator and DeoR transcriptional regulator resulted in truncations of these enzymes such 

that they lack their regulatory domains (Table 3-1). ADI retains only its N-terminal winged 

helix-turn-helix motif and dimerization domain. Without its C-terminal regulatory domain, 

DeoR is only able to dimerize but not tetramerize, which the full-length DeoR does, 

resulting in an N-terminal helix-turn-helix motif dimeric protein in the case of the truncated 

DeoR mutant. Images of the specific structural effects are provided in Figures 3-4 and 3-5 

for the ADI transcriptional regulator and DeoR, respectively. 
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Figure 3-2. Modeling of the C. ljungdahlii OTA1 carbon monoxide dehydrogenase R528L mutation. A homology model of the 

non-mutant form of CODH from Clostridium is shown in grey. The cylinders denote alpha helical character, while the arrows 

denote beta-strand character.  The Fe3NiS4 ligand is shown as spheres; Ni is colored green. The CN ligand is shown in stick 

format. Atom valence is shown for clarity. The yellow lines denote the hydrogen bonds found around the active site; in particular 

two are of interest R528 and H93. R528 is of interest as it is the mutated residue and H93 is of interest as this is the residue that 

hydrogen bonds with the CN ligand. The top expanded inset is showing R528 and its interactions. The bottom inset is showing 

the mutational effects of R528L and the lack of interactions compared to the WT sequence.  
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Figure 3-3. Modeling of the C. ljungdahlii OTA1 glutamate-1-semialdehyde 2,1-aminomutase G268V mutation. A homology 

model of the dimeric glutamate-1-semialdehyde 2,1-aminomutase (one monomer blue and one is colored orange) is presented. 

The site of the mutation is shown as spheres with carbons colored yellow. The substrate from a homologous characterized bound 

protein, glutamate-1-semialdehyde, is shown in stick format. This orientation shows how removed the mutation is from the active 

site. 
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Figure 3-4. Modeling of the C. ljungdahlii OTA1 TrmB-like Arginine deiminase (ADI) transcriptional regulator mutant. The 

ADI transcriptional regulator is a dimeric protein with an N-terminal DNA binding helix-turn-helix motif and a c-terminal 

regulation domain. A homology model of the ADI transcriptional regulator is shown with the c-terminal regulation domain 

colored grey (absent in the mutation) and the DNA binding helix-turn-helix motif colored (blue (monomer one) and orange 

(monomer two)).  
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Figure 3-5. Modeling of the C. ljungdahlii OTA1 DeoR-like transcriptional regulator mutant. DeoR is a tetrameric 

transcriptional regulator protein with an N-terminal helix-turn-helix DNA binding motif and a C-terminal sugar-phosphate 

binding domain. A homology model of the DeoR-like transcriptional regulator is shown with the c-terminal  regulation domain 

colored grey (absent in the mutation) and the DNA binding helix-turn-helix motif colored (dimer #1 colored blue and orange 

and dimer #2 colored green and cyan). 
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3.3.4 Characterization of the effects of the identified mutations in Clostridium ljungdahlii 

OTA1 by additional fermentation experiments and in silico flux balance analysis 

Since there were SNPs in two genes in the genome of OTA1 encoding enzymes 

involved in acetyl-CoA synthesis from CO and CO2 (acsA and hemL) and because 

homology modeling of these mutated enzymes showed alterations within their active sites, 

C. ljungdahlii WT and OTA1 were cultured in minimal medium with a syngas headspace 

(containing H2, CO, and CO2) to determine if these mutations effected autotrophic growth 

(Table 3-1, Figure 3-2, Figure 3-3). Though WT grew autotrophically as expected, OTA1 

failed to grow on syngas alone (data not shown).  

Besides being able to grow mixotrophically, OTA1 was also able to grow 

heterotrophically. Biomass and acetate yields (g/g) were lower though for heterotrophic 

cultures compared to mixotrophic cultures of OTA1. This was also true for WT. The 

difference in biomass yield was about 33% (0.06 g/g) less for heterotrophically-grown 

OTA1 compared to mixotrophically-grown OTA1 (Table 3-3). Whereas the biomass yield 

was only about 10% (0.02 g/g) less for heterotrophically-grown WT compared to 

mixotrophically-grown WT (Table 3-3). The differences between the biomass yield of 

OTA1 and WT fermentations was 0.07 g/g less and 0.03 g/g less for heterotrophic and 

mixotrophic conditions, respectively (Table 3-3). Acetate yield was 0.13 g/g less for 

heterotrophically-grown OTA1 compared to mixotrophically-grown OTA1. In terms of 

mol of product/mol substrate, the acetate yield was slightly higher for OTA1 when grown 

heterotrophically versus mixotrophically (0.13 mol/mol). Acetate yield was 0.04 g/g lower 

(0.63 mol/mol higher) for heterotrophically-grown WT versus mixotrophically-grown WT. 

This discrepancy between g/g and mol/mol yields is because the molar yield denominator 
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substrates are more affected by mols of CO than the mass yield denominator is affected by 

the g of CO. If mols of CO were excluded from calculating the denominator of the molar 

yield, then the acetate yields (mol/mol) would also be lower for heterotrophically-grown 

than mixotrophically grown OTA1 and WT (data not shown). The difference between 

acetate yields of OTA1 and WT fermentations was 0.42 g/g (1.26 mol/mol) less and 0.33 

g/g (0.74 mol/mol) less for OTA1 compared to WT under heterotrophic and mixotrophic 

growth conditions, respectively (Table 3-3). 

The ethanol yield was higher for heterotrophically-grown cultures compared to 

mixotrophically-grown cultures of OTA1 (0.11 g/g higher, or 0.76 mol/mol higher) (Table 

3-3). The ethanol yield was also higher for heterotrophically-grown WT versus 

mixotrophically-grown WT (0.12 g/g higher, or 0.54 mol/mol higher) (Table 3-3). The 

difference between ethanol yields of OTA1 and WT fermentations was 0.17 g/g (0.68 

mol/mol) less and 0.18 g/g (0.48 mol/mol) less for WT compared to OTA1 under 

heterotrophic and mixotrophic growth conditions, respectively (Table 3-3). 

CO2 yields were about the same for heterotrophically-grown and mixotrophically 

grown OTA1 (Table 3-3). This was also the case for WT, but yields were lower for WT 

(Table 3-3). Under heterotrophic conditions, OTA1 produced 0.13 g/g (0.52 mol/mol) 

more CO2 than WT (0.38 g/g versus 0.25 g/g; 1.54 mol/mol and 1.02 mol/mol) (Table 3-

3). This difference in CO2 produced by OTA1 and WT was similar for mixotrophically-

grown cells; 0.15 g/g (0.40 mol/mol) more CO2 was produced by OTA1 than WT (0.38 g/g 

versus 0.23 g/g; 1.05 mol/mol and 0.65 mol/mol) (Table 3-3). 

Though less CO2 was produced by OTA1 than WT under heterotrophic and 

mixotrophic growth conditions, both OTA1 and WT’s CO2 yields were not reduced with 
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the addition of CO and H2 (Table 3-3). The difference in the total amount of CO2 produced 

by OTA1 when grown mixotrophically and OTA1 grown heterotrophically (0.49 mol/mol 

less) was about equal to the total amount of CO consumed during mixotrophic growth. The 

CO consumed and CO2 produced by OTA1 when grown mixotrophically was 17.110 

mmol/L (SD = 0.102) and 63.349 mmol/L (SD = 9.093), respectively, and the amount of 

CO2 produced by OTA1 when grown heterotrophically was 42.624 mmol/L (SD = 2.246) 

(data not shown). This was also true for WT. WT consumed 15.645 mmol/L (SD = 0.202) 

and produced 47.598 mmol/L (SD = 0.727) when grown mixotrophically, and produced 

28.176 mmol/L (SD = 2.763) (data not shown). 6.722 mmol/L and 6.111 mmol/L of H2 

were also consumed by OTA1 and WT when grown under mixotrophic conditions, 

respectively (data not shown). OTA1 and WT also produced H2 under heterotrophic 

conditions. OTA1 peaked at 0.828 mmol/L of H2 at 48 h and then decreased to 0.769 

mmol/L by 72 h (data not shown). WT produced 0.494 mmol/L of H2 by 48 h and slightly 

increased to 0.501 mmol/L by 72 h (data not shown). 

The effects of the mutated transcriptional regulators (CLJU_c09320 and 

CLJU_c18110) on fermentation product yields in WT and OTA1 were also investigated. 

Since several genes encoding arginine catabolism and 2-deoxy-D-ribose catabolism 

enzymes that are co-localized with the mutated transcriptional regulators were found to be 

significantly more highly expressed in OTA1 than WT at 14 and 36 h, both strains were 

cultured under mixotrophic conditions supplemented with 0.5 g of either arginine or deoxy-

D-ribose to determine if metabolism of these substrates would differentially effect the 

fermentation product yields of WT and OTA1 (Table 3-2, Table 3-3). While arginine 

supplementation of the mixotrophic medium improved the ethanol yield for OTA1 by 0.08 
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g/g (0.24 mol/mol), 2-deoxy-D-ribose supplementation did not effect ethanol yields for 

OTA1 (Table 3-3). Arginine supplementation also resulted in a 0.17 g/g (0.39 mol/mol) 

higher acetate yield than mixotrophic conditions, but 2-deoxy-D-ribose supplementation 

did not seem to change acetate yields for OTA1 (Table 3-3). Arginine supplementation did 

not alter cell mass or CO2 yields for OTA1 fermentations, but 2-deoxy-D-ribose 

supplementation decreased the cell mass yield of OTA1 by about 0.05 g/g and the CO2 

yield by about 0.06 g/g or 0.16 mol/mol (Table 3-3). Both arginine and 2-deoxy-D-ribose 

improved ethanol yields for WT fermentations by 0.04 g/g and 0.03 g/g (0.12 mol/mol and 

0.09 mol/mol), respectively (Table 3-3). Though this seemed like a modest increase, it was 

actually a 67% g/g and 50% g/g yield improvement from the 0.06 g/g yield from WT under 

mixotrophic conditions. Neither arginine nor 2-deoxy-D-ribose supplementation greatly 

effect biomass, acetate or CO2 yields for WT fermentations (Table 3-3). For both arginine 

and 2-deoxy-D-ribose supplementation experiments, OTA1 had higher ethanol and CO2 

yields but lower biomass and acetate yields than WT (Table 3-3). 

To determine if the rate of metabolism of arginine was different between WT and 

OTA1, NH4
+ in the fermentation medium was monitored since arginine catabolism 

produces NH3, which is in equilibrium with NH4
+. Figure A2-3 shows that the NH4

+ 

concentration at 14 h for OTA1 was approximately the same as the NH4
+ concentration at 

72 h for WT. Furthermore, the final NH4
+ concentration for OTA1 was about 24% higher 

than WT.  

To further analyze the metabolic effects of the mutations identified in OTA1, in 

silico flux balance analysis was performed. The genome-scale metabolic model of C. 

ljungdahlii ATCC 55383 (iHN637) produced by Nagarajan et al. was altered by 
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constraining the reaction rate of the acetyl-CoA synthase complex to 0 mmol/gDW/h to 

represent a knockout mutation of the acsA gene. However, simulation of the other 

mutations present in OTA1 (hemL and the regulatory genes coded by CLJU_c09320 and 

CLJU_c18110) could not be accomplished by altering the reaction rates assumptions. The 

iHN637 model is constraints-based, meaning that each reaction has an upper and lower 

bound. Many reactions have arbitrarily high default upper bounds (1000 mmol/gDW/h) 

and arbitrarily low default lower bounds (-1000 mmol/gDW/h). The reactions involved in 

arginine catabolism (arginine deiminase, ornithine carbamoyltransferase, and carbamate 

kinase) and reactions involved in deoxyribose catabolism (phosphopentomutase 

(deoxyribose), deoxyribose-phosphate aldolase) both have arbitrarily high upper bounds. 

For this reason, we were unable to simulate higher reactivity due to over-expression of 

these genes by constraining the reaction bounds. When the reaction representing HemL's 

activity was constrained to 0 mmol/gDW/h to represent an inactivated enzyme, the model 

predicted a 0 mmol/gDW/h biomass production rate. Therefore, the only mutation that 

could be simulated was a knock out mutation of the acsA gene. 

Maps of the metabolic flux generated from the in silico analyses data of log-phase 

cells cultured under heterotrophic or mixotrophic growth conditions are shown in figure 

A2-4 and the raw data is provided in table A2-4. As was found in our fermentation 

experiments with OTA1, the model predicted no growth or metabolism for an acsA 

knockout mutant under autotrophic conditions. For both the heterotrophic and mixtrophic 

condition no ethanol production was predicted for WT and no acetate production was 

predicted for the acsA knockout mutant. The acsA knockout mutant’s ethanol flux rate was 

slightly higher for heterotrophic conditions compared to mixotrophic conditions, 3.35 
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mmol/gDW/h versus 3.33 mmol/gDW/h. Wild-type’s acetate production rate was higher 

for mixotrophic conditions compared to heterotrophic conditions, 4.93 to 5.12 

mmol/gDW/h. Hydrogen production was predicted for the acsA knockout mutant (but not 

WT) for heterotrophic and mixotrophic conditions to be 0.33 and 1.06 mmol/gDW/h, 

respectively, while the CO2 production rate for the acsA knockout mutant grown 

heterotrophically and mixotrophically was predicted to be 4.31 and 5.03 mmol/gDW/h, 

respectively. For WT cells grown heterotrophically or mixotrophically, the CO2 production 

rate was predicted to be 0.85 or 1.05 mmol/gDW/h, respectively. Biomass production rates 

were forecast to be the same for heterotrophically and mixotrophically grown cells; 0.110 

mmol/gDW/h for the acsA mutant and 1.20 mmol/gDW/h for WT. Figure 3-6 shows the 

location of the acsA knockout mutation in the context of metabolism of fructose and CO2 

to ethanol and acetate. 
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Figure 3-6. Map of metabolic flux from CO2 and fructose to ethanol and acetate in 

Clostridium ljungdahlii. The map was produced with Escher online using the IHN637 

model of C. ljungdahlii. The red “X’s” indicate predicted inhibitions in metabolism due to 

identified mutations. Metabolites and coenzymes: 2pg = D-glycerate 2-phosphate, 3pg = 

3-phospho-D-glycerate, 5mthf = 5-methyltetrahydrofolate, 10fthf = 10-

formyltetrahydrofolate, 13dpg = 3-phospho-D-glyceroyl phosphate, ac = acetate, accoa = 

acetyl-coenzymeA, aceld = acetaldehyde, actp = acetyl phosphate, adp = adenosine 

diphosphate, atp = adenosine triphosphate, cfesp = corrinoid iron-sulfur protein, co2 = 

carbon dioxide, coa = coenzymeA, dhap = dihydroxyacetone phosphate, etoh = ethanol, 

f1p = D-fructose 1-phosphate, fdp = D-fructose 1,6-bisphosphate, fdxo_4_2 = ferredoxin 

oxidized, fdxr_4_2 = ferredoxin reduced, for = formate, fru = D-fructose, g3p = 

glyceraldehyde 3-phosphate, h = proton, h2o = water molecule, mecfsp = methylcorrinoid 

iron-sulfur protein, methf = 5,10-methenyltetrahydrofolate, mlthf = 5,10-

methylenetetrahydrofolate, nad = nicotinamide adenine dinucleotide oxidized, nadh = 

nicotinamide adenine dinucleotide reduced, nadp = nicotinamide adenine dinucleotide 

phosphate oxidized, nadph = nicotinamide adenine dinucleotide phosphate reduced, pi = 

inorganic phosphate, pep = phosphoenolpyruvate, pyr = pyruvate, and thf = 

tetrahydrofolate. A “c” at the end of metabolite codes refers to intercellular while an “e” 

refers to extracellular. Enzymes: ACKr = acetate kinase, ACALD = acetaldehyde 

dehydrogenase, ACt2r = acetate transport, ALCD2x = alcohol dehydrogenase, AOR_CL 

= aldehyde oxidoreductase, CO2t = CO2 diffusion, CODH_ACS = carbon monoxide 

dehydrogenase/acetyl-CoA synthase, ENO = enolase, ETOHt = ethanol transport, FBA = 

fructose-bisphosphate aldolase, FDH7 = formate dehydrogenase, FRUK = fructose-1-

phosphate kinase, FRUpts = D-fructose PTS transport, FTHFLi = formate-tetrahydrofolate 

ligase, GAPD = glyceraldehyde-3-phosphate dehydrogenase, METR = 

methyltetrahydrofolate:corrinoid iron-sulfur protein methyltransferase, MTHFC = 

methenyltetrahydrofolate cyclohydrolase, MTHFD = methylenetetrahydrofolate 

dehydrogenase, MTHFR5 = 5,10-methylenetetrahydrofolate reductase, PFL = pyruvate 

formate lyase, PGK = phosphoglycerate kinase, PGM = phosphoglycerate mutase, POR_2 

= pyruvate:ferredoxin oxidoreductase, PTAr = phosphotransacetylase, PYK = pyruvate 

kinase, and TPI = triose-phosphate isomerase. 
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The model also predicted that carbon flux to ethanol for heterotrophic and 

mixotrophic OTA1 fermentations would come through the aldehyde ferredoxin 

oxidoreductase (AOR) (Figure A2-4). However, as previously mentioned, differential 

expression analysis of mixotrophically-grown OTA1 and WT cultures indicates that none 

of the known or predicted genes coding for enzymes directly involved in ethanol, acetate, 

and acetaldehyde production, including AOR’s, were more significantly highly expressed 

in OTA1 at 14 h or 36 h (Table A2-3). Most of these genes were actually more highly 

expressed (though not significantly) in WT cells at 14 h and 36 h (Table A2-3). Further 

investigation revealed that cell-free extracts of mixotrophically-grown OTA1 cells also had 

about the same acetate reductase activity as cell-free extracts of mixotrophically-grown 

WT cells at 14 h and 36 h (Figure A2-5). 
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Table 3-3. Clostridium ljungdahlii WT and OTA1 Product Yields Resulting from Growth under Heterotrophic, 

Mixotrophic, and Supplemented Mixotrophic Conditions. 

  Heterotrophicb Mixotrophica Mixo+Argininec Mixo+Deoxy-D-Ribosed,e 

Yields in g/g 

(mol/mol) OTA1 WT OTA1 WT OTA1 WT OTA1 WT 

Ethanol 0.35 (1.38) 0.18 (0.70) 0.24 (0.64) 0.06 (0.16) 0.32 (0.88) 0.10 (0.28) 0.24 (0.63) 0.09 (0.25) 

Acetate 0.37 (1.14) 0.79 (2.40) 0.50 (1.03) 0.83 (1.77) 0.67 (1.42) 0.88 (1.88) 0.54 (1.12) 0.89 (1.92) 

CO2 0.38 (1.54) 0.25 (1.02) 0.38 (1.05) 0.23 (0.65) 0.37 (1.04) 0.24 (0.68) 0.32 (0.89) 0.20 (0.58) 

Biomass 0.12 0.19 0.18 0.21 0.16 0.19 0.13 0.20 

 

a
Grams or mols of fructose and CO were considered as substrates to calculate the yield 

b
Grams or mols of fructose was considered as the substrate to calculate the yield 

c
Grams or mols of fructose, CO, and arginine were considered as substrates to calculate the yield 

d
Grams or mols of fructose, CO, and deoxy-D-ribose were considered as substrates to calculate the yield 

e
96 h time point. 72 h time point for all other fermentation conditions. 
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3.4 Discussion 

After multiple passages in rich mixotrophic medium and several days of storage at 

room temperature (~15-20°C), a spontaneous mutant designated as OTA1 derived from the 

C. ljungdahlii ATCC 55383 type strain was produced. C. ljungdahlii OTA1 was isolated 

for further characterization because ethanol production by this strain was twice as much as 

WT when grown in rich mixotrophic medium (46). This phenotype was confirmed in this 

this study (Figure 3-1). 

Two genes that encode critically important proteins for CO/CO2 (C1) fixation, acsA 

and hemL, were found to be mutated in OTA1 (Table 3-1). AcsA is part of the acetyl-CoA 

synthase complex in C. ljungdahlii, which is the site where CO is bound or CO2 is reduced 

to CO for subsequent condensation with a methyl group supplied by the corrinoid Fe-S 

protein (26). The R528L mutation in AcsA alters the enzyme’s hydrogen bonding pattern 

adjacent to the catalytic cleft in a conformation that makes the space less accessible for 

substrate (CO/CO2) binding which likely leads to lower or no activity (Table 3-1, Figure 

3-2) (21). HemL (the only annotated glutamine-1-semialdehyde 2,1-aminomutase) is 

integral to synthesis of the cobalamin cofactor for the corrinoid Fe-S protein (25). It is 

possible that the G268V mutation in HemL alters the enzyme’s catalytic cleft making the 

space inaccessible or less accessible for substrate binding causing little to no activity (Table 

3-1, Figure 3-3). Therefore, either or both of these mutations are responsible for the 

inability of OTA1 to grow autotrophically.  

The inability of OTA1 to recapture CO2 through the Wood-Ljungdahl pathway 

seemed to be the most influential phenotypic effect of the mutations. Common trends of 

higher yields of CO2 and ethanol and lower yields of biomass and acetate for OTA1 
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compared to WT fermentations were observed for all growth conditions studied (Table 3-

3). In silico flux balance analysis supported the fermentation trends by showing higher flux 

to CO2 and ethanol and lower flux to biomass and acetate for the acsA knockout mutant 

(simulating OTA1) compared to WT (Figure A2-4). These trends also make logical sense 

too. If less CO2 is recaptured, then fewer reduced coenzymes are utilized for that purpose, 

and the production of ethanol can be a sink for oxidation of the reduced coenzymes. H2 

was also produced by OTA1 and WT during heterotrophic growth indicating that it too was 

used as a sink for electrons from the reduced coenzymes under those conditions but not 

mixotrophic conditions (data not shown). Also, with less carbon from CO2 recapture and 

less ATP from acetate production, there is less biomass production. Higher ethanol yields 

due to arginine supplementation in mixotrophic medium also showed that increased 

arginine metabolism might have some influence on OTA1’s phenotype of higher ethanol 

yields, but the supplementation of arginine also resulted in an even greater increase in 

acetate yield compared to mixotrophic OTA1 fermentations (Figure A2-3 and Table 3-3). 

Therefore, it is unlikely that more rapid metabolism of arginine as a result of the mutation 

in the transcriptional regulator for the ADI operon caused the general fermentation product 

trends previously mentioned. Also, supplementation of mixotrophic medium with 2-deoxy-

D-ribose had little effect on any of the fermentation product yields. The only obvious effect 

that it had was causing OTA1’s biomass yield to be reduced by about 28% (Table 3-3). 

While more rapid metabolism of a component of DNA (2-deoxy-D-ribose) as a result of 

the mutated transcriptional regulator in the deo operon could cause reduced growth, it is 

unclear why adding 2-deoxy-D-ribose to a fermentation would lower growth even more 

(Table 3-3). The general trends in fermentation products observed are therefore most 
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readily explained by the acsA and/or hemL mutations and a resulting inoperable Wood-

Ljungdahl pathway.  

The driving force for higher ethanol production and lower acetate production by 

OTA1 compared to WT is not increased gene expression of enzymes related to ethanol and 

acetate production, but instead the requirement for reoxidation of reduced electron carriers 

(NAD(P)H, ferredoxin, etc.) for continued metabolism. The in silico flux balance analysis 

of the acsA knockout mutant predicted that carbon flow to ethanol only went through the 

aldehyde ferredoxin oxidoreductase (AOR) to generate the precursor of ethanol, 

acetaldehyde (Figure A2-4B). Differential expression analysis showed that expression of 

AOR genes was either about the same or greater in WT than OTA1 at 14 h and 36 h (Table 

A2-3). Also, AOR enzyme activity assays of cell-free extracts at these time points showed 

that acetate reductase activity was about the same for WT and OTA1 (Figure A2-5). 

Therefore, it seems that if flux to ethanol does come through AOR, it is not because there 

is more AOR enzyme. Instead, reduced ferredoxin generated by fructose metabolism but 

not utilized for CO2 fixation, can be turned over by AOR (25, 33). Ethanol may also be 

formed from acetyl-CoA by the bifunctional aldehyde/alcohol dehydrogenase (AdhE1) (4, 

25, 29). While flux through AOR is more energetically favorable, some flux may go 

through AdhE1 because of surplus of NADH not utilized in energy conservation reactions 

to reduce NADP+, ferredoxin, or other electron carriers for CO2 fixation (16, 43). In 

support of this suggestion, a previous study showed that OTA1 cell extracts had on average 

4 times higher NADH concentrations than WT cell extracts at the 14 h time point of 

mixotrophic fermentations (46). NADH is produced during metabolism of fructose, and 

based on this previous data, seems to build up in the cell during early log phase of 
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mixotrophic fermentations. AdhE1 would provide a sink for NADH reoxidation since it 

uses this electron carrier, and since it is a bifunctional aldehyde/alcohol dehydrogenase, it 

likely also utilizes NADH to generate acetaldehyde (33). If flux from acetyl-CoA to 

acetaldehyde and ultimately ethanol by AdhE1 was higher in OTA1 than WT during 

mixotrophic conditions, this too was not because of significantly higher expression of its 

gene in OTA1 compared to WT at 14 or 36 h (Table A2-3). Also, the genes encoding 

enzymes involved in acetate production had about the same expression levels for OTA1 

and WT at 14 and 36 h (Table A2-3). Therefore, it is not the proximal effects of higher 

expression of genes of enzymes involved in ethanol production or lower expression of 

genes involved in acetate production, but the upstream effects of an inactive Wood-

Ljungdahl pathway in OTA1 which leads to surplus reduced electron carriers causing 

higher ethanol production and lower acetate production. 

Though WT cells were able to recapture more CO2 than OTA1 cells because of a 

functional Wood-Ljungdahl pathway operating in WT cells, comparison of the amount of 

CO2 produced by each strain under heterotrophic conditions to the amount they produced 

under mixotrophic conditions revealed that the addition of CO and H2 did not improve CO2 

fixation by WT or OTA1. In other words, the amount of CO (mols) consumed by each 

strain was about the same as the amount of CO2 produced (mols) (data not shown). This 

indicates that C. ljungdahlii was not utilizing the reduced electron carriers generated from 

CO dehydrogenase or hydrogenase enzymes (reduced ferredoxin and NADPH) to fix more 

CO2, nor utilizing the additional CO as a substrate for the acetyl-CoA synthase enzyme 

complex (Table 3-3). Instead, based on higher biomass yields for mixotrophic 

fermentations compared to the heterotrophic fermentations, reduced ferredoxin and 
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NADPH resulting from electrons donated by CO and H2 were instead used for biomass 

production (Table 3-3). Also, the addition of CO and H2 resulted in higher acetate yields 

(Table 3-3). Since ATP is a coproduct of acetate production and used for biomass 

production, higher acetate yields are consistent with the higher biomass yields of 

mixotrophic cultures compared to heterotrophic cultures. Furthermore, the citrate lyase 

beta chain, acyl lyase subunit (encoded by CLJU_c25330) and a citrate lyase acyl carrier 

protein, citrate lyase gamma chain (encoded by CLJU_c25340), were significantly more 

highly expressed in OTA1 than WT at 14 h (Table 3-2). Citrate lyase uses ATP to produce 

the anabolic building blocks oxaloacetate and acetyl-CoA from citrate for biomass 

production. Citrate may be formed from catabolism of amino acids or peptides from the 

undefined extracts and peptone used as media components in this study. Utilization of the 

reduced ferredoxin and NADPH from CO and H2 for biomass production instead of ethanol 

also supports the suggestion that higher ethanol production by OTA1 is due to flux through 

AdhE1 utilizing NADH rather than AOR using reduced ferredoxin.  

The OTA1 mutant may be a helpful tool in elucidating the electron-shuttling 

pathway in C. ljungdahlii, which has been under investigation since C. ljungdahlii was 

shown to be able to utilize electricity to reduce CO2 (35, 36). The electron uptake 

mechanism of C. ljungdahlii is currently unknown and expected to be significantly 

different compared to other electrotrophic bacteria because it cannot synthesize c-type 

cytochromes or quinones (47). Potential entry points for electrons in a C. ljungdahlii MES 

system include both carbon monoxide dehydrogenase and formate dehydrogenase since 

they are reversible electrocatalysts when attached to graphite electrodes (3). Since acetyl-

CoA synthesis is blocked in OTA1, CO and/or formate should theoretically accumulate in 
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a MES system. For the same reason, H2 should build up if it is part of the electro-chemical 

pathway. Using the OTA1 strain, which has an inactive Wood-Ljungdahl pathway, for 

electrocatalysis studies can save research time by avoiding the need for making knockout 

mutants. 

Besides being a useful mutant for research, the OTA1 strain may also be valuable 

for some industrial applications. An example platform previously mentioned is the 

carboxylate platform, which has process stages including primary fermentation of waste to 

make short-chain fatty acids and alcohols as well as a process stage that converts medium-

chain fatty acids to alcohols (1, 2). The OTA1 strain may be a good fit for both stages 

because it generates more reducing equivalents for production of fatty alcohols and 

reduction of fatty acids under mixotrophic conditions. Preliminary experiments also 

showed that when cells were concentrated and immobilized on paper to form 

biocomposites, OTA1 cells were able to deplete 80% CO faster than WT (Figure A2-6). 

CO oxidation is important specifically for producing reduced ferredoxin, which can be 

used for acetate reduction by AOR. While acetate reductase activity was found not to be a 

significant factor in higher ethanol production by OTA1 under the mixotrophic conditions 

used in this study (Figure A2-5), it is possible that acetate reductase activity and other 

carboxylic acid reductase activities would be stimulated by switching to higher CO 

conditions during fermentations. This is supported by the fact that the gene predicted to 

encode C. ljungdahlii’s primary AOR was significantly more highly expressed when was 

cultured under autotrophic conditions versus heterotrophic (30). 
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3.5 Conclusion 

The C. ljungdahlii OTA1 strain has an inoperable Wood-Ljungdahl pathway 

caused by mutations in acsA (CLJU_c37670) and/or hemL (CLJU_c04490). OTA1 also 

has a mutation in the ADI transcriptional regulator gene (CLJU_c09320) which was found 

to deregulate expression of arginine catabolism genes while a mutation in the DeoR 

transcriptional regulator (CLJU_c18110) deregulated expression of 2-deoxy-D-ribose 

catabolism genes. Fermentation studies, differential expression analysis, and enzyme 

assays showed that the mutation(s) which resulted in OTA1 having an inoperable Wood-

Ljungdahl pathway had the greatest effect on growth and fermentation products, and the 

higher ethanol to acetate fermentation product ratio could be explained by those mutations 

alone. The mutations in the transcriptional regulators and the increased expression of their 

respective operons seemed to have more minor effects on growth and fermentation 

products based on fermentation supplementation experiments. Investigation of the OTA1 

strain has contributed new insights into C. ljungdahlii’s physiology and metabolism, and 

the newly discovered properties of this strain offer new potential for further study and 

industrial application. 
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4.1 Introduction 

 The United States has increasing volume mandates for cellulosic biofuels 

production to reduce our dependence on foreign oil for the sake of transportation fuel 

security. For the past few years, mandated volumes have failed to be met by industry 

though for a variety of reasons. One major reason is low productivity of microbial catalysts 

and another is inhibitory compounds in biofuels production feedstocks. This is true in a 

broad sense for several cellulosic biofuel producing technologies. More specifically for the 

bacterium we selected for research, Clostridium ljungdahlii produces a low concentration 

of ethanol from synthesis gas (syngas) that is costly to separate from the fermentation 

medium and the other issue is that its growth and productivity are inhibited by 

contaminants in syngas which are costly to remove. Syngas  is predominantly composed 

of  carbon monoxide (CO), carbon dioxide (CO2), and hydrogen (H2), but also can contain 

a variety of contaminants (e.g. hydrogen cyanide, mono-nitrogen oxides, ammonia, sulfur 

dioxide, carbonyl sulfide, hydrogen sulfide, oxygen) depending on the carbonaceous 

feedstock from which it’s produced (e.g. biomass, agricultural waste, municipal waste, 

industrial waste).  

C. ljungdahlii is an established industrial biocatalyst for cellulosic ethanol 

production in the United States, but because of low productivity and issues with syngas 

contaminants, commercial plants using this biocatalyst have produced less than projected 

over the last few years. Background on the history and significance of C. ljungdahlii is 

covered thoroughly in Chapter 1. For the reasons stated above the primary objective of this 

research was to identify gene targets and growth conditions for increasing ethanol 

production by C. ljungdahlii. 
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 Dr. Oscar Tirado-Acevedo, a previous graduate of our lab, observed two things that 

would provide starting points for our pursuit. The first providential discovery was that low 

levels of oxygen exposure increased ethanol production by C. ljungdahlii. Cultures were 

exposed to low levels of oxygen because butyl-rubber stoppers which sealed the serum 

bottles containing the bacterium were slightly cored from overuse. The second providential 

discovery was that C. ljungdahlii cultures stored at room temperature for several weeks 

produced twice as much ethanol as the type-strain (PETC) when grown in rich mixotrophic 

media. Therefore, the two questions that I was given to solve were (1) why does micro-

oxygen exposure improve ethanol production in Clostridium ljungdahlii, and (2) why does 

the lab-isolated strain of C. ljungdahlii (strain OTA1) produce more ethanol compared to 

PETC under mixotrophic conditions? 

 Initial experiments by Dr. Tirado-Acevedo indicated that AdhE1 activity and 

NAD(P)H pools might be involved in higher ethanol production in each of these cases; 

however, the results were not convincing because variation between culture samples was 

high. Upon searching for previous studies that might provide insight, it became apparent 

that a number of factors could contribute to higher ethanol production. To really 

characterize the effects of oxygen stress on PETC and the effects of the mutations in OTA1, 

global transcriptomic and genomic analysis was required. These techniques coupled with 

enzyme assays and fermentation metabolite analyses would provide the answers to our 

questions. 
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4.2 Significant Study Results 

 Fermentation studies with C. ljungdahlii PETC (with and without oxygen 

exposure) OTA1 were redone to ensure repeatability. Initial oxygen exposure experiments 

revealed that stirring serum bottles on their side caused too much mixing, rapid death of 

the cells, and formation of pyrite. However, stirring bottles upright avoided these issues 

and cells recovered from oxygen exposure. Once regularity was established, cell samples 

were taken, total RNA was extracted, mRNA was purified, cDNA libraries were 

constructed and sent for sequencing. Throughout this process the quality and quantity of 

the RNA was verified. We encountered no degradation issues. Upon receiving the raw 

sequencing reads from Children's Hospital of Philadelphia, we attempted using the Tophat-

Bowtie-Cufflinks-Cuffdiff pipeline for differential expression analysis. This pipeline was 

found to be better suited for eukaryotic transcriptome studies in that it had more 

input/output features than we were interested in, and it frequently crashed our system. 

Thankfully, the publication of the first dedicated transcriptome study on C. ljungdahlii 

came out around that time, and it had a much simpler, leaner, and faster pipeline for 

differential expression analysis. So we adopted it. We identified 150 differentially 

expressed genes with oxygen exposure and 398 differentially expressed genes for OTA1. 

That means about 4% of genome was considered significantly affected by oxygen exposure 

and 10% of the genome was effected by the mutations in OTA1. Since work with OTA1 

was unique to our lab and some engineering collaborators, we considered it a bird in hand 

and focused our efforts on working out the metabolic/genetic factors that connected oxygen 

exposure with higher ethanol production. 
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 Going through the list of differentially expressed genes, we were able to whittle 

down our 150 genes to 36 based on fold change, relative read count, and/or annotated 

function. These genes were found to have the common functions of either substrate, energy 

or cofactor metabolism, or oxygen detoxification. Some genes required reannotation 

including a cluster of genes that seem to be an operon or part of a regulon involved in 

cofactor repair and metabolism. 

Expression analysis identified a rubrerythrin that was also found to be highly 

translated. Hydrogen peroxidase activity, which was likely the activity of the rubrerythrin, 

was the only enzyme activity we identified that would help C. ljungdahlii survive oxygen 

exposure. Compared to C. acetobutylicum, another major Clostridial industrial biocatalyst, 

this was minimal defense against oxygen. C. ljungdahlii also lacked several C. 

acetobutylicum genes identified to be involved in oxygen detoxification. While these 

findings did not address the first major issue mentioned with syngas fermentation mention 

above, low productivity, they did address the other major issue of inhibitory compounds in 

biofuels production feedstocks. Genes involved in oxygen stress response overlap in many 

cases with other stress responses, at least this is the case with C. acetobutylicum and several 

other anaerobic bacteria. Identifying what genes are native and what genes are lacking for 

a robust defense against syngas contaminants is therefore a significant finding of this 

research. 

 The only differentially expressed gene related to ethanol production when PETC 

was exposed to oxygen was a gene for a molybdenum-containing aldehyde oxidoreductase 

(AOR). Enzyme assays with cell-free extracts revealed that oxygen exposed cultures had 

higher AOR activity corroborating the expression data. The metabolic pathway of CO to 
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ethanol through acetate reduction by AOR is more energetically favorable than the pathway 

that does not include it. The main AOR previously identified to be involved in ethanol 

production under anaerobic conditions was a tungsten-containing AOR. While there is a 

good amount of research available on tungsten-containing AOR’s, there is hardly any 

research on molybdenum-containing AOR’s. Yet what is known is that molybdenum-

containing AOR’s are significantly less oxygen sensitive. Therefore, this finding is not 

a success for our main objective, but again it contributed to a solution for the other major 

issue with industrial syngas fermentation. The details of the study can be found in Chapter 

2. 

 Once the relationship between oxygen detoxification and ethanol production was 

elucidated, we set out to determine how the mutations in OTA1 resulted in higher ethanol 

production compared to PETC. Sequencing of the OTA1 genome was performed in the 

midst of working on the oxygen detoxification study and mutations were identified by 

alignment to the published PETC genome. Eight mutations were initially identified, and 

because they were within genes, we could use our RNA sequencing reads to verify whether 

the mutations were real, and they were. Also, because we had RNA sequencing reads for 

PETC, we could see if any of the mutations present in OTA1 were also in PETC from years 

of maintenance in our lab. In fact, four of the eight mutations in OTA1 were also found in 

PETC. This was a welcoming finding since fewer unique mutations in the OTA1 genome 

meant less complexity in identifying which mutations were responsible for the enhanced 

ethanol production phenotype of OTA1. Two genes uniquely identified in OTA1 were 

specifically related to CO/CO2 fixation through the Wood-Ljungdahl pathway. These 

genes encoded AcsA and HemL. AcsA is the carbon monoxide dehydrogenase component 
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of the acetyl-CoA synthase complex, and HemL (the only annotated glutamine-1-

semialdehyde 2,1-aminomutase) is integral to synthesis of the cobalamin cofactor for the 

corrinoid Fe-S protein, required for acetyl-CoA synthesis. The other two genes were 

predicted to encode transcriptional regulators with homology to TrmB (maltose/trehalose-

specific) and DeoR (deoxyribonucleotide catabolism) transcriptional regulators. 

 Differential expression analysis, fermentation experiments, and metabolite 

quantification revealed that the mutations in acsA and hemL prevented CO/CO2 fixation 

which resulted in less carbon availability but more energy (in the form of reducing 

equivalents) for the OTA1 strain. The TrmB-like transcriptional regulator was actually 

found to be an arginine catabolism transcriptional regulator and the DeoR transcriptional 

regulator was confirmed to have its annotated function. While supplementation of the 

media with arginine improved ethanol yield slightly, supplementation with 2-deoxy-D-

ribose did not. The inability for OTA1 to fix CO2 through the Wood-Ljungdahl pathway 

due to the mutations in either or both acsA and hemL were found to have a much greater 

effect in improving ethanol yield than either of the other two mutations. This study 

including further insights into the metabolic pathway for higher ethanol production by 

OTA1 compared to PETC is presented in Chapter 3. 

   

4.3 Applications 

 The industrial importance of these findings were realized more toward the end of 

the research when biofuels digest news revealed that INEOS Bio (the leading company in 

syngas to ethanol fermentation which uses C. ljungdahlii) had been unable to meet 

projected commercial volumes because of syngas contaminants. They were especially 
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having issues with hydrogen cyanide. While we did not study the effect of hydrogen 

cyanide on C. ljungdahlii, as previously mentioned, stress response genes many times 

overlap. So, studying the response of C. ljungdahlii to one syngas contaminant can reveal 

genes the bacterium can use to protect itself against other syngas contaminants. Over-

expression of some of these genes may make C. ljungdahlii a more robust catalyst, which 

benefits industry by saving money on syngas purification. The gene for the molybdenum-

AOR which conferred higher ethanol in the presence of oxygen was an especially important 

find because over-expression of this gene might allow for higher ethanol production despite 

the presence of other common oxidized syngas contaminants like NOx and SO2 unlike other 

tungsten-containing AOR’s which are more oxygen-labile. Furthermore, AOR’s of 

carboxytrophic (grows on CO) anaerobic bacteria are the focus of extensive research 

currently because of their ability to reduce a variety of carboxylic acids and ketones to 

alcohols. With AOR, carboxytrophic anaerobic bacteria are able to reduce carboxylic acids 

and ketones to alcohols at the expense of CO and/or H2 with high efficiencies. Since CO/H2 

are likely still to come from syngas, a robust AOR and whole cell catalyst are still 

important. 

 The OTA1 strain itself also holds intrinsic value as a non-autotrophic (meaning 

unable to fix CO2) and non-carboxytrophic mutant. C. ljungdahlii has recently been found 

to be able to fix CO2 using electricity and produce primarily acetate. When provided with 

exogenous pathways, it could also produce non-native biochemicals using CO2 and 

electricity. However, productivity is relatively low. To improve flux, researchers hope to 

elucidate and manipulate the electron-shuttling pathway. OTA1 offers a potential shortcut 

to the research. Since the final step to CO2 fixation (acetyl-CoA synthesis) is blocked, 
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intermediates in the pathway should build up to provide answers as to how CO2 is entering 

metabolism and electrons are being used (e.g. reduction to CO, reduction to formate, both). 

This dissertation presents several novel findings: 

1) Identification of 150 differentially expressed genes due to oxygen exposure of C. 

ljungdahlii PETC  

2) Identification of 398 differentially expressed genes due to mutations in the OTA1 

strain 

3) Identification and reannotation of a gene cluster responsible for cofactor repair and 

management (named crm) 

4) Identification of genes specifically involved in oxygen detoxification including a 

highly translated rubrerythrin with hydrogen peroxide activity 

5) Identification of a molybdenum-containing AOR found to be responsible for higher 

ethanol production by C. ljungdahlii when exposed to oxygen 

6) Discovery that the OTA1 strain was unable to grow on syngas and identification of 

the mutations causing this phenotype 

7) Demonstration of unregulated expression of arginine catabolism genes, unregulated 

metabolism, and identification of the causal mutation 

8) Demonstration of unregulated expression of 2-deoxy-D-ribose catabolism genes 

and identification of the causal mutation 

9) Identification of the metabolic pathways involved in higher ethanol production by 

OTA1 
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4.4 Future Work 

 C. ljungdahlii is an established industrial biocatalyst used for ethanol production 

from syngas, but syngas contaminants have prevented commercial volumes from being 

produced. This work nicely translates into studies on generating more robust catalysts for 

ethanol production. C. ljungdahlii is also being evaluated for use in making other 

biochemicals other than ethanol with combinations of syngas and non-syngas carbon and 

electron sources. This work not only provides insight into genes encoding targets for 

alternative products, but also contributes a non-autotrophic/non-carboxytrophic strain for 

elucidating electron/carbon utilization pathways. More specifically some follow-up 

projects to this research include: 

 Engineering C. ljungdahlii to produce more ethanol. Over-expression of the 

molybdenum-containing AOR offers an energetically favorable route to higher 

ethanol production. Deletion of directed point mutation of the transcriptional 

regulator for the arginine catabolism operon offers increased ethanol production 

when C. ljungdahlii is supplied with arginine or peptides containing arginine (such 

as in an anaerobic digester).    

 Characterization of the identified molybdenum-containing AOR. AOR’s have been 

shown to have broad specificity which may allow for reduction of a variety of 

carboxylic acids, ketones, and potentially other chemicals. Little is currently known 

about molybdenum-containing AOR’s. In vivo studies will reveal its utility for 

CO/H2-dependent reduction of identified chemicals. 

 Engineering C. ljungdahlii to be more tolerant to syngas contaminants while 

simultaneously producing desired products. Multiple genes involved in C. 
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acetobutylicum’s oxygen stress response were not identified in the genome of C. 

ljungdahlii. Integration of these genes into the C. ljungdalii’s genome is expected 

to improve both tolerance of oxygen and other oxidized syngas contaminants. 

 Elucidation of C. ljungdahlii’s electrochemical pathway for CO2 reduction by 

electricity. This research is currently underway in another lab, but their work may 

benefit from using our OTA1 strain. Since the final step to CO2 fixation (acetyl-

CoA synthesis) is blocked, intermediates in the pathway should build up to provide 

answers as to CO2 is entering metabolism and electrons are being used (e.g. 

reduction to CO, reduction to formate, both). 

 Characterizing the enzymes in the crm gene cluster. C. ljungdahlii is a model 

organism and biochemical annotation has stemmed from central carbon metabolism 

and energy conservation. This gene cluster is predicted to be important for cofactor 

(especially iron-sulfur) repair and management. 

 Create and utilize a CRISPR-Cas system for editing the C. ljungdhalii genome. 

While we were able to determine the effects of the individual mutations in OTA1 

in a qualitative and perhaps semi-quantitative way, reverse-mutating OTA1 one 

mutation at a time would allow for quantified influence of each mutation and 

interacting effects. 
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Appendix 1 

 

 

This appendix contains Chapter 2 supplemental materials. 
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Figure A1-1. Acetaldehyde-independent benzyl viologen reduction (A), NAD(P)+ ethanol dehydrogenase (B), and NAD+ 

acetaldehyde dehydrogenase (C), enzyme activity assay results for cell-free cell extract from 14 h 0% O2 exposed (anaerobically 

grown), 14 h 8% O2 exposed, 36 h 0% O2 exposed, and 36 h 8% O2 exposed C. ljungdahlii batch cultures. No NADP+ 

acetaldehyde dehydrogenase activity was detected in any samples. mRCMf (modified Reinforced Clostridial Medium 

supplemented with fructose) was also left unreduced (UR) to determine the effect of reducing agents on benzyl viologen 

reduction by cell-free cell extracts. No acetaldehyde-independent benzyl violgen reduction was detected in cell-free cell extract 

of 14 h 0% O2 exposed cultures. Activity (units/mg) is defined as μmoles of benzyl viologen reduced or NAD(P)+ reduced per 

minute. The data represent an average of six biological replicates per condition. Error bars indicate standard deviation. 
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Figure A1-2.  SDS-PAGE analysis of C. ljungdahlii cell-free extract (5 μg) from 14 h UR 

0% O2 exposed (anaerobically grown) (Lane 2), 14 h UR 8% O2 exposed (Lane 3), 14 h 

0% O2 exposed (Lane 4), 14 h 8% O2 exposed (Lane 5), 36 h UR 0% O2 exposed (Lane 6), 

and 36 h UR 8% O2 exposed (Lane 7), 36 h 0% O2 exposed (Lane 8), and 36 h 8% O2 

exposed (Lane 9) cultures. 5 μl of PageRuler Prestained Protein Ladder were loaded into 

lanes 1 and 10. O2-induced band is denoted by an arrow. 
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Table A1-1. Read quality and alignment summary of transcriptomes of Clostridium ljungdahlii DSM 13528 grown 

anaerobically and with 8% O2 exposure 

  14 h No O2 36 h No O2 14 h O2 36 h O2 

Total bases 2,895,524,400  3,147,585,400  4,042,012,100  3,840,500,400  

Avg%Q20 99.20 98.98 98.88 98.44 

Avg%Q30 97.63 97.18 97.34 96.77 

Total reads 28955244 (100%) 31475854 (100%) 40420121 (100%) 38405004 (100%) 

Reads mapped to ribosomal RNA 15078 (0.05%) 191728 (0.61%) 27908 (0.07%) 67625 (0.18%) 

Reads mapped to intergenic 

region 5013095 (17.31%) 13643823 (43.35%) 6576637 (16.27%) 10231970 (26.64%) 

Reads mapped to genes 21361562 (73.77%) 14651229 (46.55%) 29237235 (72.33%) 22487291 (58.55%) 

Reads mapped to genes once 20442592 (70.60%) 14487155 (46.03%) 28069151 (69.44%) 22195315 (57.79%) 

Mapped genes 4117 4140 4130 4138 

Unmapped reads 2565509 (8.86%) 2989074 (9.50%) 4578341 (11.33%) 5618118 (14.63%) 
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Table A1-2. Expression profile of genes differentially expressed by C. ljungdahlii at early and late log phase during oxygen 

and R.O.S. detoxification. 

Locus Tag Gene Annotation 14h 0% O2 

Count 

14h 8% O2 

Count 

14h Log2 

F.C. 

36h 0% O2 

Count 

36h 8% O2 

Count 

36h Log2 

F.C. 
CLJU_c00960 predicted aminotransferase 1037 871 0.681 3416 1027 2.145 

CLJU_c00970 D-3-phosphoglycerate dehydrogenase 837 814 0.469 4087 1189 2.192 

CLJU_c00980 uncharacterized conserved protein 2714 2238 0.707 10952 3176 2.197 

CLJU_c01590 hypothetical protein 16 126 -2.593 85 27 2.063 

CLJU_c03290 hypothetical protein NCa NC NC 118 30 2.382 

CLJU_c03340 putative protein with a sigma-70 r4 

domain 

18 2 3.506 311 241 0.780 

CLJU_c03350 hypothetical protein 12 0 4.977 116 54 1.505 

CLJU_c03580 hypothetical protein 0 66 -6.617 35 0 6.546 

CLJU_c04140 hypothetical protein 0 51 -6.240 36 248 -2.355 

CLJU_c04260 hypothetical protein 125 146 0.207 21 120 -2.100 

CLJU_c04390 secretion protein HlyD family protein 6087 8480 -0.049 4926 30510 -2.220 

CLJU_c04470 predicted glycosyltransferase 13504 13515 0.428 1617 18738 -3.123 

CLJU_c05180 conserved hypothetical protein 0 14 -4.385 77 58 0.803 

CLJU_c06880 hypothetical protein 34 0 6.527 186 69 1.849 

CLJU_c07850 conserved hypothetical protein 232 157 0.992 8 76 -2.837 

CLJU_c08130 predicted transcription regulator 3698 4329 0.202 515 3179 -2.215 

CLJU_c08420 hypothetical protein 69 82 0.181 12 110 -2.769 

CLJU_c08870 hypothetical protein 53 44 0.692 475 133 2.250 

CLJU_c09090 anaerobic-type carbon monoxide 

dehydrogenase, FAD/NAD-dependent 

oxidoreductase subunit 

15022 184044 -3.186 7043 68954 -2.880 

CLJU_c09100 anaerobic-type carbon monoxide 

dehydrogenase, electron transfer subunit 

4988 18436 -1.457 2725 27886 -2.944 

CLJU_c09110 anaerobic-type carbon monoxide 

dehydrogenase 

16453 274126 -3.629 8432 92640 -3.047 

CLJU_c10490 conserved hypothetical protein 10413 13140 0.094 1373 10487 -2.522 

CLJU_c10790 hypothetical protein 267 382 -0.090 64 577 -2.752 

CLJU_c10940 putative DNA helicase 51 14 2.327 106 78 0.860 

CLJU_c11020 conserved hypothetical protein 15939 17133 0.325 1553 14539 -2.815 
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Table A1-2. (continued) 

CLJU_c11380 predicted electron transport complex 

protein RnfG 

12695 13522 0.338 690 10725 -3.548 

CLJU_c11920 predicted microcompartment shell 

protein 

10694 8816 0.708 39 368 -2.837 

CLJU_c12760 hypothetical protein 0 50 -6.223 NCa NC NC 

CLJU_c13400 glyceraldehyde-3-phosphate 

dehydrogenase 

15196 3997 2.356 21082 49392 -0.817 

CLJU_c13590 hypothetical protein NC NC NC 81 0 7.746 

CLJU_c13610 putative KDPG and KHG aldolase 23 22 0.447 0 50 -6.435 

CLJU_c14610 hypothetical protein 0 66 -6.623 162 247 -0.204 

CLJU_c16760 hypothetical protein 27 57 -0.649 406 131 2.041 

CLJU_c17040 hypothetical protein 73 497 -2.333 441 1197 -1.029 

CLJU_c17410 uncharacterized conserved membrane 

protein 

1572 1807 0.228 355 1915 -2.019 

CLJU_c17650 conserved hypothetical protein 31 42 -0.010 517 161 2.092 

CLJU_c17660 predicted transcriptional regulator 203 123 1.149 452 5561 -3.210 

CLJU_c17670 conserved hypothetical protein 382 249 1.048 1623 10479 -2.280 

CLJU_c17680 conserved hypothetical protein 253 182 0.909 1509 8968 -2.160 

CLJU_c17940 hypothetical protein 1226 1941 -0.233 630 11136 -3.733 

CLJU_c17950 putative molybdopterin biosynthesis 

protein 

1625 2806 -0.358 1944 21178 -3.034 

CLJU_c17960 conserved hypothetical protein with a 

GGDEF domain 

13984 20818 -0.145 6720 43662 -2.289 

CLJU_c18170 hypothetical protein 41 43 0.385 371 82 2.589 

CLJU_c18530 hypothetical protein 19 0 5.665 253 145 1.215 

CLJU_c19310 peptidase T (aminotripeptidase) 425 2893 -2.337 16280 31158 -0.525 

CLJU_c19320 predicted amino acid permease 875 5499 -2.222 43993 64106 -0.132 

CLJU_c19400 predicted transcriptional regulator 2438 71339 -4.442 5622 30966 -2.050 

CLJU_c19410 ferric uptake regulation protein 1336 43688 -4.602 4144 23877 -2.115 

CLJU_c19420 putative epimerase 2040 38862 -3.822 2688 17482 -2.290 

CLJU_c19430 putative membrane protein 2187 38238 -3.699 1918 14008 -2.457 

CLJU_c19440 conserved hypothetical protein 3082 54143 -3.706 3467 23993 -2.380 

CLJU_c19480 putative flavin reductase-like protein 

with rubredoxin domain 

1035 37947 -4.767 796 5290 -2.322 
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Table A1-2. (continued) 

CLJU_c19490 ferritin 1607 68688 -4.988 1004 8844 -2.727 

CLJU_c19970 predicted methyl-accepting chemotaxis 

protein 

1674 18688 -3.051 1477 8554 -2.123 

CLJU_c19980 predicted ADP-ribosylglycohydrolase 880 12600 -3.410 795 6099 -2.529 

CLJU_c19990 predicted dehydrogenase 1843 25144 -3.340 1864 12291 -2.310 

CLJU_c20050 predicted MoaD/ThiS domain protein 370 579 -0.219 219 4871 -4.063 

CLJU_c20060 predicted dinucleotide-utilizing enzymes 

involved in molybdopterin and thiamine 

biosynthesis 

235 321 -0.022 223 2703 -3.186 

CLJU_c20210 predicted tungsten-containing aldehyde 

ferredoxin oxidoreductase 

6547 1509 2.546 2055 1820 0.587 

CLJU_c20220 predicted MoaD/ThiS domain protein 2748 823 2.169 774 760 0.438 

CLJU_c21940 putative flavoprotein 10478 204461 -3.857 6207 36739 -2.154 

CLJU_c22700 putative membrane protein 4538 6942 -0.184 6795 2198 2.040 

CLJU_c22810 hypothetical protein 55 53 0.482 521 3942 -2.508 

CLJU_c22960 predicted two-component sensor histidine 

kinase 

894 1004 0.262 437 2566 -2.143 

CLJU_c23080 predicted hydrogenase 

expression/formation protein 

5433 7215 0.020 3775 25052 -2.319 

CLJU_c23570 carbamate kinase 7 4 1.139 4 37 -2.960 

CLJU_c23910 putative xanthine dehydrogenase, 

molybdopterin-binding subunit B 

4519 3648 0.738 1792 11958 -2.327 

CLJU_c24060 predicted sigma-54-interacting 

transcription regulator 

219 453 -0.621 448 3435 -2.529 

CLJU_c24100 predicted methyltransferase type 11 333 654 -0.543 586 3581 -2.200 

CLJU_c24120 predicted Fe-S oxidoreductase 2895 6150 -0.658 2684 24198 -2.761 

CLJU_c24130 predicted aldehyde oxidoreductase 9500 33544 -1.391 9697 102536 -2.991 

CLJU_c24310 conserved hypothetical protein 626 627 0.429 6105 1374 2.563 

CLJU_c24490 dihydrofolate reductase 1659 1783 0.326 653 4393 -2.340 

CLJU_c24510 polyferredoxin related protein 2697 3106 0.226 1063 5936 -2.070 

CLJU_c26990 hypothetical protein 0 29 -5.444 187 93 1.421 

CLJU_c27870 hypothetical protein 106 54 1.390 65 0 7.430 

CLJU_c28470 hypothetical protein 0 16 -4.568 82 188 -0.786 

CLJU_c28480 AgrB-like protein 1382 1660 0.165 279 1516 -2.030 
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Table A1-2. (continued) 

CLJU_c28580 predicted small acid-soluble spore protein 8 9 0.275 222 66 2.149 

CLJU_c28700 predicted transporter protein, MFS 

family 

500 516 0.385 528 3510 -2.322 

CLJU_c28730 predicted sugar phosphate 

isomerase/epimerase 

165 236 -0.089 840 5976 -2.420 

CLJU_c28740 enoate reductase 609 774 0.084 2184 24319 -3.066 

CLJU_c28750 shikimate 5-dehydrogenase 1691 2103 0.115 7805 46146 -2.153 

CLJU_c28760 3-dehydroquinate dehydratase 1010 1406 -0.047 4292 31999 -2.487 

CLJU_c28860 hypothetical protein 7 39 -2.078 258 342 0.005 

CLJU_c28900 conserved hypothetical protein 6915 126747 -3.767 19597 46718 -0.842 

CLJU_c28910 predicted rubrerythrin 1491 27416 -3.771 885 16893 -3.844 

CLJU_c28920 putative transposase 4507 95389 -3.974 11636 44547 -1.526 

CLJU_c29480 conserved hypothetical protein 21 149 -2.431 285 234 0.695 

CLJU_c29490 predicted FAD-dependent pyridine 

nucleotide-disulfide oxidoreductase (class 

I) 

61 358 -2.135 1335 987 0.847 

CLJU_c29500 predicted SAM-dependent 

methyltransferase 

34 227 -2.328 536 417 0.774 

CLJU_c29510 hypothetical protein 0 152 -7.817 431 598 -0.063 

CLJU_c29880 RNA polymerase sigma-E factor 753 1232 -0.281 109 805 -2.469 

CLJU_c30070 hypothetical protein 18 0 5.603 85 33 1.773 

CLJU_c30410 hypothetical protein 41 30 0.875 53 12 2.550 

CLJU_c30570 hypothetical protein 348 45 3.370 391 317 0.714 

CLJU_c30800 hypothetical protein 0 57 -6.401 63 105 -0.313 

CLJU_c30960 predicted small acid-soluble spore protein 0 21 -4.970 65 66 0.384 

CLJU_c30990 putative DNA methylase 0 15 -4.429 240 88 1.850 

CLJU_c31080 putative cell wall hydrolase/autolysin 156 99 1.092 2162 438 2.713 

CLJU_c31090 hypothetical protein 94 36 1.818 678 196 2.205 

CLJU_c31100 hypothetical protein 110 49 1.607 1074 350 2.031 

CLJU_c31130 hypothetical protein 125 47 1.856 484 160 2.013 

CLJU_c31150 hypothetical protein 384 198 1.382 2829 828 2.183 

CLJU_c31160 conserved hypothetical protein 459 292 1.080 4344 1251 2.207 

CLJU_c31170 conserved hypothetical protein 198 138 0.950 1937 440 2.551 
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Table A1-2. (continued) 

CLJU_c31180 hypothetical protein 93 55 1.193 689 207 2.144 

CLJU_c31210 hypothetical protein 180 163 0.565 2123 477 2.564 

CLJU_c31240 hypothetical protein 283 161 1.245 3302 786 2.482 

CLJU_c31280 hypothetical protein 515 260 1.416 6144 1915 2.093 

CLJU_c31290 hypothetical protein 375 252 1.000 4384 1411 2.046 

CLJU_c31330 phage-related protein 786 513 1.044 9285 2617 2.238 

CLJU_c31340 hypothetical protein 256 275 0.326 1897 445 2.503 

CLJU_c31440 hypothetical protein 188 211 0.261 1727 474 2.276 

CLJU_c31640 phage-related protein 893 1286 -0.096 31662 10059 2.065 

CLJU_c31650 hypothetical protein 32 120 -1.493 2911 649 2.577 

CLJU_c31660 hypothetical protein 177 212 0.171 9847 1707 2.939 

CLJU_c31670 hypothetical protein 146 182 0.120 3261 1035 2.067 

CLJU_c31690 hypothetical protein 165 212 0.069 6207 1457 2.502 

CLJU_c31700 conserved hypothetical protein 147 224 -0.172 7267 2105 2.199 

CLJU_c31710 putative transcriptional regulator 345 408 0.188 6225 1871 2.146 

CLJU_c32380 hypothetical protein 0 14 -4.428 198 258 0.031 

CLJU_c32560 hypothetical protein 9 52 -2.031 317 222 0.926 

CLJU_c32570 hypothetical protein 3 36 -3.401 472 166 1.924 

CLJU_c35300 hypothetical protein 0 20 -4.877 335 101 2.139 

CLJU_c35550 predicted transcriptional regulator, Fur 

family 

25077 201453 -2.577 27102 104436 -1.535 

CLJU_c35840 hypothetical protein 40 4 3.737 121 89 0.862 

CLJU_c36090 hemerythrin related protein 2353 59405 -4.229 1263 9066 -2.433 

CLJU_c36100 predicted transporter protein 318 3237 -2.918 2709 2626 0.456 

CLJU_c36360 hypothetical protein 0 34 -5.647 203 259 0.055 

CLJU_c37150 hypothetical protein 31 0 6.384 492 492 0.411 

CLJU_c37340 carbon starvation protein A 942 7704 -2.603 23758 23362 0.435 

CLJU_c37350 carbon starvation protein A 2352 13168 -2.056 2993 2907 0.453 

CLJU_c37670 carbon monoxide dehydrogenase 119541 101616 0.664 23751 183016 -2.535 

CLJU_c37840 dTDP-4-dehydrorhamnose 3,5 epimerase 1528 1971 0.062 14486 2848 2.758 

CLJU_c37850 putative FMN-binding protein 4104 4640 0.252 20431 4997 2.443 

CLJU_c38450 predicted citrate:cation symporter 65666 20057 2.140 56541 86245 -0.198 
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Table A1-2. (continued) 

CLJU_c38460 NAD-dependent malic enzyme 129768 29684 2.558 110341 151797 -0.049 

CLJU_c38810 predicted cell division protein 2700 4959 -0.448 376 3414 -2.770 

CLJU_c38830 predicted membrane associated protein 

with a GGDEF domain 

508 5443 -2.991 553 1833 -1.318 

CLJU_c38880 GtrA-like protein 53 10 2.896 116 160 -0.058 

CLJU_c39320 predicted ribonuclease BN 61 437 -2.420 294 365 0.099 

CLJU_c39340 predicted rubrerythrin 19381 195485 -2.905 39167 159979 -1.619 

CLJU_c39350 predicted thioesterase 3 43 -3.194 54 30 1.260 

CLJU_c39790 predicted microcompartment shellprotein 20 6 2.241 4 22 -2.258 

CLJU_c40030 hypothetical protein 61 34 1.291 723 144 2.742 

CLJU_c40430 hypothetical protein 38 48 0.105 172 50 2.187 

CLJU_c41660 predicted S4 domain protein 1696 1255 0.864 323 1792 -2.062 

CLJU_c42690 18 kDa heat shock protein 11789 28403 -0.839 360 29508 -5.947 

CLJU_c42700 18 kDa heat shock protein 5920 15876 -0.994 525 48342 -6.112 

† Comparisons in gene expression were made between anaerobic and 8% O2 exposed cells. A positive N.Log2 F.C. 

(normalized Log2 fold change) value reflects higher expression by anaerobic cells and a negative N.Log2 F.C. value 

reflects higher expression 8% O2 exposed cells. The threshold for comparison was set at a N.Log2 F.C. value of +/- 2.  aNC 

= Not calculated by DEGseq 
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Table A1-3. Vector NTI-produced identity/distance table of aor and aor-like genes in Clostridium ljungdahli.  

  CLJU_c20210 CLJU_c20110 CLJU_c23910 CLJU_c24050 CLJU_c24130 

CLJU_c20210   77 41 50 48 
CLJU_c20110     40 48 46 

CLJU_c23910       50 50 

CLJU_c24050         80 
CLJU_c24130           

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



178 

 

 

 

Table A1-4. Vector NTI-produced identity/distance table of differentially expressed genes predicted to be involved in 

O2/ROS detoxification in Clostridium ljungdahlii and genes of characterized O2/ROS detoxification enzymes from 

Clostridium acetobutylicum  

  
CA_C

3597 

CA_C

3598 

CLJU_c

39340 

CLJU_c

28910 

CA_C

2448 

CA_C

2449 

CLJU_c

21940 

CLJU_c

42700 

CLJU_c

42690 

CLJU_c

36090 

CA_C

2778 

CA_C

2450 

CLJU_c

09090 

CA_C

3597   98 80 53 36 42 43 46 45 36 40 33 39 
CA_C

3598     80 53 36 42 43 47 45 36 40 32 39 
CLJU_

c39340       54 37 41 42 43 43 36 35 30 37 
CLJU_

c28910         36 34 35 39 41 37 44 38 40 
CA_C

2448           34 37 37 37 38 32 35 36 
CA_C

2449             60 48 47 42 34 32 34 
CLJU_

c21940               48 47 44 33 34 33 
CLJU_

c42700                 89 42 38 34 38 
CLJU_

c42690                   44 39 36 38 
CLJU_

c36090                     40 34 35 
CA_C

2778                       36 42 
CA_C

2450                         40 
CLJU_

c09090                           
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Appendix 2 

 

 

This appendix contains Chapter 3 supplemental material. 
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Figure A2-1. Reactor tubes containing biocompsites (~0.0050 g cells extruded onto one 

lengthwise half (10 x 1cm) of a 10 x 2cm pre-autoclaved strip of Whatman 3MM 

chromatography paper). Biocompsites were hydrated in the reactor tubes with 3mL of 

1YCM and inserted into reactor tubes. CO only experiment was initiated by flushed with 

80%/20%. Reactor tubes were incubated horizontally in the shaker at 37C and 100rpm with 

the biocomposite oriented so that the cells remained in the gas phase as well as hydrated 

by the wicking action of the paper support. Cells for biocomposites were obtained from 

mid-log cultures of WT and OTA1 grown in 160 ml serum bottles containing 100 ml 

mRCMf with an 80% CO/20% N2 headspace. 
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Figure A2-2. Visual of the G336A mutation in CLJU_c09320 in Tablet Next-Generation 

Sequencing Visualization Software. Error in this version of Tablet makes it read as G335A. 

RNA sequencing reads from OTA1 (PRJNA299699) were aligned to the C. ljungdahlii 

DSM 13528 complete genome sequence (Accession CP001666). 
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Figure A2-3. NH4
+ concentration in mixotrophically grown cultures of OTA1 and WT at 

14 h (early log) and 72 h (the end of fermentation). 160 ml batch reactors had a 110 ml 

headspace volume. The data represent an average of three biological replicates per 

condition. Error bars indicate standard deviation. 
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Figure A2-4. Maps of Clostridium ljungdahlii flux balance analysis for heterotrophic (A) and mixotrophic (B) growth conditons. 

The map was produced with Escher online using the IHN637 model of Clostridium ljungdahlii. Metabolites and coenzymes: 2pg 

= D-glycerate 2-phosphate, 3pg = 3-phospho-D-glycerate, 5mthf = 5-methyltetrahydrofolate, 10fthf = 10-formyltetrahydrofolate, 

13dpg = 3-phospho-D-glyceroyl phosphate, ac = acetate, accoa = acetyl-coenzymeA, aceld = acetaldehyde, actp = acetyl 

phosphate, adp = adenosine diphosphate, atp = adenosine triphosphate, cfesp = corrinoid iron-sulfur protein, co = carbon 

monoxide, co2 = carbon dioxide, coa = coenzymeA, dhap = dihydroxyacetone phosphate, etoh = ethanol, f1p = D-fructose 1-

phosphate, fdp = D-fructose 1,6-bisphosphate, fdxo_4_2 = ferredoxin oxidized, fdxr_4_2 = ferredoxin reduced, for = formate, 

fru = D-fructose, g3p = glyceraldehyde 3-phosphate, h = proton, h2 = hydrogen, h2o = water molecule, mecfsp = methylcorrinoid 

iron-sulfur protein, methf = 5,10-methenyltetrahydrofolate, mlthf = 5,10-methylenetetrahydrofolate, nad = nicotinamide adenine 

dinucleotide oxidized, nadh = nicotinamide adenine dinucleotide reduced, nadp = nicotinamide adenine dinucleotide phosphate 

oxidized, nadph = nicotinamide adenine dinucleotide phosphate reduced, pi = inorganic phosphate, pep = phosphoenolpyruvate, 

pyr = pyruvate, and thf = tetrahydrofolate. A “c” at the end of metabolite codes refers to intercellular while an “e” refers to 

extracellular. Enzymes: ACKr = acetate kinase, ACALD = acetaldehyde dehydrogenase, ACt2r = acetate transport, ALCD2x = 

alcohol dehydrogenase, AOR_CL = aldehyde oxidoreductase, ATPS4r = ATP synthase, CO2t = carbon dioxide diffusion, COt 

= carbon monoxide diffusion, CODH_ACS = carbon monoxide dehydrogenase/acetyl-CoA synthase, CODH4_1 = carbon 

monoxide dehydrogenase, ENO = enolase, ETOHt = ethanol transport, EX_ac = acetate exchange, EX_co2 = carbon dioxide 

exchange, EX_co = carbon monoxide exchange, EX_etoh = ethanol exchange, EX_h2 = hydrogen exchange, FBA = fructose-

bisphosphate aldolase, FDH7 = formate dehydrogenase, FRNDPR2r_1 = ferredoxin:nadp reductase, FRUK = fructose-1-

phosphate kinase, FRUpts = D-fructose PTS transport, FTHFLi = formate-tetrahydrofolate ligase, GAPD = glyceraldehyde-3-

phosphate dehydrogenase, H2td = molecular hydrogen diffusion, HYDFDN2r = ferredoxin NADPH linked hydrogenase, METR 

= methyltetrahydrofolate:corrinoid iron-sulfur protein methyltransferase, MTHFC = methenyltetrahydrofolate cyclohydrolase, 

MTHFD = methylenetetrahydrofolate dehydrogenase, MTHFR5 = 5,10-methylenetetrahydrofolate reductase, PFL = pyruvate 

formate lyase, PGK = phosphoglycerate kinase, PGM = phosphoglycerate mutase, POR_2 = pyruvate:ferredoxin oxidoreductase, 

PTAr = phosphotransacetylase, PYK = pyruvate kinase, and RNF = ferredoxin:NAD oxidoreductase, TPI = triose-phosphate 

isomerase. Cl_biomass_DSM_WT_46p666M1 includes many reactions which generate cell biomass and flux lines to this 

reaction from select two carbon and three carbon metabolites acetyl-CoA, pyruvate, and glyceraldehyde-3-phosphate do not 

show intermediate metabolism to biomass to avoid unnecessary complexity. The first two numbers that appear next to each 

enzyme are the flux in mmol/gDW/h for OTA1 and WT strains, respectively, and the third number is the log2 fold change of 

those numbers. Negative and positive numbers do not necessarily indicate direction of flux; this is reaction dependent. Purple 

arrows indicate similar flux for both OTA1 and WT. Dark gray arrows indicate higher flux for OTA1 and red arrows indicate 

higher flux for WT. 
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Figure A2-5. Acetate reductase activity (U/mg) of cell-free extracts from 14 (early-log) 

and 36 h (late-log) cultures of OTA1 and WT grown in mixotrophic medium. 160 ml batch 

reactors had a 110 ml headspace volume. The data represent an average of three biological 

replicates per condition. Error bars indicate standard deviation. 
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Figure A2-6. CO consumed (A) and CO2 produced (B) by biocomposites. Calculated total 

CO2 produced over CO consumed by biocomposites (C). Reactor tubes containing 

biocompsites (~0.0050 g cells extruded onto one lengthwise half (10 x 1cm) of a 10 x 2 cm 

pre-autoclaved strip of Whatman 3MM chromatography paper). Biocompsites were 

hydrated in the reactor tubes with 3 ml of 1YCM and inserted into reactor tubes. CO only 

experiment was initiated by flushing with a 80% CO/20% N2 gas mixture. Reactor tubes 

were incubated horizontally in the shaker at 37°C and 100rpm with the biocomposite 

oriented so that the cells remained in the gas phase as well as hydrated by the wicking 

action of the paper support. Cells for biocomposites were obtained from mid-log cultures 

of WT and OTA1 grown in 160 ml serum bottles containing 100 ml mRCMf with an 80% 

CO/20% N2 headspace. 
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Table A2-1. All single nucleotide polymorphisms in Clostridium ljungdahlii OTA1 identified by DNA sequencing. 

Locus Tag Gene Annotation Base Change Protein Effect 

CLJU_c04490 glutamate-1-semialdehyde 2,1-aminomutase  G803T G268V 

CLJU_c09320 predicted transcriptional regulator G336A W112* 

CLJU_c11860 two-component sensor kinase C538T Q180K 

CLJU_c18110 DeoR family transcriptional regulator T317A L106* 

CLJU_c20490 allophanate hydrolase subunit 2 T386G I129S 

CLJU_c35070 transcriptional regulator C256A A86L 

CLJU_c37670 carbon monoxide dehydrogenase C1583A R528L 

CLJU_c40730 cobalt ABC transporter permease T483G I161M 
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Table A2-2. Significantly more highly expressed genes in WT than OTA1 cells at 36 

hours.  
Gene/LocusTag GeneProduct value1 value2 log2(Fold_change) 

normalized 

CLJU_c03450 hypothetical protein 98.26199 25.33687 4.002172964 

CLJU_c05430 predicted glycosyltransferase 310.231 79.89484 4.003946421 

CLJU_c27870 hypothetical protein 65.22089 16.72926 4.00973807 

CLJU_c31490 putative phage-related protein 601.3237 153.1785 4.019705565 

CLJU_c03500 conserved hypothetical protein 285.982 72.55037 4.025647253 

CLJU_c00460 hypothetical protein 266.8396 67.61224 4.027394413 

CLJU_c15300 carbamate kinase 312.301 79.10556 4.027863967 

CLJU_c35890 D-hydantoinase 503.4972 127.0899 4.032911783 

CLJU_c15150 conserved hypothetical protein 557.9451 140.385 4.037511682 

CLJU_c22550 conserved hypothetical protein 1477.991 371.5294 4.038866631 

CLJU_c16810 phage-related protein 3380.847 845.3963 4.046462877 

CLJU_c20830 conserved hypothetical protein 376.6936 93.17539 4.062148713 

CLJU_c26410 hypothetical protein 235.5155 58.0925 4.066176144 

CLJU_c30150 putative permease 812.7027 198.3692 4.081317723 

trpB tryptophan synthase beta chain 512.5512 125.0837 4.08158046 

CLJU_c31630 phage-related protein 7051.757 1716.476 4.08531101 

CLJU_c14860 hypothetical protein 128.5849 31.18675 4.090494432 

CLJU_c29480 conserved hypothetical protein 281.3977 68.20925 4.091349055 

CLJU_c22700 putative membrane protein 6793.616 1646.232 4.091789928 

CLJU_c15860 predicted permease 769.1048 185.2091 4.100803064 

CLJU_c05520 predicted polysaccharide 

biosynthesis protein 

364.6565 87.24495 4.110172299 

CLJU_c13710 transcriptional regulator 6266.882 1498.89 4.110631427 

CLJU_c18980 putative glycosyltransferase 632.6458 150.8719 4.114852127 

uppP undecaprenyl-diphosphatase 358.3607 85.40538 4.115791393 

CLJU_c00300 hypothetical protein 751.7314 178.8599 4.118165471 

CLJU_c05200 predicted RNA polymerase sigma 

factor 

422.4235 100.2788 4.12145157 

CLJU_c00450 hypothetical protein 106.9476 25.37137 4.122408653 

CLJU_c31110 conserved hypothetical protein 282.2018 66.75976 4.126454228 

CLJU_c15910 predicted multimodular 

transpeptidase-transglycosylase 

422.9946 99.83312 4.129826546 

CLJU_c15320 predicted nucleoside transporter 

family protein 

512.5807 120.9446 4.130210506 

CLJU_c30450 putative 3-methylitaconate 

isomerase 

622.0766 145.9954 4.137947197 

cmd carboxymuconolactone 

decarboxylase 

245.3111 57.40578 4.142122467 

CLJU_c15100 hypothetical protein 135.0353 31.46665 4.148219488 

CLJU_c39040 predicted spore germination 

protein 

341.7503 79.42583 4.152040053 

CLJU_c19890 lemA like protein 150.2277 34.83243 4.155425415 

CLJU_c07590 putative secretion protein HlyD 797.0969 184.6624 4.156642687 

CLJU_c04530 hypothetical protein 255.4793 59.16464 4.157177305 

CLJU_c35250 putative membrane protein 110.7746 25.62304 4.158891319 

CLJU_c35900 predicted uracil permease 483.7292 111.8443 4.159486326 

CLJU_c13800 putative permease 350.354 80.82338 4.162746678 
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Table A2-2. (continued) 

spoIIIAH predicted stage III sporulation 

protein AH 

294.6663 67.46348 4.173681055 

pflB2 pyruvate formate-lyase 4113.891 941.5825 4.174122091 

CLJU_c14700 iron only hydrogenase 451.9319 103.3406 4.175475899 

CLJU_c34350 predicted metal dependent 

transcriptional regulator 

307.9335 69.82975 4.187482979 

CLJU_c10980 hypothetical protein 204.243 46.16549 4.192177645 

CLJU_c07930 conserved hypothetical protein 145.1515 32.78249 4.19333959 

CLJU_c27940 predicted purine permease 726.4109 163.2932 4.200099034 

CLJU_c24020 conserved hypothetical protein 250.4402 56.29417 4.200186523 

fliD2 flagellar hook-associated protein 490.5211 110.2176 4.200737982 

CLJU_c38840 hypothetical protein 234.7101 52.63708 4.203506677 

CLJU_c02490 stage III sporulation protein D 159.3012 35.60169 4.208517795 

CLJU_c36490 conserved hypothetical protein 2564.144 572.2167 4.210621575 

CLJU_c36660 putative transcriptional regulator 16600.15 3682.672 4.219149232 

CLJU_c17210 predicted nickel binding GTPase 126.4204 28.01863 4.220549377 

CLJU_c39030 spore germination protein 454.3714 100.0508 4.229917249 

CLJU_c34860 putative ABC-type sugar transport 

system, ATPase component 

1595.353 350.1543 4.234590835 

CLJU_c00620 putative gluconate transporter 2285.458 501.2571 4.235638491 

CLJU_c15900 hypothetical protein 1225.373 267.3053 4.243438729 

CLJU_c23660 conserved hypothetical protein 436.3135 94.43095 4.254811098 

CLJU_c26060 PTS family enzyme IIC 579.6014 124.8368 4.261796172 

CLJU_c30350 conserved hypothetical protein 282.5089 60.76389 4.26378816 

CLJU_c03690 putative phage-related protein 195.0683 41.93574 4.264504897 

CLJU_c00550 conserved hypothetical protein 94.13778 20.16288 4.269849897 

CLJU_c07130 hypothetical protein 80.62047 17.21572 4.274197419 

CLJU_c08420 hypothetical protein 12.37043 2.639568 4.275299671 

CLJU_c30810 non-heme chloroperoxidase 290.0287 61.83488 4.276480777 

CLJU_c16600 hypothetical protein 260.2762 55.3689 4.279673428 

fixA predicted electron transfer 

flavoprotein beta subunit 

383.0961 81.47796 4.280002548 

CLJU_c40290 predicted protease 168.5299 35.69328 4.286058146 

CLJU_c23710 predicted nitrate reductase NADH 

oxidase subunit 

448.8841 95.01204 4.286938712 

CLJU_c04180 predicted amino acid ABC 

transporter 

553.2576 116.9775 4.288498065 

metK2 S-adenosylmethionine synthetase 472.2198 99.40193 4.294890628 

CLJU_c36630 hypothetical protein 4366.255 917.8247 4.296883868 

metB cystathione gamma-synthase 384.5297 80.75206 4.298301909 

CLJU_c34900 predicted transcriptional regulator 2941.311 616.8225 4.300310086 

CLJU_c38370 conserved hypothetical protein 542.6456 113.5092 4.303978996 

CLJU_c30360 hypothetical protein 514.2467 107.0541 4.310899254 

CLJU_c27370 hypothetical protein 148.5464 30.81743 4.315873249 

CLJU_c31620 putative phage-related hydrolase 1374.011 282.9657 4.326472263 

CLJU_c42660 hypothetical protein 210.8531 43.35279 4.328819715 

CLJU_c36570 phage-related protein 8293.897 1701.257 4.332226732 

CLJU_c36500 predicted phage related DNA 

helicase 

2840.351 580.889 4.336512648 
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CLJU_c18320 predicted ABC 

nitrate/sulfonate/bicarbonate 

family transporter, ATPase 

component 

387.8722 79.18396 4.339079167 

CLJU_c42510 predicted transcriptional regulator 360.7731 73.55378 4.340998301 

CLJU_c28880 two-component sensor histidine 

kinase 

620.373 125.9062 4.347564804 

CLJU_c40090 predicted transcriptional regulator 83.97531 16.97756 4.353113758 

CLJU_c32200 conserved hypothetical protein 144.8545 29.16713 4.3589673 

CLJU_c14810 predicted methyl-accepting 

chemotaxis protein 

416.5585 83.85717 4.35929082 

CLJU_c36560 phage-related protein 17304.49 3469.388 4.365171151 

CLJU_c06880 hypothetical protein 186.6304 37.22864 4.37247758 

CLJU_c29620 hypothetical protein 172.6189 34.40395 4.373722224 

CLJU_c01700 predicted spore maturation protein 

A 

267.0589 52.48648 4.393917833 

motA2 predicted flagellar motor protein 

MotA 

265.5796 51.9874 4.39968827 

CLJU_c37880 predicted metal binding protein 11946.34 2331.683 4.403902938 

CLJU_c27730 selenocysteine lyase 124.2271 24.19242 4.407130513 

CLJU_c16900 conserved hypothetical protein 243.8571 47.37067 4.410748085 

CLJU_c29350 conserved hypothetical protein 82.70074 16.01739 4.415039014 

CLJU_c15340 dihydroorotase 477.3364 92.15859 4.419593826 

CLJU_c32520 putative protein with DnaD/phage-

associated region 

694.6852 134 4.420903961 

CLJU_c31150 hypothetical protein 2844.542 546.1306 4.427656417 

CLJU_c27220 hypothetical protein 150.4124 28.76403 4.433363518 

CLJU_c38410 putative membrane protein 781.7761 149.3748 4.434596422 

CLJU_c22050 predicted stage V sporulation 

protein B 

415.3986 79.3319 4.435301425 

CLJU_c16750 conserved hypothetical protein 95.86467 18.19617 4.444142249 

CLJU_c19700 putative ferretin-like protein 115.9737 21.89692 4.451775152 

CLJU_c16740 hypothetical protein with a HTH 

motif 

261.6208 48.99222 4.463630231 

CLJU_c35160 predicted cell wall binding protein 1983.014 371.002 4.464973805 

CLJU_c19900 putative glycin-rich transmembrane 

protein 

291.0267 54.26391 4.469864388 

CLJU_c25190 conserved hypothetical protein 411.4341 76.68977 4.470333314 

CLJU_c39890 hypothetical protein 114.1805 21.26835 4.471314749 

adhE2 bifunctional aldehyde/alcohol 

dehydrogenase 

704.4459 130.6705 4.477333799 

CLJU_c33850 predicted hydrolase 530.1564 98.2717 4.478347963 

CLJU_c05450 hypothetical protein 425.2438 78.32739 4.487479455 

CLJU_c08720 2-dehydropantoate 2-reductase 494.1988 91.02372 4.487554985 

CLJU_c18520 putative recombinase 632.886 116.0552 4.493912957 

CLJU_c15580 hypothetical protein 561.254 102.8165 4.495360277 

CLJU_c12980 putative ATPase with chaperone 

activity 

756.4268 138.1351 4.499898163 

CLJU_c25590 conserved hypothetical protein 286.308 52.26582 4.500405863 

CLJU_c00250 hypothetical protein 279.3941 50.85628 4.504581414 

CLJU_c16380 conserved hypothetical protein 447.4743 81.34884 4.50638902 
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CLJU_c12250 predicted 

peptidoglycanglycosyltransferase 

612.2745 110.9021 4.511669306 

CLJU_c03560 phage related protein 667.6554 120.1502 4.521042164 

CLJU_c32380 hypothetical protein 198.6199 35.63541 4.525404969 

CLJU_c10960 hypothetical membrane associated 

protein 

101.0593 18.1174 4.526531973 

CLJU_c30980 hypothetical protein 120.9041 21.60926 4.530919727 

CLJU_c19270 predicted OsmC-like protein 170.2055 30.33965 4.534779779 

CLJU_c34340 predicted manganese/divalent 

cation transporter 

599.5218 106.8435 4.535090464 

CLJU_c08370 putative membrane protein 128.5312 22.87514 4.537044092 

CLJU_c38880 GtrA-like protein 116.1149 20.59956 4.541644891 

CLJU_c31120 conserved hypothetical protein 749.5275 132.7885 4.543629666 

trpG anthranilate synthase component II 498.553 88.30153 4.544014521 

CLJU_c00430 conserved hypothetical protein 996.2434 176.2583 4.545584955 

CLJU_c27130 predicted ABC transporter, ATPase 

component 

364.2321 64.26622 4.549503613 

CLJU_c19940 conserved hypothetical protein 489.7562 85.88507 4.558362305 

CLJU_c03720 putative phage related protein 666.4859 114.5262 4.58767511 

CLJU_c03280 hypothetical protein 304.1627 52.10241 4.592198982 

amaB2 N-carbamoyl-L-amino acid 

hydrolase 

520.6314 89.08989 4.593706649 

CLJU_c15870 DedA family protein 189.9121 32.41164 4.597526148 

CLJU_c14360 D-alanyl-D-alanine 

carboxypeptidase precursor 

208.6851 35.60562 4.597928501 

spoIIIAE predicted stage III sporulation 

protein AE 

448.3508 76.14556 4.604574103 

CLJU_c26310 conserved hypothetical protein 494.6138 83.98559 4.604866747 

alr1 alanine racemase 653.4974 110.854 4.606298051 

CLJU_c30460 aconitate hydratase/aconitase 1103.284 185.1568 4.621762865 

grkC predicted spore germination 

protein 

290.6547 48.52085 4.629407707 

CLJU_c03770 putative recombinase 709.3543 118.1785 4.632316149 

CLJU_c38390 putative sugar transporter 383.2265 63.53956 4.639248262 

CLJU_c35190 predicted ABC transporter, ATPase 

component 

552.0933 91.43831 4.640819276 

CLJU_c05420 predicted glycosyltransferase 488.7167 80.63374 4.64632057 

CLJU_c35480 predicted divalent cation 

transporter 

3158.106 519.7968 4.649817713 

spoIIIAA predicted stage III sporulation 

protein AA 

422.0302 68.654 4.666708488 

CLJU_c00270 hypothetical protein 219.1791 35.23677 4.68373457 

CLJU_c03660 phage-related protein 556.1684 89.10557 4.688712023 

CLJU_c21840 putative membrane protein 201.896 32.33731 4.689118764 

CLJU_c08690 putative oxidoreductase with a 

2Fe-2S iron-sulfur cluster domain 

907.4749 145.3444 4.689160248 

CLJU_c00400 phage-related protein 887.1724 141.8043 4.692091427 

CLJU_c18560 conserved hypothetical protein 396.8746 63.10621 4.699607139 

CLJU_c05410 predicted glycosyltransferase 345.9569 54.6367 4.70942821 

CLJU_c16820 conserved hypothetical protein 163.4731 25.73124 4.714238194 

CLJU_c35810 hypothetical protein 414.4638 65.00993 4.719291956 
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CLJU_c03730 hypothetical protein 236.7389 37.08337 4.721230406 

CLJU_c16830 putative bacteriophage terminase 505.4171 78.66233 4.730507382 

CLJU_c03510 hypothetical protein 397.5321 61.24751 4.745126182 

CLJU_c28830 putative cell wall binding protein 508.8955 78.38424 4.745511892 

CLJU_c29580 conserved hypothetical protein 69.56279 10.65264 4.753882172 

CLJU_c37850 putative FMN-binding protein 20241.47 3092.753 4.757128692 

CLJU_c00350 putative phage-related terminase 517.3169 78.65461 4.764223173 

CLJU_c03550 phage related protease 447.6299 68.00388 4.765395326 

CLJU_c36550 phage related DNA polymerase 7053.186 1067.36 4.771006464 

CLJU_c37840 dTDP-4-dehydrorhamnose 3,5 

epimerase 

14209.07 2149.83 4.771295594 

CLJU_c34640 predicted deacetylase 458.6508 69.30051 4.773236065 

CLJU_c06290 predicted ABC-type transporter, 

permease component 

301.9738 45.20845 4.786537207 

CLJU_c04910 nitrogen fixation regulatory protein 

I 

201.5903 30.13734 4.788580558 

CLJU_c22860 conserved hypothetical protein 231.2337 34.37208 4.796820455 

CLJU_c41970 conserved hypothetical protein 71.27504 10.55788 4.801855056 

grkB2 predicted spore germination 

protein 

330.43 48.9408 4.802013054 

exeF predicted general secretion 

pathway protein F 

363.6696 53.20286 4.819830539 

CLJU_c03600 phage conserved hypothetical 

protein 

306.1313 44.78113 4.819965311 

CLJU_c06820 predicted transcriptional regulator 253.2247 37.01943 4.82084137 

CLJU_c03640 phage protein 326.9792 47.62735 4.82611442 

rha putative phage regulatory protein 6568.049 956.6443 4.826188305 

CLJU_c31140 hypothetical protein 242.2537 35.24314 4.827882297 

CLJU_c38750 hypothetical protein 172.2379 24.80706 4.84235784 

CLJU_c13510 hypothetical protein 97.45384 13.95019 4.851212389 

gerAC2 spore germination protein, GerAC 397.9178 56.74381 4.856713479 

CLJU_c19680 putative membrane protein 489.7296 69.59183 4.861773547 

CLJU_c18570 conserved hypothetical protein 125.5592 17.81466 4.864008717 

CLJU_c28840 conserved hypothetical protein 324.9461 45.74232 4.875376793 

CLJU_c28370 predicted polysaccharide 

deacetylase 

990.969 139.3384 4.877024615 

CLJU_c10950 conserved hypothetical protein 111.2007 15.63129 4.877434822 

CLJU_c38910 putative membrane protein 493.0225 68.52668 4.893693613 

CLJU_c29970 predicted ABC-type transporter, 

permease component 

191.3211 26.31793 4.908655753 

CLJU_c35850 predicted Mn2+/Fe2+ transporter, 

NRAMP family 

339.5559 46.35686 4.919572312 

CLJU_c02480 putative peptidase 285.6845 38.61768 4.933867217 

hbd1 3-hydroxybutyryl-CoA 

dehydrogenase 

262.0512 34.68418 4.964277076 

CLJU_c07660 hypothetical protein 85.91271 11.34591 4.967477004 

CLJU_c18510 conserved hypothetical protein 325.5435 42.91791 4.969976246 

CLJU_c16590 hypothetical protein 214.0161 28.19714 4.970876109 

CLJU_c00240 putative phage protein 562.4655 73.77314 4.977374859 
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CLJU_c18330 ABC-type 

nitrate/sulfonate/bicarbonate 

transport systems periplasmic 

components-like protein 

421.892 55.09254 4.983722617 

CLJU_c16730 hypothetical protein 173.1605 22.59551 4.984779728 

CLJU_c26100 conserved hypothetical protein 111.4132 14.52538 4.986050299 

CLJU_c15970 hypothetical protein 189.1636 24.60113 4.989616016 

CLJU_c24390 predicted methyltransferase 286.6687 37.13398 4.995350186 

CLJU_c42500 predicted aminoacid permease 628.4459 81.37729 4.995868469 

CLJU_c40190 hypothetical membrane protein 135.6645 17.5478 4.99745861 

hyaB hydrogenase-1 large chain 437.9827 56.64194 4.997709346 

CLJU_c26880 conserved hypothetical protein 196.761 25.43252 4.998476088 

CLJU_c20990 predicted activator of (R)-2-

hydroxyglutaryl-CoA dehydratase 

430.8359 55.15411 5.012376075 

CLJU_c30160 predicted ABC transporter, ATPase 

component 

225.85 28.88563 5.013718995 

CLJU_c20120 predicted sigma-54-interacting 

transcription regulator 

456.9211 58.14155 5.021081742 

CLJU_c40030 hypothetical protein 726.3628 91.10696 5.041834927 

CLJU_c10930 conserved hypothetical protein 486.2766 60.98902 5.041933731 

CLJU_c03420 phage-related protein 951.1257 118.7424 5.048578562 

CLJU_c03760 DNA 

integration/recombination/invertio

n protein 

648.3837 80.30859 5.059999396 

CLJU_c18680 conserved hypothetical protein 732.6039 90.60761 5.062107002 

CLJU_c35960 predicted spore germination 

protein 

336.1126 41.53364 5.063370508 

CLJU_c25140 conserved hypothetical protein 284.8757 34.88403 5.07647186 

CLJU_c15980 conserved hypothetical protein 218.3268 26.58014 5.084846481 

CLJU_c09760 hypothetical transposase 28.25583 3.425113 5.091102698 

CLJU_c26070 phosphoenolpyruvate: sugar 

phosphotransferase system (PTS), 

fructose/mannose specific IIA 

subunit 

238.7352 28.78941 5.098579193 

CLJU_c31070 phage-related protein 951.9401 114.349 5.104204973 

CLJU_c15270 conserved hypothetical protein 381.3254 45.59667 5.110800308 

CLJU_c39320 predicted ribonuclease BN 292.875 34.53059 5.131115787 

CLJU_c39050 hypothetical membrane protein 206.6609 23.93135 5.157069804 

CLJU_c30820 hypothetical protein 490.274 56.74728 5.157743105 

CLJU_c41370 conserved hypothetical protein 243.7507 28.21284 5.157760321 

CLJU_c41900 conserved hypothetical protein 439.2009 50.64316 5.163219844 

gabT 4-aminobutyrate aminotransferase 353.3043 40.73741 5.163263121 

CLJU_c28850 TadE-like protein 476.956 54.39009 5.179218311 

CLJU_c40160 predicted polysaccharide 

deacetylase 

312.5023 35.48441 5.185387495 

CLJU_c00610 predicted dehydratase 2685.327 303.6933 5.191188904 

CLJU_c40020 conserved hypothetical protein 548.0239 61.90903 5.192794898 

CLJU_c04030 hypothetical protein 243.9882 27.51374 5.195365259 

CLJU_c03440 predicted phage related DNA 

helicase 

512.9248 57.12433 5.213347931 
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CLJU_c18310 predicted ABC 

nitrate/sulfonate/bicarbonate 

family transporter, permease 

component 

312.6488 34.78234 5.214894206 

CLJU_c32420 AbiF-like protein 236.0462 26.13993 5.221520098 

CLJU_c29230 predicted methyl-accepting 

chemotaxis protein 

951.5728 105.0471 5.226055978 

amaB1 N-carbamoyl-L-amino acid 

hydrolase 

459.8087 50.33165 5.238273818 

CLJU_c03410 conserved hypothetical protein 413.1354 44.67514 5.255848596 

CLJU_c15880 hypothetical protein 253.2463 26.7487 5.289778449 

spoIIIAF predicted stage III sporulation 

protein AF 

312.8027 32.95744 5.293354911 

CLJU_c42670 hypothetical protein 170.3931 17.93448 5.294837457 

CLJU_c03400 putative prophage antirepressor 182.1089 19.13151 5.297556756 

CLJU_c18540 hypothetical protein 312.2067 32.7032 5.30177575 

CLJU_c28810 putative type II secretion system 

protein E 

1044.645 108.9074 5.308617661 

CLJU_c08680 hypothetical protein 224.1402 23.27927 5.314061888 

CLJU_c30030 predicted amidohydrolase 317.4087 32.46478 5.336172588 

CLJU_c03620 putative phage related protein 210.2748 21.46007 5.3393271 

CLJU_c03740 predicted phage related amidase 240.0727 24.4951 5.339684481 

CLJU_c01710 predicted spore maturation protein 

B 

190.1263 19.30529 5.346668084 

CLJU_c15140 hypothetical protein 285.9777 28.65052 5.366047562 

CLJU_c15950 conserved membrane protein 293.5495 29.31371 5.370733812 

CLJU_c18550 conserved hypothetical protein 400.1592 39.40926 5.390745135 

CLJU_c37150 hypothetical protein 478.3067 46.84872 5.3986322 

CLJU_c38970 spore germination protein 438.0451 42.51525 5.411804841 

CLJU_c19330 conserved hypothetical protein 325.9712 31.493 5.418419391 

CLJU_c28820 putative response regulator 

receiver protein 

617.3131 58.82439 5.438293963 

CLJU_c13720 hypothetical protein 157.1702 14.5632 5.478706162 

CLJU_c02830 conserved hypothetical protein 142.4804 13.15965 5.483349048 

CLJU_c19010 hypothetical protein with a VanW 

domain 

97.93159 8.861951 5.512855988 

CLJU_c32580 N-acetylmuramoyl-L-alanine 

amidase 

255.1808 22.88816 5.525624212 

CLJU_c02450 conserved hypothetical protein 312.8604 28.0564 5.525895349 

CLJU_c11440 conserved hypothetical protein 239.1481 21.42951 5.527011231 

CLJU_c26040 putative dehydrogenase 232.5694 20.62851 5.541727545 

eutT2 predicted ethanolamine utilization 

cobalamin adenosyltransferase 

180.4752 15.99608 5.542788394 

CLJU_c14800 conserved protein with a sensory 

box/GGDEF and EAL domain 

555.6108 49.20125 5.544085496 

CLJU_c30480 citrate lyase beta chain, acyl lyase 

subunit 

5.663935 0 5.548582585 

CLJU_c19690 predicted glycosyltransferase 437.9647 38.39027 5.558779745 

CLJU_c40180 hypothetical protein 217.8255 19.05022 5.56207134 

CLJU_c27070 predicted ABC transporter, ATPase 

component 

442.8905 38.61704 5.566418466 

CLJU_c05190 hypothetical protein 314.7314 27.21667 5.578336934 
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CLJU_c42610 rhamnulokinase 807.61 69.16257 5.592373344 

CLJU_c03880 hypothetical membrane protein 208.1319 17.63712 5.607588805 

CLJU_c03480 predicted methylase with a ParB-

like nuclease domain 

509.6227 42.89982 5.617163863 

CLJU_c36480 phage-related protein 1204.815 101.3328 5.618415881 

CLJU_c32500 putative DNA binding protein 187.01 15.55644 5.634309573 

CLJU_c03380 phage-related protein 142.9202 11.76531 5.64937548 

CLJU_c03350 hypothetical protein 116.1208 9.505507 5.657496593 

CLJU_c32300 hypothetical protein 506.0752 41.42455 5.657571841 

CLJU_c03650 phage-related protein 378.5584 30.83443 5.664679759 

CLJU_c00480 hypothetical protein 268.595 21.74062 5.673745403 

CLJU_c03390 phage related DNA polymerase 799.167 64.54044 5.676999646 

CLJU_c23690 predicted purine catabolism PurC-

like protein 

784.6447 63.22805 5.680180671 

dacC D-alanyl-D-alanine 

carboxypeptidase 

678.1409 53.56008 5.709132975 

CLJU_c15330 allantoinase 511.1052 40.28614 5.71204269 

CLJU_c26050 PTS family enzyme IIB 144.3239 11.26169 5.726592703 

CLJU_c03360 hypothetical protein 110.4708 8.595673 5.730689057 

CLJU_c22200 predicted metal binding protein 

precursor 

2174.75 168.0845 5.740369041 

gerXA predicted spore germination 

protein 

615.9195 47.4275 5.745723952 

CLJU_c30910 hypothetical protein 490.581 35.94217 5.817519842 

CLJU_c04920 nitrogen regulatory protein P-II 228.0914 16.60671 5.826552237 

CLJU_c27600 hypothetical protein 208.5773 15.08091 5.836564814 

trpD anthranilate 

phosphoribosyltransferase 

267.7011 19.25196 5.844323895 

trpF N-(5'-phosphoribosyl)anthranilate 

isomerase 

400.3297 28.70977 5.8483528 

CLJU_c23010 conserved hypothetical protein 177.766 12.73815 5.849529128 

cspC1 cold-shock protein 97.73256 6.965366 5.85734612 

nifH4 nitrogenase iron protein 257.3353 18.11355 5.875285972 

CLJU_c03430 phage-related protein 235.0988 16.51807 5.877928343 

CLJU_c25710 predicted ABC transporter, ATPase 

component 

254.4428 17.36976 5.919469685 

CLJU_c10920 conserved hypothetical protein 73.69081 5.022055 5.921912834 

CLJU_c03670 phage-related protein 138.1782 9.40753 5.923348157 

CLJU_c38440 conserved hypothetical protein 349.6775 23.77848 5.925074116 

CLJU_c03530 phage terminase, large subunit 442.3568 29.2841 5.963799095 

CLJU_c32410 hypothetical protein 188.5416 12.37531 5.9761241 

CLJU_c16390 uncharacterized membrane protein 50.45725 3.295606 5.983223805 

CLJU_c02470 predicted stage II sporulation 

protein D 

319.7237 20.68923 5.996651565 

CLJU_c23620 putative nucleic-acid-binding 

protein containing a Zn-ribbon 

140.4092 8.957997 6.017094837 

CLJU_c03370 phage-related protein 314.8145 18.71251 6.119204957 

CLJU_c38760 hypothetical protein 174.2139 9.648051 6.221256087 

spoIIIAG predicted stage III sporulation 

protein AG 

433.491 23.60357 6.245702828 
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hyaA hydrogenase-1 small chain 

precursor 

234.1583 12.53181 6.270595192 

CLJU_c03470 putative phage-related protein 232.2257 12.1362 6.304916753 

CLJU_c21000 predicted activator of (R)-2-

hydroxyglutaryl-CoA dehydratase 

441.7868 21.94218 6.378349188 

CLJU_c30420 predicted transcriptional regulator, 

LysR family 

157.0051 7.775008 6.382601596 

CLJU_c00600 predicted pyruvate-dependent class 

I aldolase 

2034.883 97.84856 6.425029094 

CLJU_c03540 predicted phage portal protein 692.6694 31.76501 6.4934343 

CLJU_c28890 putative type IV leader peptidase 246.8607 10.98596 6.536742238 

CLJU_c18990 predicted glycosyltransferase 217.3876 9.468605 6.567751805 

CLJU_c39360 predicted transporter protein 475.4967 20.66617 6.570870305 

CLJU_c03490 conserved hypothetical protein 329.8532 14.1897 6.585686641 

CLJU_c03340 putative protein with a sigma-70 r4 

domain 

313.3241 12.75251 6.665580895 

CLJU_c03750 hypothetical protein 13.60628 0 6.81297823 

fdrA predicted FdrA 36.72672 1.33945 6.823895182 

CLJU_c03520 predicted phage terminase, small 

subunit 

204.6624 7.189739 6.877940745 

CLJU_c14720 NADH dehydrogenase, 24 kDa 

subunit 

217.0417 7.562343 6.889773052 

CLJU_c06270 predicted amidohydrolase 320.1624 11.07562 6.9001221 

CLJU_c19910 putative phage-related protein 47.8216 1.501644 7.039825542 

CLJU_c27010 putative membrane protein 792.235 22.09196 7.211113162 

CLJU_c03610 putative phage head-tail adaptor 133.6137 3.574717 7.270873331 

CLJU_c04140 hypothetical protein 37.65367 0 8.281496305 

CLJU_c34330 predicted transcriptional regulator, 

PadR family 

38.92845 0 8.329530762 

CLJU_c13590 hypothetical protein 79.62811 0 9.36198375 

CLJU_c28470 hypothetical protein 82.52779 0 9.413585961 

CLJU_c01590 hypothetical protein 87.57383 0 9.499205747 

CLJU_c16010 hypothetical protein 88.51721 0 9.514663885 

CLJU_c19000 hypothetical protein 92.01229 0 9.570532497 

CLJU_c29720 predicted small acid-soluble spore 

protein 

93.98745 0 9.601174069 

CLJU_c13500 hypothetical protein 102.8641 0 9.731373784 

CLJU_c16450 hypothetical protein 109.0747 0 9.815951048 

CLJU_c00440 hypothetical protein 113.2927 0 9.870688817 

CLJU_c32390 hypothetical protein 114.2489 0 9.88281453 

CLJU_c03290 hypothetical protein 116.8934 0 9.915827319 

CLJU_c07650 hypothetical protein 132.9212 0 10.10120521 

CLJU_c36130 conserved hypothetical protein 156.4448 0 10.33628817 

CLJU_c26990 hypothetical protein 186.9384 0 10.59319717 

CLJU_c40380 hypothetical protein with HTH motif 200.2606 0 10.6925125 

CLJU_c36360 hypothetical protein 201.4691 0 10.70119231 

CLJU_c07740 hypothetical protein 201.8142 0 10.70366188 

CLJU_c18530 hypothetical protein 256.7714 0 11.0511185 

CLJU_c35300 hypothetical protein 329.7655 0 11.41207437 

CLJU_c29510 hypothetical protein 437.2176 0 11.81898543 

CLJU_c00490 hypothetical protein 481.6647 0 11.95866311 
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Table A2-3. Expression profile of C. ljungdahlii genes of enzymes known and predicted to be directly involved in ethanol, 

acetate, and acetaldehyde production.  

Locus Tag Gene Annotation 14h Log2 F.C.† 36h Log2 F.C. 

CLJU_c11960 predicted acetaldehyde dehydrogenase 0.606 2.710 

CLJU_c12770 phosphotransacetylase -0.213 0.960 

CLJU_c12780 acetate kinase -0.235 -0.615 

CLJU_c16510 bifunctional aldehyde/alcohol dehydrogenase (AdhE1) -0.500 0.977 

CLJU_c20110 predicted tungsten-containing aldehyde ferredoxin oxidoreductase 0.635 2.599 

CLJU_c20210 predicted tungsten-containing aldehyde ferredoxin oxidoreductase 1.420 0.064 

CLJU_c23910 putative xanthine dehydrogenase, molybdopterin-binding subunit B 0.855 -1.015 

CLJU_c24050 predicted aldehyde oxidoreductase -0.237 3.683 

CLJU_c24130 predicted aldehyde oxidoreductase 2.577 -0.898 

CLJU_c39730 predicted acetaldehyde dehydrogenase 0.623 0.609 

CLJU_c39840 predicted acetaldehyde dehydrogenase -0.278 2.412 

† Comparisons in gene expression were made between WT and OTA1 cells. A positive N.Log2 F.C. (normalized Log2 fold change) 

value reflects higher expression by WT cells and a negative N.Log2 F.C. value reflects higher expression OTA1 cells. The threshold 

for comparison was set at an N.Log2 F.C. value of +/- 2. 
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Table A2-4. Heterotrophic and mixotrophic flux balance analysis performed with the 

IHN637 model of Clostridium ljungdahlii. Heterotrophic growth conditions were 

simulated by using the default parameters provided in the '1475-2859-12-118-s5.mat' 

file provide in Nagarajan et al. 2013 except the lower bount of EX_fru(e) was 

restricted -2.62 mmol/gDW/h. To simulate mixotrophic conditions the lower bound of 

EX_co(e) (seen below as EX_co_e) was also restricted to -0.73 mmol/gDW/h and the 

lower bound of EX_h2(e) (seen below as EX_h2_e) was also restricted to -0.36 

mmol/gDW/h. The CODH_ACS bounds were restricted to 0 to simulate OTA1. The 

model objective was set to optimize for production of biomass. Quotations were 

removed around reactions and letters or symbols were altered to match inputs needed 

for csv files for Escher map visulization. 

Culture Conditions Heterotrophic Mixotrophic 

Strain OTA1 WT OTA1 WT 

Cl_biomass_DSM_WT_46p666M1 0.11 0.12 0.11 0.12 

'DM_MTHTHF' 0.00 0.00 0.00 0.00 

'DM_succ(c)' 0.01 0.01 0.01 0.01 

EX_ac_e 0.00 4.93 0.00 5.12 

'EX_ala-D(e)' 0.00 0.00 0.00 0.00 

'EX_alaala(e)' 0.00 0.00 0.00 0.00 

'EX_alltn(e)' 0.00 0.00 0.00 0.00 

'EX_arab-L(e)' 0.00 0.00 0.00 0.00 

'EX_araban-L(e)' 0.00 0.00 0.00 0.00 

'EX_arg-L(e)' 0.00 0.00 0.00 0.00 

'EX_asn-L(e)' 0.00 0.00 0.00 0.00 

'EX_asp-L(e)' 0.00 0.00 0.00 0.00 

'EX_btd-RR(e)' 0.00 0.00 0.00 0.00 

'EX_btn(e)' 0.00 0.00 0.00 0.00 

'EX_btoh(e)' 0.00 0.00 0.00 0.00 

'EX_but(e)' 0.00 0.00 0.00 0.00 

'EX_ca2(e)' 0.00 0.00 0.00 0.00 

'EX_citr-L(e)' 0.00 0.00 0.00 0.00 

'EX_cl(e)' 0.00 0.00 0.00 0.00 

EX_co_e 0.00 0.00 -0.73 -0.73 

EX_co2_e 4.31 0.85 5.03 1.05 

'EX_cobalt2(e)' 0.00 0.00 0.00 0.00 

'EX_csn(e)' 0.00 0.00 0.00 0.00 

'EX_cu2(e)' 0.00 0.00 0.00 0.00 

'EX_cys-L(e)' 0.00 0.00 0.00 0.00 

EX_etoh_e 3.35 0.00 3.33 0.00 
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Table A2-4. (continued) 

'EX_fe2(e)' 0.00 0.00 0.00 0.00 

'EX_fol(e)' 0.00 0.00 0.00 0.00 

'EX_for(e)' 0.00 0.00 0.00 0.00 

'EX_fru(e)' -2.62 -2.62 -2.62 -2.62 

'EX_gal(e)' 0.00 0.00 0.00 0.00 

'EX_galctn-D(e)' 0.00 0.00 0.00 0.00 

'EX_galur(e)' 0.00 0.00 0.00 0.00 

'EX_glc(e)' 0.00 0.00 0.00 0.00 

'EX_glcn(e)' 0.00 0.00 0.00 0.00 

'EX_glcur(e)' 0.00 0.00 0.00 0.00 

'EX_gln-L(e)' 0.00 0.00 0.00 0.00 

'EX_glu-L(e)' 0.00 0.00 0.00 0.00 

'EX_gly(e)' 0.00 0.00 0.00 0.00 

'EX_glyb(e)' 0.00 0.00 0.00 0.00 

'EX_glyc(e)' 0.00 0.00 0.00 0.00 

'EX_h(e)' 0.60 5.57 0.61 5.78 

EX_h2_e 0.33 0.00 1.06 -0.36 

'EX_h2o(e)' 2.71 3.06 2.01 2.96 

'EX_his-L(e)' 0.00 0.00 0.00 0.00 

'EX_ile-L(e)' 0.00 0.00 0.00 0.00 

'EX_k(e)' -0.02 -0.02 -0.02 -0.02 

'EX_lac-D(e)' 0.00 0.00 0.00 0.00 

'EX_lac-L(e)' 0.00 0.00 0.00 0.00 

'EX_leu-L(e)' 0.00 0.00 0.00 0.00 

'EX_lys-L(e)' 0.00 0.00 0.00 0.00 

'EX_malt(e)' 0.00 0.00 0.00 0.00 

'EX_malthx(e)' 0.00 0.00 0.00 0.00 

'EX_malttr(e)' 0.00 0.00 0.00 0.00 

'EX_man(e)' 0.00 0.00 0.00 0.00 

'EX_met-L(e)' 0.00 0.00 0.00 0.00 

'EX_mg2(e)' 0.00 0.00 0.00 0.00 

'EX_mn2(e)' 0.00 0.00 0.00 0.00 

'EX_mobd(e)' 0.00 0.00 0.00 0.00 

'EX_murein4p3p(e)' 0.00 0.00 0.00 0.00 

'EX_murein4p4p(e)' 0.00 0.00 0.00 0.00 

'EX_murein4px4p(e)' 0.00 0.00 0.00 0.00 

'EX_murein4px4px4p(e)' 0.00 0.00 0.00 0.00 

'EX_murein5p3p(e)' 0.00 0.00 0.00 0.00 
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Table A2-4. (continued) 

'EX_murein5p4p(e)' 0.00 0.00 0.00 0.00 

'EX_murein5p5p(e)' 0.00 0.00 0.00 0.00 

'EX_murein5p5p5p(e)' 0.00 0.00 0.00 0.00 

'EX_murein5px3p(e)' 0.00 0.00 0.00 0.00 

'EX_murein5px4p(e)' 0.00 0.00 0.00 0.00 

'EX_murein5px4px4p(e)' 0.00 0.00 0.00 0.00 

'EX_na1(e)' 0.00 0.00 0.00 0.00 

'EX_nh4(e)' -0.82 -0.87 -0.83 -0.90 

'EX_ni2(e)' 0.00 0.00 0.00 0.00 

'EX_no2(e)' 0.00 0.00 0.00 0.00 

'EX_no3(e)' 0.00 0.00 0.00 0.00 

'EX_pi(e)' -0.13 -0.13 -0.13 -0.14 

'EX_pro-L(e)' 0.00 0.00 0.00 0.00 

'EX_ptrc(e)' 0.00 0.00 0.00 0.00 

'EX_pydxn(e)' 0.00 0.00 0.00 0.00 

'EX_pyr(e)' 0.00 0.00 0.00 0.00 

'EX_rib-D(e)' 0.00 0.00 0.00 0.00 

'EX_ribflv(e)' 0.00 0.00 0.00 0.00 

'EX_rmn(e)' 0.00 0.00 0.00 0.00 

'EX_ser-D(e)' 0.00 0.00 0.00 0.00 

'EX_ser-L(e)' 0.00 0.00 0.00 0.00 

'EX_so4(e)' -0.02 -0.02 -0.02 -0.02 

'EX_spmd(e)' 0.00 0.00 0.00 0.00 

'EX_taur(e)' 0.00 0.00 0.00 0.00 

'EX_thm(e)' 0.00 0.00 0.00 0.00 

'EX_trp-L(e)' 0.00 0.00 0.00 0.00 

'EX_uaagmda(e)' 0.00 0.00 0.00 0.00 

'EX_udcpdp(e)' 0.00 0.00 0.00 0.00 

'EX_udcpp(e)' 0.00 0.00 0.00 0.00 

'EX_ura(e)' 0.00 0.00 0.00 0.00 

'EX_val-L(e)' 0.00 0.00 0.00 0.00 

'EX_xan(e)' 0.00 0.00 0.00 0.00 

'EX_xyl-D(e)' 0.00 0.00 0.00 0.00 

'EX_zn2(e)' 0.00 0.00 0.00 0.00 

'3HAD100' 0.10 0.11 0.10 0.11 

'3HAD120' 0.05 0.05 0.05 0.05 

'3HAD121' 0.05 0.06 0.06 0.06 

'3HAD140' 0.05 0.05 0.05 0.05 
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Table A2-4. (continued) 

'3HAD141' 0.05 0.06 0.06 0.06 

'3HAD160' 0.04 0.04 0.04 0.04 

'3HAD161' 0.05 0.06 0.06 0.06 

'3HAD180' 0.00 0.00 0.00 0.00 

'3HAD181' 0.00 0.00 0.00 0.00 

'3HAD40' 0.10 0.11 0.10 0.11 

'3HAD60' 0.10 0.11 0.10 0.11 

'3HAD80' 0.10 0.11 0.10 0.11 

'3OAR100' 0.10 0.11 0.10 0.11 

'3OAR120' 0.05 0.05 0.05 0.05 

'3OAR121' 0.05 0.06 0.06 0.06 

'3OAR140' 0.05 0.05 0.05 0.05 

'3OAR141' 0.05 0.06 0.06 0.06 

'3OAR160' 0.04 0.04 0.04 0.04 

'3OAR161' 0.05 0.06 0.06 0.06 

'3OAR180' 0.00 0.00 0.00 0.00 

'3OAR181' 0.00 0.00 0.00 0.00 

'3OAR40' 0.10 0.11 0.10 0.11 

'3OAR60' 0.10 0.11 0.10 0.11 

'3OAR80' 0.10 0.11 0.10 0.11 

'3OAS100' 0.10 0.11 0.10 0.11 

'3OAS120' 0.05 0.05 0.05 0.05 

'3OAS121' 0.05 0.06 0.06 0.06 

'3OAS140' 0.05 0.05 0.05 0.05 

'3OAS141' 0.05 0.06 0.06 0.06 

'3OAS160' 0.04 0.04 0.04 0.04 

'3OAS161' 0.05 0.06 0.06 0.06 

'3OAS180' 0.00 0.00 0.00 0.00 

'3OAS181' 0.00 0.00 0.00 0.00 

'3OAS60' 0.10 0.11 0.10 0.11 

'3OAS80' 0.10 0.11 0.10 0.11 

'4HTHRS' 0.00 0.00 0.00 0.00 

'5HBZIDMT' 0.00 0.00 0.00 0.00 

'5HBZIDS2' 0.00 0.00 0.00 0.00 

'ABFA' 0.00 0.00 0.00 0.00 

'ABTA' 0.00 0.00 0.00 0.00 

'ABUTD' 0.00 0.00 0.00 0.00 

'ACACT1r' 0.00 0.00 0.00 0.00 
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Table A2-4. (continued) 

ACALD 0.00 0.00 0.00 0.00 

'ACBIPGT' 0.00 0.00 0.00 0.00 

'ACCOAC' 0.71 0.75 0.72 0.78 

'ACGK' 0.02 0.03 0.02 0.03 

'ACGS' 0.00 0.00 0.00 0.00 

'ACHBS' 0.02 0.03 0.02 0.03 

ACKr -3.32 -4.96 -3.30 -5.15 

ACLDC' 0.00 0.00 0.00 0.00 

'ACLS' 0.07 0.08 0.07 0.08 

'ACOAD1z' 0.00 0.00 0.00 0.00 

'ACOATA' 0.00 0.00 0.00 0.00 

'ACONT' 1000.00 1000.00 1000.00 1000.00 

'ACONTa' -999.91 -999.91 -999.91 -999.90 

'ACONTb' -999.91 -999.91 -999.91 -999.90 

'ACOTA' -0.02 -0.03 -0.02 -0.03 

'ACPS1' 0.00 0.00 0.00 0.00 

ACt2r 0.00 -4.93 0.00 -5.12 

'ADA' 0.00 0.00 0.00 0.00 

'ADCL' 0.00 0.00 0.00 0.00 

'ADCPS1' 0.00 0.00 0.00 0.00 

'ADCPS2' 0.00 0.00 0.00 0.00 

'ADCS' 0.00 0.00 0.00 0.00 

'ADCYRS' 0.00 0.00 0.00 0.00 

'ADD' 0.00 0.00 0.00 0.00 

'ADK1' 0.18 0.19 0.18 0.19 

'ADK2' 0.00 0.00 0.00 0.00 

'ADMDC' 0.00 0.00 0.00 0.00 

'ADOCBIK' 0.00 0.00 0.00 0.00 

'ADOCBLS' 0.00 0.00 0.00 0.00 

'ADPRDP' 0.00 0.00 0.00 0.00 

'ADPT' 0.00 0.00 0.00 0.00 

'ADSL1' 0.02 0.02 0.02 0.02 

'ADSL2' 0.02 0.02 0.02 0.02 

'ADSS' 0.02 0.02 0.02 0.02 

'AGPAT120' 0.00 0.00 0.00 0.00 

'AGPAT140' 0.01 0.01 0.01 0.01 

'AGPAT160' 0.02 0.02 0.02 0.02 

'AGPAT161' 0.03 0.03 0.03 0.03 
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Table A2-4. (continued) 

'AGPAT180' 0.00 0.00 0.00 0.00 

'AGPAT181' 0.00 0.00 0.00 0.00 

'AGPR' -0.02 -0.03 -0.02 -0.03 

'AHCYSNS' 0.00 0.00 0.00 0.00 

'AHSERL2' 0.02 0.01 0.02 0.01 

'AICART' 0.03 0.03 0.03 0.03 

'AIRCr' 0.02 0.02 0.02 0.02 

'ALAALAr' 0.00 0.00 0.00 0.00 

'ALAR' 0.04 0.05 0.05 0.05 

'ALATA_L' -0.09 -0.10 -0.09 -0.10 

ALCD2x -3.35 0.00 -3.33 0.00 

'ALCD2yi' 0.00 0.00 0.00 0.00 

'ALCD4' 0.00 0.00 0.00 0.00 

'ALCD4y' 0.00 0.00 0.00 0.00 

'ALLTN' 0.00 0.00 0.00 0.00 

'ALLTNt2r' 0.00 0.00 0.00 0.00 

'AMAA' 0.00 0.00 0.00 0.00 

'AMMQLT8' 0.00 0.00 0.00 0.00 

'ANPRT' 0.00 0.00 0.00 0.01 

'ANS' 0.00 0.00 0.00 0.00 

'ANS2' 0.00 0.00 0.00 0.01 

AOR_CL 3.34 0.05 3.32 0.05 

'APRAUR' 0.00 0.00 0.00 0.00 

'APSPr' 0.02 0.02 0.02 0.02 

'ARABR' 0.00 0.00 0.00 0.00 

'ARAI' 0.00 0.00 0.00 0.00 

'ARBabc' 0.00 0.00 0.00 0.00 

'ARBt2r' 0.00 0.00 0.00 0.00 

'ARGD' 0.00 0.00 0.00 0.00 

'ARGDC' 0.00 0.00 0.00 0.00 

'ARGN' 0.00 0.00 0.00 0.00 

'ARGSL' 0.02 0.03 0.02 0.03 

'ARGSS' 0.02 0.03 0.02 0.03 

'ARGt2r' 0.00 0.00 0.00 0.00 

'ASAD' -0.10 -0.05 -0.10 -0.05 

'ASNS1' 0.02 0.02 0.02 0.02 

'ASNt2r' 0.00 0.00 0.00 0.00 

'ASP1DC' 0.00 0.00 0.00 0.00 
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Table A2-4. (continued) 

'ASP4DC' 0.00 0.00 0.00 0.00 

'ASPCT' 0.01 0.01 0.01 0.01 

'ASPK' 0.10 0.05 0.10 0.05 

'ASPO2' 0.00 0.00 0.00 0.00 

'ASPO2y' 0.00 0.00 0.00 0.00 

'ASPR' 0.00 0.00 0.00 0.00 

'ASPT' 0.00 0.00 0.00 0.00 

'ASPTA' -0.21 -0.17 -0.21 -0.17 

'ASPt2' 0.00 0.00 0.00 0.00 

'ATPM' 0.45 0.45 0.45 0.45 

'ATPPRT' 0.01 0.01 0.01 0.01 

ATPS4r -0.33 0.12 -0.24 0.40 

'BACCL' 0.00 0.00 0.00 0.00 

'BTCOARx' 0.00 0.00 0.00 0.00 

'BTDD-RRx' 0.00 0.00 0.00 0.00 

'BTDt-RR' 0.00 0.00 0.00 0.00 

'BTNt2i' 0.00 0.00 0.00 0.00 

'BTOHt' 0.00 0.00 0.00 0.00 

'BUTKr' 0.00 0.00 0.00 0.00 

'BUTt' 0.00 0.00 0.00 0.00 

'CA2abc' 0.00 0.00 0.00 0.00 

'CBIAT' 0.00 0.00 0.00 0.00 

'CBLAT' 0.00 0.00 0.00 0.00 

'CBMKr' 0.04 0.04 0.04 0.04 

'CBPS' 0.00 0.00 0.00 0.00 

'CDPMEK' 0.00 0.00 0.00 0.00 

'CHORM' 0.03 0.03 0.03 0.03 

'CHORS' 0.03 0.03 0.03 0.03 

'CITL' 0.00 0.00 0.00 0.00 

'CITRt2r' 0.00 0.00 0.00 0.00 

'CLPNS120' 0.00 0.00 0.00 0.00 

'CLPNS140' 0.00 0.00 0.00 0.00 

'CLPNS160' 0.00 0.00 0.00 0.00 

'CLPNS161' 0.00 0.00 0.00 0.00 

'CLPNS180' 0.00 0.00 0.00 0.00 

'CLPNS181' 0.00 0.00 0.00 0.00 

'CLt3r_2' 0.00 0.00 0.00 0.00 

CO2t -4.31 -0.85 -5.03 -1.05 
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Table A2-4. (continued) 

CODH4_1 0.00 0.00 0.73 0.73 

CODH_ACS 0.00 1.76 0.00 2.01 

'COabc' 0.00 0.00 0.00 0.00 

COt 0.00 0.00 -0.73 -0.73 

'CPC2MT' 0.00 0.00 0.00 0.00 

'CPC3MT' 0.00 0.00 0.00 0.00 

'CPC4MT' 0.00 0.00 0.00 0.00 

'CPC5MT' 0.00 0.00 0.00 0.00 

'CPC6MT' 0.00 0.00 0.00 0.00 

'CPC6R' 0.00 0.00 0.00 0.00 

'CPC8MM' 0.00 0.00 0.00 0.00 

'CPPPGOAN2' 0.00 0.00 0.00 0.00 

'CS' 0.09 0.09 0.09 0.10 

'CSND' 0.00 0.00 0.00 0.00 

'CSNt2' 0.00 0.00 0.00 0.00 

'CTPS1' 0.01 0.01 0.01 0.01 

'CTPS2' 0.00 0.00 0.00 0.00 

'CYRDAAT' 0.00 0.00 0.00 0.00 

'CYRDAR' 0.00 0.00 0.00 0.00 

'CYRDAS' 0.00 0.00 0.00 0.00 

'CYSDS' 0.00 0.00 0.00 0.00 

'CYSS' 0.00 0.01 0.00 0.01 

'CYSSADS' 0.00 0.00 0.00 0.00 

'CYSTGL' 0.01 0.00 0.01 0.00 

'CYSTL' 0.00 0.00 0.00 0.00 

'CYSTS' 0.01 0.00 0.01 0.00 

'CYSabc' 0.00 0.00 0.00 0.00 

'CYTD' 0.00 0.00 0.00 0.00 

'CYTDK2' 0.00 0.00 0.00 0.00 

'CYTK1' 0.09 0.10 0.09 0.10 

'CYTK2' 0.00 0.00 0.00 0.00 

'Cuabc' 0.00 0.00 0.00 0.00 

'D-LACt2' 0.00 0.00 0.00 0.00 

'DADA' 0.00 0.00 0.00 0.00 

'DADK' 0.00 0.00 0.00 0.00 

'DAGK120' 0.00 0.00 0.00 0.00 

'DAGK140' 0.00 0.00 0.00 0.00 

'DAGK160' 0.00 0.00 0.00 0.00 
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Table A2-4. (continued) 

'DAGK161' 0.00 0.00 0.00 0.00 

'DAGK180' 0.00 0.00 0.00 0.00 

'DAGK181' 0.00 0.00 0.00 0.00 

'DALAt2' 0.00 0.00 0.00 0.00 

'DAPDC' 0.03 0.03 0.03 0.03 

'DAPE' 0.03 0.03 0.03 0.03 

'DAPNH4T' 0.03 0.03 0.03 0.03 

'DASYN120' 0.00 0.00 0.00 0.00 

'DASYN140' 0.01 0.01 0.01 0.01 

'DASYN160' 0.02 0.02 0.02 0.02 

'DASYN161' 0.03 0.03 0.03 0.03 

'DASYN180' 0.00 0.00 0.00 0.00 

'DASYN181' 0.00 0.00 0.00 0.00 

'DB4PS' 0.00 0.00 0.00 0.00 

'DCMPDAi' 0.00 0.00 0.00 0.00 

'DCYTD' 0.00 0.00 0.00 0.00 

'DDPA' 0.03 0.03 0.03 0.03 

'DDPGA' 0.00 0.00 0.00 0.00 

'DGK1' 0.00 0.00 0.00 0.00 

'DHAD1' 0.07 0.08 0.07 0.08 

'DHAD2' 0.02 0.03 0.02 0.03 

'DHAK' 0.00 0.00 0.00 0.00 

'DHDPRy' 0.03 0.03 0.03 0.03 

'DHDPS' 0.03 0.03 0.03 0.03 

'DHFR' 0.00 0.00 0.00 0.00 

'DHFS' 0.00 0.00 0.00 0.00 

'DHNAOT4' 0.00 0.00 0.00 0.00 

'DHNPA3' 0.00 0.00 0.00 0.00 

'DHORD5' 0.01 0.01 0.01 0.01 

'DHORTS' -0.01 -0.01 -0.01 -0.01 

'DHPPDA' 0.00 0.00 0.00 0.00 

'DHPS' 0.00 0.00 0.00 0.00 

'DHPS2' 0.00 0.00 0.00 0.00 

'DHPTDCs2' 0.00 0.00 0.00 0.00 

'DHQD' 0.03 0.03 0.03 0.03 

'DHQS' 0.03 0.03 0.03 0.03 

'DMATT' 0.00 0.00 0.00 0.00 

'DMPPS' 0.00 0.00 0.00 0.00 
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Table A2-4. (continued) 

'DPCOAK' 0.00 0.00 0.00 0.00 

'DPR' 0.00 0.00 0.00 0.00 

'DRPA' 0.00 0.00 0.00 0.00 

'DSERt2' 0.00 0.00 0.00 0.00 

'DTMPK' 0.00 0.00 0.00 0.00 

'DURAD' 0.00 0.00 0.00 0.00 

'DURIPP' 0.00 0.00 0.00 0.00 

'DUTPDP' 0.00 0.00 0.00 0.00 

'DXPRIi' 0.00 0.00 0.00 0.00 

'DXPS' 0.00 0.00 0.00 0.00 

'EAR100x' 0.05 0.05 0.05 0.05 

'EAR120x' 0.05 0.05 0.05 0.05 

'EAR121x' 0.05 0.06 0.06 0.06 

'EAR140x' 0.05 0.05 0.05 0.05 

'EAR141x' 0.05 0.06 0.06 0.06 

'EAR160x' 0.04 0.04 0.04 0.04 

'EAR161x' 0.05 0.06 0.06 0.06 

'EAR180x' 0.00 0.00 0.00 0.00 

'EAR181x' 0.00 0.00 0.00 0.00 

'EAR40x' 0.10 0.11 0.10 0.11 

'EAR60x' 0.10 0.11 0.10 0.11 

'EAR80x' 0.10 0.11 0.10 0.11 

'ECOAH1' 0.00 0.00 0.00 0.00 

'EDA' 0.00 0.00 0.00 0.00 

ENO 4.88 4.80 4.88 4.79 

ETOHt -3.35 0.00 -3.33 0.00 

'FACOAL140' 0.00 0.00 0.00 0.00 

'FACOAL160' 0.00 0.00 0.00 0.00 

'FACOAL180' 0.00 0.00 0.00 0.00 

FBA 2.57 2.57 2.57 2.57 

'FBA3' 0.00 0.00 0.00 0.00 

'FBP' 0.05 0.05 0.05 0.05 

FDH7 
-

1000.00 
-998.30 

-

1000.00 
-998.05 

'FE2abc' 0.00 0.00 0.00 0.00 

'FGLU' 0.00 0.00 0.00 0.00 

'FMNAT' 0.00 0.00 0.00 0.00 

'FOLR2' 0.00 0.00 0.00 0.00 

'FOLt' 0.00 0.00 0.00 0.00 
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Table A2-4. (continued) 

'FORt2' 0.00 0.00 0.00 0.00 

'FRD2' 0.01 0.01 0.01 0.01 

FRNDPR2r_1 1.02 1.79 1.21 1.85 

'FRTT' 0.00 0.00 0.00 0.00 

FRUK 2.62 2.62 2.62 2.62 

FRUpts 2.62 2.62 2.62 2.62 

FTHFLi 0.00 1.70 0.00 1.95 

'FUM' 0.05 0.05 0.05 0.05 

'G1PACT' 0.01 0.01 0.01 0.01 

'G1PTT' 0.00 0.00 0.00 0.00 

'G1SAT' 0.00 0.00 0.00 0.00 

'G3PAT120' 0.00 0.00 0.00 0.00 

'G3PAT140' 0.01 0.01 0.01 0.01 

'G3PAT160' 0.02 0.02 0.02 0.02 

'G3PAT161' 0.03 0.03 0.03 0.03 

'G3PAT180' 0.00 0.00 0.00 0.00 

'G3PAT181' 0.00 0.00 0.00 0.00 

'G3PCT' 0.04 0.04 0.04 0.05 

'G3PD2' -0.11 -0.11 -0.11 -0.12 

'G5SADr' 0.02 0.02 0.02 0.02 

'G5SD' 0.02 0.02 0.02 0.02 

'GALCTD' 0.00 0.00 0.00 0.00 

'GALCTNt2r' 0.00 0.00 0.00 0.00 

'GALU' 0.00 0.00 0.00 0.00 

'GALURt2r' 0.00 0.00 0.00 0.00 

'GALabc' 0.00 0.00 0.00 0.00 

GAPD 5.01 4.99 5.01 4.99 

'GARFT' 0.02 0.02 0.02 0.02 

'GCCa' 0.00 0.00 0.00 0.00 

'GCCb' 0.00 0.00 0.00 0.00 

'GCCc' 0.00 0.00 0.00 0.00 

'GF6PTA' 0.01 0.01 0.01 0.01 

'GHMT2r' 0.06 0.12 0.06 0.12 

'GK1' 1000.00 1000.00 1000.00 1000.00 

'GK2' -999.99 -999.99 -999.99 -999.99 

'GLCNt2r' 0.00 0.00 0.00 0.00 

'GLCRD' 0.00 0.00 0.00 0.00 

'GLCURt2r' 0.00 0.00 0.00 0.00 
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Table A2-4. (continued) 

'GLCt2' 0.00 0.00 0.00 0.00 

'GLNS' 0.10 0.11 0.10 0.11 

'GLNabc' 0.00 0.00 0.00 0.00 

'GLU5K' 0.02 0.02 0.02 0.02 

'GLUDy' -0.70 -0.74 -0.70 -0.76 

'GLUPRT' 0.02 0.02 0.02 0.02 

'GLUR' 0.00 0.00 0.00 0.00 

'GLUSy' 0.00 0.00 0.00 0.00 

'GLUTRR' 0.00 0.00 0.00 0.00 

'GLUTRS' 0.00 0.00 0.00 0.00 

'GLUabc' 0.00 0.00 0.00 0.00 

'GLUt2' 0.00 0.00 0.00 0.00 

'GLUt4' 0.00 0.00 0.00 0.00 

'GLYBt2r' 0.00 0.00 0.00 0.00 

'GLYCDx' 0.00 0.00 0.00 0.00 

'GLYCK' 0.00 0.00 0.00 0.00 

'GLYCL' 0.00 0.00 0.00 0.00 

'GLYCt' 0.00 0.00 0.00 0.00 

'GLYt2' 0.00 0.00 0.00 0.00 

'GMPS2' 0.01 0.01 0.01 0.01 

'GND' 0.00 0.00 0.00 0.00 

'GNK' 0.00 0.00 0.00 0.00 

'GPDDA1' 0.00 0.00 0.00 0.00 

'GPDDA2' 0.00 0.00 0.00 0.00 

'GPDDA4' 0.00 0.00 0.00 0.00 

'GRTT' 0.00 0.00 0.00 0.00 

'GTPCI' 0.00 0.00 0.00 0.00 

'GTPCII' 0.00 0.00 0.00 0.00 

'GTPDPK' 0.00 0.00 0.00 0.00 

'GUAD' 0.00 0.00 0.00 0.00 

'GUAPRT' 0.00 0.00 0.00 0.00 

'H2Ot' -2.72 -3.06 -2.01 -2.96 

H2td 0.33 0.00 1.06 -0.36 

'HACD1' 0.00 0.00 0.00 0.00 

'HAMR' 0.00 0.00 0.00 0.00 

'HCITS' 0.00 0.00 0.00 0.00 

'HCO3E' 0.96 0.97 0.97 0.99 

'HETZK' 0.00 0.00 0.00 0.00 
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Table A2-4. (continued) 

'HEX1' 0.00 0.00 0.00 0.00 

'HISD' 0.00 0.00 0.00 0.00 

'HISTD' 0.01 0.01 0.01 0.01 

'HISTP' 0.01 0.01 0.01 0.01 

'HISt2r' 0.00 0.00 0.00 0.00 

'HMBS' 0.00 0.00 0.00 0.00 

'HMPK1' 0.00 0.00 0.00 0.00 

'HPPK' 0.00 0.00 0.00 0.00 

'HSDy' -0.07 -0.01 -0.07 -0.01 

'HSERTA' 0.02 0.01 0.02 0.01 

'HSK' 0.05 0.00 0.05 0.00 

'HSST' 0.00 0.00 0.00 0.00 

'HSTPT' 0.01 0.01 0.01 0.01 

'HXAND' 0.00 0.00 0.00 0.00 

'HXPRT' 0.00 0.00 0.00 0.00 

'HYD2' 0.00 0.00 0.00 0.00 

HYDFDN2r -0.16 0.00 -0.53 0.18 

'HYDFDNr' 0.00 0.00 0.00 0.00 

'HYDFDi' 0.00 0.00 0.00 0.00 

'ICDHx' 0.09 0.09 0.09 0.10 

'IG3PS' 0.01 0.01 0.01 0.01 

'IGPDH' 0.01 0.01 0.01 0.01 

'IGPS' 0.00 0.00 0.00 0.01 

'ILETA' -0.02 -0.03 -0.02 -0.03 

'ILETRS' 0.00 0.00 0.00 0.00 

'ILEt2r' 0.00 0.00 0.00 0.00 

'IMPC' -0.03 -0.03 -0.03 -0.03 

'IMPD' 0.01 0.01 0.01 0.01 

'IPDPS' 0.00 0.00 0.00 0.00 

'IPMD' 0.04 0.04 0.04 0.04 

'IPPMIa' -0.04 -0.04 -0.04 -0.04 

'IPPMIb' -0.04 -0.04 -0.04 -0.04 

'IPPS' 0.04 0.04 0.04 0.04 

'IZPN' 0.00 0.00 0.00 0.00 

'KARA1' -0.07 -0.08 -0.07 -0.08 

'KARA2' 0.02 0.03 0.02 0.03 

'KAS14' 0.00 0.00 0.00 0.00 

'KAS15' 0.10 0.11 0.10 0.11 
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Table A2-4. (continued) 

'Kabc' 0.02 0.02 0.02 0.02 

'LCARS' 0.00 0.00 0.00 0.00 

'LDH_D' 0.00 0.00 0.00 0.00 

'LEUTA' -0.04 -0.04 -0.04 -0.04 

'LEUTRS' 0.00 0.00 0.00 0.00 

'LEUt2r' 0.00 0.00 0.00 0.00 

'LYSDC' 0.00 0.00 0.00 0.00 

'LYSt2r' 0.00 0.00 0.00 0.00 

'MALTHXabc' 0.00 0.00 0.00 0.00 

'MALTTRabc' 0.00 0.00 0.00 0.00 

'MALTabc' 0.00 0.00 0.00 0.00 

'MAN1PT2' 0.00 0.00 0.00 0.00 

'MAN6PI' 0.00 0.00 0.00 0.00 

'MANpts' 0.00 0.00 0.00 0.00 

'MCOATA' 0.71 0.75 0.72 0.78 

'MCTP1Aex' 0.00 0.00 0.00 0.00 

'MCTP1Bex' 0.00 0.00 0.00 0.00 

'MCTP2Aex' 0.00 0.00 0.00 0.00 

'MDDCP1ex' 0.00 0.00 0.00 0.00 

'MDDCP2ex' 0.00 0.00 0.00 0.00 

'MDDCP3ex' 0.00 0.00 0.00 0.00 

'MDDCP4ex' 0.00 0.00 0.00 0.00 

'MDDCP5ex' 0.00 0.00 0.00 0.00 

'MDH' 0.05 0.05 0.05 0.05 

'ME1' 0.00 0.00 0.00 0.00 

'ME2' 0.00 0.00 0.00 0.00 

'MECDPDH2' 0.00 0.00 0.00 0.00 

'MECDPS' 0.00 0.00 0.00 0.00 

'MEPCT' 0.00 0.00 0.00 0.00 

'METAT' 0.00 0.00 0.00 0.00 

METR 0.00 1.76 0.00 2.01 

'METS' 0.01 0.01 0.01 0.01 

'METTRS' 0.00 0.00 0.00 0.00 

'METt2r' 0.00 0.00 0.00 0.00 

'MGSA' 0.00 0.00 0.00 0.00 

'MGt5' 0.00 0.00 0.00 0.00 

'MNabc' 0.00 0.00 0.00 0.00 

'MNt2' 0.00 0.00 0.00 0.00 
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Table A2-4. (continued) 

'MOBDabc' 0.00 0.00 0.00 0.00 

'MOHMT' 0.00 0.00 0.00 0.00 

'MPTG2ex' 0.00 0.00 0.00 0.00 

'MPTGex' 0.00 0.00 0.00 0.00 

'MTAN' 0.00 0.00 0.00 0.00 

MTHFC 0.04 -1.66 0.04 -1.90 

MTHFD 0.04 -1.66 0.04 -1.90 

MTHFR5 0.01 1.77 0.01 2.02 

'MTHTHFSs' 0.00 0.00 0.00 0.00 

'NADK' 0.00 0.00 0.00 0.00 

'NADS1' 0.00 0.00 0.00 0.00 

'NADS2' 0.00 0.00 0.00 0.00 

'NAPRT' 0.00 0.00 0.00 0.00 

'NAt3_2' 0.00 0.00 0.00 0.00 

'NDPK1' 0.05 0.05 0.05 0.05 

'NDPK2' 0.02 0.02 0.02 0.02 

'NDPK3' 0.09 0.10 0.09 0.10 

'NDPK4' 0.00 0.00 0.00 0.00 

'NDPK5' 0.00 0.00 0.00 0.00 

'NDPK6' 0.00 0.00 0.00 0.00 

'NDPK7' 0.00 0.00 0.00 0.00 

'NDPK8' -999.99 -999.99 -999.99 -999.99 

'NFORGLUAH' 0.00 0.00 0.00 0.00 

'NH4t' 0.82 0.87 0.83 0.90 

'NIT1b' 0.00 0.00 0.00 0.00 

'NIabc' 0.00 0.00 0.00 0.00 

'NNAM' 0.00 0.00 0.00 0.00 

'NNAT' 0.00 0.00 0.00 0.00 

'NNDMBRT' 0.00 0.00 0.00 0.00 

'NNDPR' 0.00 0.00 0.00 0.00 

'NO2t2r' 0.00 0.00 0.00 0.00 

'NO3t2' 0.00 0.00 0.00 0.00 

'NTPP1' 0.00 0.00 0.00 0.00 

'NTPP10' 0.00 0.00 0.00 0.00 

'NTPP2' 0.00 0.00 0.00 0.00 

'NTPP3' 0.00 0.00 0.00 0.00 

'NTPP4' 0.00 0.00 0.00 0.00 

'NTPP5' 0.00 0.00 0.00 0.00 
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Table A2-4. (continued) 

'NTPP6' 0.00 0.00 0.00 0.00 

'NTPP7' 0.00 0.00 0.00 0.00 

'NTPP8' 0.00 0.00 0.00 0.00 

'NTPP9' 0.00 0.00 0.00 0.00 

'NTRARf' 0.00 0.00 0.00 0.00 

'NTRIR5' 0.00 0.00 0.00 0.00 

'OBTFL' 0.00 0.00 0.00 0.00 

'OCBT' 0.02 0.03 0.02 0.03 

'OCTDPS' 0.00 0.00 0.00 0.00 

'OMCDC' 0.04 0.04 0.04 0.04 

'OMPDC' 0.01 0.01 0.01 0.01 

'ORNDC' 0.00 0.00 0.00 0.00 

'ORNTAC' 0.02 0.03 0.02 0.03 

'ORPT' -0.01 -0.01 -0.01 -0.01 

'P5CR' 0.00 0.00 0.00 0.00 

'P5CRx' 0.02 0.02 0.02 0.02 

'PANTS' 0.00 0.00 0.00 0.00 

'PAPPT3' 0.00 0.00 0.00 0.00 

'PBUTT' 0.00 0.00 0.00 0.00 

'PC' 0.25 0.21 0.25 0.22 

'PC11M' 0.00 0.00 0.00 0.00 

'PC17M' 0.00 0.00 0.00 0.00 

'PC20M' 0.00 0.00 0.00 0.00 

'PC6AR' 0.00 0.00 0.00 0.00 

'PC6YM' 0.00 0.00 0.00 0.00 

'PC8XM' 0.00 0.00 0.00 0.00 

'PDX5PO2' 0.00 0.00 0.00 0.00 

'PFK' 0.00 0.00 0.00 0.00 

'PFK_2' 0.00 0.00 0.00 0.00 

'PFK_3' 0.00 0.00 0.00 0.00 

PFL 1000.00 1000.00 1000.00 1000.00 

'PGAMT' -0.01 -0.01 -0.01 -0.01 

'PGCD' 0.13 0.19 0.13 0.20 

'PGI' 0.00 0.00 0.00 0.00 

PGK -5.01 -4.99 -5.01 -4.99 

PGM -4.88 -4.80 -4.88 -4.79 

'PGMT' 0.00 0.00 0.00 0.00 

'PGPP120' 0.00 0.00 0.00 0.00 
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Table A2-4. (continued) 

'PGPP140' 0.00 0.00 0.00 0.00 

'PGPP160' 0.00 0.01 0.00 0.01 

'PGPP161' 0.01 0.01 0.01 0.01 

'PGPP180' 0.00 0.00 0.00 0.00 

'PGPP181' 0.00 0.00 0.00 0.00 

'PGSA120' 0.00 0.00 0.00 0.00 

'PGSA140' 0.00 0.00 0.00 0.00 

'PGSA160' 0.00 0.01 0.00 0.01 

'PGSA161' 0.01 0.01 0.01 0.01 

'PGSA180' 0.00 0.00 0.00 0.00 

'PGSA181' 0.00 0.00 0.00 0.00 

'PHETA1' -0.02 -0.02 -0.02 -0.02 

'PHETRS' 0.00 0.00 0.00 0.00 

'PIabc' 0.00 0.00 0.00 0.00 

'PIt2r' 0.13 0.14 0.13 0.14 

'PLPS' 0.00 0.00 0.00 0.00 

'PMPK' 0.00 0.00 0.00 0.00 

'PNP' 0.00 0.00 0.00 0.00 

'PNTK' 0.00 0.00 0.00 0.00 

POR_2 -995.72 -995.78 -995.72 -995.80 

'PPA' 0.30 0.32 0.30 0.33 

'PPAKr' 0.00 0.00 0.00 0.00 

'PPBNGS' 0.00 0.00 0.00 0.00 

'PPCDC' 0.00 0.00 0.00 0.00 

'PPCK' 0.00 0.00 0.00 0.00 

'PPDK' 0.00 0.00 0.00 0.00 

'PPM' 0.00 0.00 0.00 0.00 

'PPM2' 0.00 0.00 0.00 0.00 

'PPNCL2' 0.00 0.00 0.00 0.00 

'PPND' 0.01 0.01 0.01 0.01 

'PPNDH' 0.02 0.02 0.02 0.02 

'PRAGS' 0.02 0.02 0.02 0.02 

'PRAI' 0.00 0.00 0.00 0.01 

'PRAIS' 0.02 0.02 0.02 0.02 

'PRAMPC' 0.01 0.01 0.01 0.01 

'PRASCS' 0.02 0.02 0.02 0.02 

'PRATPP' 0.01 0.01 0.01 0.01 

'PRFGS' 0.02 0.02 0.02 0.02 
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Table A2-4. (continued) 

'PRMICI' 0.01 0.01 0.01 0.01 

'PROt4' 0.00 0.00 0.00 0.00 

'PRPPS' 0.04 0.05 0.04 0.05 

'PSCVT' 0.03 0.03 0.03 0.03 

'PSD120' 0.00 0.00 0.00 0.00 

'PSD140' 0.00 0.00 0.00 0.00 

'PSD160' 0.01 0.01 0.01 0.01 

'PSD161' 0.02 0.02 0.02 0.02 

'PSD180' 0.00 0.00 0.00 0.00 

'PSD181' 0.00 0.00 0.00 0.00 

'PSERT' 0.13 0.19 0.13 0.20 

'PSP_L' 0.13 0.19 0.13 0.20 

'PSSA120' 0.00 0.00 0.00 0.00 

'PSSA140' 0.00 0.00 0.00 0.00 

'PSSA160' 0.01 0.01 0.01 0.01 

'PSSA161' 0.02 0.02 0.02 0.02 

'PSSA180' 0.00 0.00 0.00 0.00 

'PSSA181' 0.00 0.00 0.00 0.00 

PTA2' 0.00 0.00 0.00 0.00 

PTAr 3.32 4.96 3.30 5.15 

'PTPATi' 0.00 0.00 0.00 0.00 

'PTRCTA' 0.00 0.00 0.00 0.00 

'PTRCabc' 0.00 0.00 0.00 0.00 

'PUNP1' 0.00 0.00 0.00 0.00 

'PUNP2' 0.00 0.00 0.00 0.00 

'PUNP3' 0.00 0.00 0.00 0.00 

'PUNP4' 0.00 0.00 0.00 0.00 

'PUNP5' 0.00 0.00 0.00 0.00 

'PUNP6' 0.00 0.00 0.00 0.00 

'PUNP7' 0.00 0.00 0.00 0.00 

'PYDXNK' 0.00 0.00 0.00 0.00 

'PYDXNtr' 0.00 0.00 0.00 0.00 

PYK 2.20 2.11 2.19 2.10 

'PYNP1' 0.00 0.00 0.00 0.00 

'PYRt2r' 0.00 0.00 0.00 0.00 

'QULNS' 0.00 0.00 0.00 0.00 

'RBFK' 0.00 0.00 0.00 0.00 

'RBFSa' 0.00 0.00 0.00 0.00 
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Table A2-4. (continued) 

'RBK' 0.00 0.00 0.00 0.00 

'RBK_L1' 0.00 0.00 0.00 0.00 

'RBP4E' 0.00 0.00 0.00 0.00 

'RHCCE' 0.00 0.00 0.00 0.00 

'RIBFLVt2' 0.00 0.00 0.00 0.00 

'RIBabc' 0.00 0.00 0.00 0.00 

'RMI' 0.00 0.00 0.00 0.00 

'RMK' 0.00 0.00 0.00 0.00 

'RMNt' 0.00 0.00 0.00 0.00 

'RMPA' 0.00 0.00 0.00 0.00 

'RNDR1' 0.00 0.00 0.00 0.00 

'RNDR2' 0.00 0.00 0.00 0.00 

'RNDR3' 0.00 0.00 0.00 0.00 

'RNDR4' 0.00 0.00 0.00 0.00 

RNF -0.28 0.64 -0.10 1.21 

'RNTR1' 0.00 0.00 0.00 0.00 

'RNTR2' 0.00 0.00 0.00 0.00 

'RNTR3' 0.00 0.00 0.00 0.00 

'RNTR4' 0.00 0.00 0.00 0.00 

'RPE' -0.04 -0.04 -0.04 -0.04 

'RPI' -0.04 -0.04 -0.04 -0.04 

'RZ5PP' 0.00 0.00 0.00 0.00 

'SADT2' 0.02 0.02 0.02 0.02 

'SDPDS' 0.00 0.00 0.00 0.00 

'SDPTA' 0.00 0.00 0.00 0.00 

'SELNPS' 0.00 0.00 0.00 0.00 

'SERAT' 0.00 0.01 0.00 0.01 

'SERD_L' 0.00 0.00 0.00 0.00 

'SERTRS' 0.00 0.00 0.00 0.00 

'SERt2r' 0.00 0.00 0.00 0.00 

'SHCHCC' 0.00 0.00 0.00 0.00 

'SHCHD2' 0.00 0.00 0.00 0.00 

'SHCHF' 0.00 0.00 0.00 0.00 

'SHK3Dr' 0.03 0.03 0.03 0.03 

'SHKK' 0.03 0.03 0.03 0.03 

'SHSL2r' 0.00 0.00 0.00 0.00 

'SO4t2' 0.02 0.02 0.02 0.02 

'SPMDabc' 0.00 0.00 0.00 0.00 
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Table A2-4. (continued) 

'SPMS' 0.00 0.00 0.00 0.00 

'SPODM' 0.00 0.00 0.00 0.00 

'SSALx' 0.00 0.00 0.00 0.00 

'STPT2' 0.00 0.00 0.00 0.00 

'SULR3' 0.02 0.02 0.02 0.02 

'SULabc' 0.00 0.00 0.00 0.00 

'T2DECAI' 0.05 0.06 0.06 0.06 

'TALA' 0.00 0.00 0.00 0.00 

'TAURabc' 0.00 0.00 0.00 0.00 

'TDPDRE' 0.00 0.00 0.00 0.00 

'TDPDRR' 0.00 0.00 0.00 0.00 

'TDPGDH' 0.00 0.00 0.00 0.00 

'TECAS_CL' 0.00 0.00 0.00 0.00 

'THDPS' 0.00 0.00 0.00 0.00 

'THFGLUS' 0.00 0.00 0.00 0.00 

'THMt2' 0.00 0.00 0.00 0.00 

'THRAr' 0.01 -0.05 0.01 -0.05 

'THRD_L' 0.02 0.03 0.02 0.03 

'THRPD' 0.00 0.00 0.00 0.00 

'THRS' 0.05 0.00 0.05 0.00 

'TKT1' 0.00 0.00 0.00 0.00 

'TKT2' -0.04 -0.04 -0.04 -0.04 

'TMDS' 0.00 0.00 0.00 0.00 

'TMK' 0.00 0.00 0.00 0.00 

'TMN' 0.00 0.00 0.00 0.00 

'TMPK' 0.00 0.00 0.00 0.00 

'TMPPP' 0.00 0.00 0.00 0.00 

TPI 2.47 2.46 2.47 2.45 

'TRDR' 0.03 0.03 0.03 0.03 

'TRPS1' 0.00 0.00 0.00 0.00 

'TRPS2' 0.00 0.00 0.00 0.01 

'TRPS3' 0.00 0.00 0.00 0.01 

'TRPt2r' 0.00 0.00 0.00 0.00 

'TRSARr' 0.00 0.00 0.00 0.00 

'TYRTA' -0.01 -0.01 -0.01 -0.01 

'UAAGDS' 0.00 0.00 0.00 0.00 

'UAAGMDt' 0.00 0.00 0.00 0.00 

'UAG2E' 0.00 0.00 0.00 0.00 
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Table A2-4. (continued) 

'UAG2EMA' 0.00 0.00 0.00 0.00 

'UAGCVT' 0.00 0.00 0.00 0.00 

'UAGDP' 0.01 0.01 0.01 0.01 

'UAGPT3' 0.00 0.00 0.00 0.00 

'UAMAGS' 0.00 0.00 0.00 0.00 

'UAMAS' 0.00 0.00 0.00 0.00 

'UAPGR' 0.00 0.00 0.00 0.00 

'UDCPDP' 0.00 0.00 0.00 0.00 

'UDCPDPS' 0.00 0.00 0.00 0.00 

'UDCPDPex' 0.00 0.00 0.00 0.00 

'UDCPPtexi' 0.00 0.00 0.00 0.00 

'UDPG4E' 0.00 0.00 0.00 0.00 

'UDPGALM' 0.00 0.00 0.00 0.00 

'UDPGD' 0.00 0.00 0.00 0.00 

'UGMDDS' 0.00 0.00 0.00 0.00 

'UMPK' 0.02 0.02 0.02 0.02 

'UPP3MT' 0.00 0.00 0.00 0.00 

'UPP3S' 0.00 0.00 0.00 0.00 

'UPPRT' 0.00 0.00 0.00 0.00 

'URAt2' 0.00 0.00 0.00 0.00 

'URCN' 0.00 0.00 0.00 0.00 

'URIDK2r' 0.00 0.00 0.00 0.00 

'URIK1' 0.00 0.00 0.00 0.00 

'URIK2' 0.00 0.00 0.00 0.00 

'URIK3' 0.00 0.00 0.00 0.00 

'VALTA' -0.03 -0.04 -0.03 -0.04 

'VALTRS' 0.00 0.00 0.00 0.00 

'VALt2r' 0.00 0.00 0.00 0.00 

'XAND' 0.00 0.00 0.00 0.00 

'XANt2' 0.00 0.00 0.00 0.00 

'XPPT' 0.00 0.00 0.00 0.00 

'XYLI1' 0.00 0.00 0.00 0.00 

'XYLI2' 0.00 0.00 0.00 0.00 

'XYLK' 0.00 0.00 0.00 0.00 

'XYLabc' 0.00 0.00 0.00 0.00 

'XYLt2' 0.00 0.00 0.00 0.00 

'ZNabc' 0.00 0.00 0.00 0.00 

 


